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Model Requirements for Simulation of Low-Voltage
MOSFET in Automotive Applications

Cyril Buttay, Member, IEEE, Hervé Morel, Member, IEEE, Bruno Allard, Senior Member, IEEE, Pierre Lefranc, and
Olivier Brevet

Abstract—This paper focuses on the modeling of low-voltage
automotive power electronic circuits to obtain accurate system
simulation, including estimation of losses. The aim is to com-
pare several metal-oxide semiconductor field-effect transistor
(MOSFET) models to find out which can be used for low-voltage,
high-current automotive converter simulations. As these models
are intended for system simulation, only analytical models are
addressed as they may be implemented into any circuit simulator.
The different modes of operation of the switches are described
(commutation, synchronous rectification, avalanche...), and
several models of the power MOSFET transistor, allowing for
simulation in these modes, are presented. Special care is given
to the parameter extraction methods and to the interconnection
model of the commutation cell. The four test circuits used to
identify the low-voltage power MOSFET model parameters are
presented. Comparison between simulations and measurements
obtained with a calorimeter are then detailed. This measurement
method is accurate and offers a simple way to prove the quality
of simulation results. It is shown that the parameter identification
is of major concern to achieve high accuracy, as classical Spice
models can give good results, providing the model parameters are
correctly set.

Index Terms—Characterization, circuit parasitics, elec-
trothermal, model, power metal-oxide semiconductor field-effect
transistor (MOSFET), validation.

NOMENCLATURE
o Power diode model empirical parameter.
€si Silicon permittivity (1.04.10™% Em™1).
7 Static feedback factor for threshold.
Y Dependence of Vg with temperature (V.K™1).
P Density (g.m™3).
TA Minority carriers lifetime (s).
™D Ratio coefficient between hole current and
stored charge in PiN diode model.
0 Mobility degradation factor (V™1).
A Junction area (m?).
Aep  Gate-drain facing area (m?).
Apos  Transistor die area (m?).

Manuscript received March 9, 2005; revised October 26, 2005. This work
was supported by Valeo Electrical Systems. Recommended by Associate Editor
J. Shen.

C. Buttay is with the Electrical Machines and Drives Research Team, Univer-
sity of Sheffield, Sheffield S10 2TN, U.K.

H. Morel, B. Allard, P. Lefranc, and O. Brevet are with the Centre de
Génie Electrique de Lyon (CEGELY), Villeurbanne 69621, France (e-mail:
cyril.buttay @free.fr).

Digital Object Identifier 10.1109/TPEL.2006.872383

c
Cep
Cas
Cjo
Cozd
Cru

Ecommut.

Eos
Eon
Etotal
F

h

Ip

Peond.
Pos
Poy
Piotal
q

Rs
Rpson
Rp

Specific heat (J.g7'.K™1).
Gate-to-drain MOSFET capacitance.
Gate-to-source MOSFET capacitance.
Zero-bias junction capacitance (F).
Oxide capacitance (F).

Thermal capacitance (J.LK1).
Commutation energy losses (J).
Switching to off-state energy losses (J).
Switching to on-state energy losses (J).
Converter energy losses (J).

Switching frequency (Hz).
Discretization step for thermal modeling (m).
Drain current (A).

Saturation current (A).

Thermal conductivity (W.m™".K™!).

Transconductance parameter (A.V~?2).
Transconductance parameter in linear region
(AV™2).

Transconductance parameter in saturation
region (A.V~2).

Channel length (pm).

Drain inductance (H).

Gate inductance (H).

Source inductance (H).

Junction grading coefficient.

Doping (m~3).

Conduction power losses (W).

Losses in off-state (W).

Losses in on-state (W).

Total power losses (W).

Electron charge (C).

Ohmic resistance (2).

On-state resistance (£2).

Drain resistance (£2).

Gate resistance (€2).

Source resistance (€2).

Thermal resistance (K.W™1).
Duration of the off-state (s).

Duration of the on-state (s).
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Tr Transit time (s).

Vy Junction potential (V).

Vii Junction building potential (V).

VBr Avalanche path resistance (£2).

VBR Breakdown voltage (V).

Vbs Drain-to-source voltage (V).

Vas Gate-to-source voltage (V).

Voo Fitting parameter for diode static characteristic.
w Channel width (pm).

w Junction width (pm).

I. INTRODUCTION

N LOW voltage applications, as most automotive applica-
I tions are, metal-oxide semiconductor field-effect transistors
(MOSFETSs) have become the most widely used power switch.
Low on-resistance (Rpson) combined with simplicity of drive
are its key advantages.

The automotive industry now relies on power electronics for
numerous features, and much more are to come [1]. In such a
mass-market, optimization is mandatory to reduce converters
costs. This, in turn, requires reliable design tools based upon
simulation.

Classical design methods, which use breadboarding inten-
sively, are not sufficient to analyze the behavior of a system
in detail. Simulation allows for a deeper analysis of a system,
including, for example, parameter mismatches due to manufac-
turing tolerances.

Automotive power converters are constructed using spe-
cific technologies (thermal enhanced substrates such as di-
rect-bonded copper (DBC) or insulated metal substrate (IMS),
and direct chip bonding to reduce manufacturing costs...)
specifically adapted to mass production, but very expensive for
prototyping. Computer simulation enables one to reduce exper-
imental steps, resulting in faster and cheaper design processes.

MOSFET paralleling gives an example of the key advantages:
it is possible to obtain the drain current in each transistor by sim-
ulation (while experiments would require intricate modification
of the circuit to insert current probes), but it is also possible to
determine the influence of parameter mismatches between tran-
sistors (what does occur if one of the MOSFETS has a threshold
voltage lower than the others?), or the influence of the circuit
layout (when modeling the interconnections). Using simulation,
one can ensure that a particular design is suitable for mass pro-
duction.

This paper focuses on the modeling of low-voltage, high-cur-
rent automotive power electronic circuits using power MOS-
FETs. This modeling is intended to be used in classical cir-
cuit simulators, so only analytical models based on an equiv-
alent-circuit representation are addressed (see Fig. 1). Accurate
models, using for example finite element modeling (FEM), are
far too CPU-intensive for the usual system simulations. Further-
more, these later models require technological knowledge of the
transistor manufacturing process that is not available. However,
despite the use of analytical models, the aim of this paper is to
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Fig. 1. Generic circuit model of the MOSFET transistor.

study the possibility of performing accurate simulation of sys-
tems, including losses and waveform estimation.

In the following section, the low-voltage commutation cell
is presented, including its modes of operation. From this, it is
possible to determine the specifications of the transistor model.
Then, in Section III, two transistor models are presented, the first
using the classical Spice models (for the static characteristic and
the body diode), and a second using power-electronics specific
models. Special attention is paid to interconnection modeling.
Parameter extraction is presented in Section IV, as it is a very
important stage to ensure accurate simulation. Validation of the
modeling process is presented in Section V, where comparisons
of experimental and simulation results are detailed. Finally, the
key points of low-voltage power electronics modeling are dis-
cussed in Section VL.

II. APPLICATIONS AND PERFORMANCE REQUIREMENTS

Some authors in [2] have listed the performances a MOSFET
model has to achieve depending on the converter architecture
(buck, boost, flyback. ..). This is mainly based on a classical
commutation cell (MOSFET + external diode) representation.
Therefore, except for the inverter (the only studied converter
with bidirectional current capability), body diode reverse re-
covery modeling is not required in a MOSFET model.

This is no longer true in low-voltage applications, as syn-
chronous rectification is widely used to increase the converter
efficiency. The commutation cell becomes an inverter leg, i.e., it
is constituted of two MOSFET transistors. Commutation occurs
between one transistor and its body diode (synchronous rectifi-
cation) or the body diode of the other transistor (as in a clas-
sical MOSFET-diode commutation cell). A dead-time is neces-
sary between the transistor commutations to avoid power supply
short-circuits. In case of inductive load, the current path suffers
no interruption and the MOSFET transistor body diodes are so-
licited. Therefore, a complete diode representation must be im-
plemented into the transistor model to achieve accurate wave-
form simulation.

Possible mode of operation of a MOSFET transistor in an
inverter or a reversible dc/dc converter are as follows:

* bidirectional current flow through the channel of the tran-

sistor;

 current flow through the body diode;

* synchronous rectification, i.e., short-circuit of the body

diode by the transistor channel itself;
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Fig. 2. Evolution of the Rps,, with breakdown voltage ratings. Data was
computed from Rps,,, of commercially available devices from International
Rectifier, Infineon, and STMicroelectronics packaged in a D2PAK case, as-
suming 30-mm? die area. Ideal Rps,» values were calculated using equations
in [3].

* blocking state;

e unclamped inductive switching, that may result in

avalanche operation;

e avalanche operation

over-voltage.

The former three items require complete modeling of the
static behavior of the transistor, including its body diode.
The latter two items are specific to low-voltage automotive
converters. Fig. 2 pictures the estimated on-state resistance
(Rpson) of commercial MOSFET devices versus their voltage
rating. As expected, Rps,y, increases with voltage rating. To
keep high efficiency in converters, transistors with breakdown
voltage close to the converter operating voltage are used.
This results in avalanche operation of the MOSFETSs during
turn-off (unclamped inductive switching condition) and during
load-dump (an automotive-specific configuration where the
battery is disconnected, resulting in a voltage rise on the ve-
hicle electrical network that may exceed transistor breakdown
voltage ratings [4]). Therefore, avalanche is then a truly oper-
ating mode that has to be correctly simulated.

Due to their low-voltage ratings, automotive converters in the
range of several kilowatts have to switch high currents. Sur-
face-mount transistors with 100-A ratings are not uncommon.
MOSFET package interconnections behavior has a strong in-
fluence on commutation (due to inductive phenomena) and on
conduction (package wiring and substrate resistance account for
half of the total Rps,r as shown in Fig. 3). Interconnection par-
asitics must be accurately modeled.

Finally, a generic MOSFET model is shown in Fig. 1. Models
based on equivalent circuits are widely used for MOSFETs, as
they give good results. Furthermore, equivalent circuits can be
implemented in any circuit simulator.

caused by vehicle network

III. MODELS FOR LOW-VOLTAGE APPLICATIONS

As mentioned above, synchronous rectification is widely
used in low-voltage applications. Consequently, the commu-
tation cell becomes an inverter leg. In the rest of this paper,
modeling of this structure addresses two issues: the MOSFETSs

JFET t
Package effec
Epitaxial
w Channel
Substrate

Fig. 3. Contribution of the on-resistance for a 30-V N-channel MOSFET.
Source: STMicroelectronics, http://www.st.com

and the circuit interconnection parasitics (mainly resistive and
inductive).

A. Low-Voltage MOSFET Technology

The main characteristic of a low-voltage MOSFET is its
on-resistance value (Rpson ), as it is directly related to con-
duction losses. While in high-voltage MOSFETsS the epitaxial
layer is predominant, this is no longer true for low-voltage
technologies (see Figs. 2 and 3).

Channel and JFET-effect resistances are non negligible in
MOSFETs. Many authors have proposed solutions to either
increase channel width density (thus reduce total channel
resistance), or reduce the JFET-effect caused by the MOSFET
cell pitch shrinking (trench MOSFET technology addresses
this issue [3], [5]).

However, the two main contributions to Rps,, (see Fig. 3)
are the substrate resistance (due to the silicon die thickness,
200 to 300 pm) and packaging resistance (transistor legs, bond
wires). Intensive work is done to reduce this latter resistance:
the use of multiple thick bond wires (up to 500 ym in diam-
eter), replacement of bond wires by copper strap, or the use of
flip chip approach. All of these methods are already commer-
cially available. Their use in automotive applications is mainly
limited by their weakness to thermal cycling (mostly for bond-
less approaches).

Another feature of automotive power MOSFETS is their
ruggedness to avalanche phenomenon. As demonstrated in Sec-
tion II, avalanche operation is not uncommon in low-voltage
converters. This has a strong influence on transistor design.

The main failure mechanism in classical power MOSFETSs
during avalanche operation is the triggering of the parasitic
bipolar transistor. The classical workaround to avoid this trig-
gering is to short emitter and base (source and P implant of the
MOSFET) of this bipolar transistor. However, as MOSFET cell
pitch is reduced to increase channel density (as stated above),
it becomes harder to ensure perfect contact between base and
emitter of all the parasitic transistors (i.e., make contact in every
cell of the MOSFET). A stripe layout has been proposed [6] to
ensure the contact. Basically, stripe-routed transistors have less
cells than those using the classical mesh layout, so these cells
are bigger (at a given channel density), making contact easier.
According to manufacturers such as International Rectifier,
failure in avalanche-rated MOSFETs is no longer caused by
bipolar transistor locking, but only by thermal limitations.

Finally, another specificity of the automotive environment is
high temperature. Automotive-class power MOSFETs have to
withstand ambient temperature over 100 °C. These components
are usually rated for 175 to 200 °C operating temperature, along
with strong thermal cycling. It is worth noting that the main



616

limitation to the operating temperature of these transistors is due
to the packaging (die soldering and bondwire attachments).

B. MOSFET Static Characteristic

The static characteristic of the MOSFET, modelized by the
FET M and the wiring resistances Rg and Rp in Fig. 1 is clas-
sically written as the function Ip = f(Vis, Vps).

The accuracy of this function is of particular interest because
it will directly impact the accuracy of the static drain current and
drain-to-source voltage estimations, i.e., the conduction losses
of the transistor.

Special attention should be given to the linear (triode) area
of the static characteristic, where the conducting MOSFET be-
haves like a resistance (for low Vpg). This is supposed to be the
normal working mode (low-voltage drop when conducting cur-
rent), and therefore will have a strong influence on conduction
losses.

Two static models are addressed. The first is the Spice level-3
MOS model, originally designed for integrated electronic sim-
ulation, but widely used for power MOSFET models due to the
large availability of Spice simulators. The second is specifically
adapted to power electronics by the implementation of two Kp
parameters [7] where the Spice level-3 model only uses one.
This gives an extra degree of freedom for curve fitting. This
model is inspired from the original approach by Heffner with
the insulated gate bipolar transistor (IGBT) model in [8], and it
is often implemented in SABER models.

1) Spice Level 3 Model: The level-3 Spice MOSFET model
is semi-empirical in that it can be supplied with technological
parameters (transistor size, doping, etc.) or with data from ex-
perimental identification. A simplified equation is as follows:

Ip =0, for Vgs < Vi (D
V
Ids =p Vas — Vi = (1+ fi) =5~ | Vbs
for Vgs > Vi 2)

with = Kp(W/L), Kp is the transconductance parameter
and W and L are, respectively, the channel width and length.
fv is a correction factor required for short channel effects and
narrow channel width effects [9]. For a power MOSFET (ver-
tical MOSFET), V;;, can be written as

Vi = Vr —oVps. 3

2) Kp model: This model is close to the Spice level-3
MOSFET model, except that the K p parameter is replaced by
Kp,, and Kp,_, to enable different values for Kp in linear and
saturation regions, respectively. Drain current can therefore be
written as

Ip =0, for Vgs < Vi 4
K
(VGS - Vth)VDS - 21{22{ VDZS
14+60(Vas — Vin)

K
for Vps < (Vas — Vin) KI;S‘”
lin

Ip =Kp,,

®)
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(Vas — Vin)?
Ip=K
b Peaty 1+ 6(Ves — Vin)]

K
for Vpg > (VGS — Vth) Peat

——at, 6
Kn,. (6)

As with the Spice model, the o parameter expresses the
dependence of the threshold voltage with the drain-to-source
voltage using (3).

C. Capacitances

Due to its MOS structure, the MOSFET exhibits two capaci-
tances—gate-to-drain Ci s and gate-to-source C'g s (a third, due
to the drain-source junction is taken into account in the diode
model). These capacitances have a strong effect on transistor
dynamics: as they are both connected to the gate, they must
be charged (respectively discharged) to turn-on (respectively
turn-off) the transistor. Their rate of charge will therefore deter-
mine the switching speed of the transistor [10]. Moreover, the
gate-drain capacitance (Cep) causes the Miller effect: during
the transistor commutation, its drain potential varies, resulting
in a capacitive current through Cgp that increases the amount
of charge to supply (or to extract) to turn-on the transistor (re-
spectively turn-off).

These capacitances must be represented to achieve good sim-
ulation of the MOSFET commutations. Unfortunately, they are
nonlinear and strongly depend on the voltage. Budihardjo et
al. wrote that these nonlinearities need to be modeled accu-
rately [2], but in most of the available MOSFET models, only
the nonlinearities of Czp are considered. Cs g is supposed as
constant in most models as it is mainly caused by the prox-
imity between gate and source electrodes (forming a capaci-
tance with two metal electrodes), and because of the predomi-
nance of C' p—due to the Miller effect—during commutations.

The classical capacitance model that is used in this paper uses
a constant capacitance Cg g for the gate-to-source capacitance,
and expresses the gate-to-drain capacitance as

for VGD S 0

for Vgp > 0. 0

Cozd?
Cep = Cozd-Cgyaj
Cora+Cyaj’

With the capacitance Cyq;, corresponding to the capacitance
of the space-charge region written as

esiAap
Cyij = Al )
2es5:Van
qN

D. Diode

1) Standard Spice PN Junction Model: Such a model is usu-
ally not suitable for power electronic applications, because high
level injection is not considered in the diode epitaxial base.

To obtain “good” agreement the following are required:

e I for low current forward characteristic;

* Rg for high current forward characteristic;

e V}; may be adjusted for the threshold agreement;

» (o is obtained from capacitance measurement at Vg =

ov;
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e TT is set to the ambipolar lifetime but it turns out to be
unsatisfactory [11].

2) Considering High-Level Injection: High level injection
should be considered in the diode model. Analytical circuit
models have been reported in literature [12]. However, a refined
diode model is not significant for the system simulation as the
diode is only scarcely solicitated in high injection in the specific
case of a synchronous inverter.

Authors have noted the short ambipolar lifetime of the body
diodes of the commercial MOSFET for automotive applica-
tions.

3) Behavior Under Avalanche Conditions: The avalanche
operation is stressful as it involves high loss levels and therefore
temperature cycling. Furthermore, manufacturing tolerances on
breakdown voltage (Vgg) are wide (several volts for a 20-V-
rated transistor). This can make paralleling of transistors under
avalanche operation difficult, as the transistor with the lowest
Vpr of the assembly has to sustain all the avalanche current.
Fortunately, this breakdown voltage has a positive-coefficient
dependence with temperature, so it is usually considered that in
a parallel assembly, a transistor with the lowest Vg conducts
first, self-heats, resulting in a Vg increase up to the Vpr of the
remaining MOSFETS of the assembly [13].

It has been shown in [ 14] that Vg i is not only temperature-de-
pendent, but also strongly related to the drain current. A spe-
cific resistance of the avalanche path, several times higher than
the Rpson has a strong influence on the breakdown voltage.
Therefore, during avalanche, the following expression has been
proposed:

VBr = VBro + 71"+ Rprip. 9

E. Thermal Issues

As indicated in Section III-D-3, temperature has a strong
influence on transistor behavior. Temperature transients are
very slow compared to electrical commutation speed. A thermal
model must therefore take into account the propagation of heat.

Analytical resolutions of the heat equation have been pro-
posed by many authors [15]. Their main drawback is the impos-
sibility to implement them in a classical circuit simulator. To
overcome this limitation, a discretization of the heat equation
as a thermal RC circuit, using for example the finite differences
method, is classically used [16].

Assuming the thermal assembly can be considered as a uni-
dimensional system, with constant-step discretization h, values
of Ry, and Cyy, can be written as

h
R = 10
TH = Jea o (10)
Cru =hApospc (1)

where Rrpg and C'rg are the elementary resistance and capac-
itance of the thermal network, K, p, and c are, respectively, the
thermal conductivity, the density, and the specific heat of the
material, and Ao is the surface of the assembly.

High-side MOSFET drive connection ———=

Positive

Low-side MOSFET ’)

drive connection

Fig. 4. Structure of the commutation cell as described with InCa. Long copper
busbars are mandatory to connect the cell when in the calorimeter described in
Section V.

F. Interconnection Model

It has been shown by many authors that interconnection has
a strong influence on switching waveforms in power converters
[17], [18]. This is due to the high-frequency switching opera-
tion, that leads to very fast current and voltage transients, where
parasitic capacitances and inductances—due to the circuit
layout—will play a major role.

In low-voltage power electronics, the major concern is related
to the current transients: when keeping converter output power
constant, lowering voltage results in higher currents. Converters
rated at several kilowatts under 12 V switch currents of several
hundreds of amps. Therefore, special care will be given to par-
asitic inductance modeling. Moreover, the resisitive aspect of
the interconnections also deserves modeling: MOSFETs with
Rpson lower than 3 mS) are not uncommon, while a thick (100
to 200 pm) and short (one or two centimeters) track of copper
printed circuit board (PCB) is rated at some fractions of a mil-
liohm. Interconnection resistive parasitics are then comparable
to the MOSFET Rpson.

In experiments described hereafter, interconnection modeling
is performed using specific software (InCa) [19], based on the
partial elements equivalent circuits (PEEC) method, first intro-
duced by Ruehli [20]. Using this method, a circuit layout can
be modelized by one inductance and one resistance per connec-
tion. This allows for easy integration of the model into a circuit
simulator.

InCa requires a complete three-dimensional (3-D) descrip-
tion of the geometrical structure of the converter. A picture of
the 3-D model of the converter studied in this paper is shown in
Fig. 4. The structure of this converter, using long, thin copper
busbars is required for use with a calorimeter (which allows it
to connect the converter—which is in the calorimeter—with the
power supplies—which are outside). As these busbars are rel-
atively long, their parasitics are not negligible and have to be
modeled. Description of the calorimetric test setup is given in
Section V.

IV. PARAMETER EXTRACTION

In the previous section, the models of the MOSFET transistor
and the circuit connections were introduced. Parameters of the
interconnection model are computed from a 3-D description of
the layout. Unfortunately, for the MOSFET transistors, param-
eters of the model cannot be obtained directly, as vendors keep
their manufacturing process secret.

A way to obtain the transistor model parameters is the iden-
tification with experimental results. Classical parameter extrac-
tion methods use static and frequency-based measurements to
identify most of the components of the model in Fig. 1 [9]. These



+i0 | -

plr—

ﬂlﬂ

e

(a) (b)

Fig. 5. (a) Drawing and (b) photography of the commutation cell.

Stray inductance
of wiring

i A (O
||_ DUT
vl °F

S
Shunt for current
measurement

Fig. 6. Circuit for the MOSFET static characterization.

methods are widely used in microelectronics, but impose con-
ditions far from power transistor normal operating conditions.

Methods based on time-domain measurements are preferred.
Their main advantage is to use the transistor in its nominal op-
erating conditions. This can result in large power dissipation of
the device under test (DUT), what leads to temperature rise. This
must be avoided as temperature has a strong effect on MOSFET
characteristics. Special care is therefore taken to limit power dis-
sipation during parameter estimation.

A. Static Characteristic Identification

Self-heating of the DUT is the major concern in static charac-
teristic measurements. Instantaneous power dissipation can be
high as some experimental points require simultaneously large
drain current and drain-to-source voltage.

Static characteristics of transistors are classically obtained by
using curve-tracer. For power components, this apparatus uses
pulsed measurements with very low duty-cycle to avoid heating
of the DUT.

However, the size of the test fixture of the curve tracer (Tek-
tronix 371A), has a nonnegligible parasitic inductance. That
inductance slows current rise during measurement pulses and
thus causes the curve tracer to generate larger pulses (more
than 80 ws). This is sufficient increase the temperature of the
DUT. This phenomenon is specific to low-voltage transistors,
as low-voltage means slow current transients (small L(dIp /dt))
and high currents.

A specific test bench has been developed to enable short
power pulses. It is depicted in Fig. 6, and uses two identical
MOSFETs. One, the DUT, has its gate biased by a continuous
voltage, while the second is used to generate power pulses.
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Fig. 7. Measured and simulated static characteristic of a STB210NF02
MOSFET transistor using the test setup in Fig. 6.

Fig. 8. Circuit for the unclamped inductive switching (UIS) test.

Variable drain-to-source voltage is obtained using a capacitor
bank (about 1 mF ceramic and 80 mF electrolytic). Drain cur-
rent is measured using a T&M SDN-005 aselfic shunt resistor.
Total wiring inductance is kept low by reducing the total circuit
length to a few centimeters. Such a system can generate current
pulses as high as 700 A at drain-to-source voltage below 1 V
with a total pulse duration below 20 us.

A simulated-annealing algorithm [21] is then used to fit the
model parameters to experimental data. Results are plotted in
Fig. 7. Spice level-3 and 2-Kp model plots are obtained through
the identification process, while the manufacturer’s model is
shown for the sake of comparison. It can be seen that this latter
model was optimized for the linear region (Vps < Vas—Vrpy).

As can be seen in Fig. 7, Spice level-3 and 2-Kp models
(whose parameters were identified by authors) give both satis-
fying results in the linear and in the saturation region of oper-
ation. The manufacturer’s model corresponds well in the linear
region, but an important mismatch is visible in the saturation
region. In power converters, MOSFETSs operate in the satura-
tion region during commutation, so the manufacturer’s model
is unsuitable for commutation losses and waveform prediction.
Spice level-3 and the 2-Kp static characteristic models are both
suitable for accurate simulation.

B. Unclamped Inductive Switching (UIS) Test

The second identification circuit is the unclamped inductive
switching test circuit (UIS), shown in Fig. 8. It is used for the
identification of the MOSFET transistor capacitances (Cgs,
Cep, and the body diode junction capacitance). It replaces the
classical frequency-domain measurements.
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a STB210NF02 MOSFET transistor. Avalanche phenomenon can be noticed
during turn-off of the transistor (for t = 12 to 14.2 pus).

This circuit is simulated, and results (waveforms of Vpg,
Vs, Ip and 1) are compared with measurements, and capac-
itances parameters are adjusted to obtain good correlation.

As the UIS circuit uses switching, special attention should
be paid to the circuit layout model. Inductive and resistive pa-
rameters of the interconnection are either identified using fast
switchings of the circuit (if the MOSFET is driven fast enough,
switching speed of the circuit is mostly dependant on the wiring
parasitics) or computed using InCa.

During UIS measurement, a large gate resistance is used
(typically 100 €2). This ensures a slow commutation, whose
speed is imposed by the charging rate of the transistor capaci-
tances. Results of the identification are plotted in Fig. 9. A good
agreement is reached between experimental and simulated
waveforms using the classical nonlinear MOSFET capacitances
model, providing a good set of parameters is used.

It can be seen in Fig. 9 that the proposed model gives satis-
fying results (with parameters identified by authors). The man-
ufacturer’s model uses the same equations, but with a different
set of parameters. Evolution of Vpg during turn-off (¢ = 12 us)
does not correspond with experimental waveform, because of
different MOSFET capacitances parameters, but also because
of different static characteristic models (the MOSFET transistor
works in the saturation region during commutation).

C. Reverse Recovery Test

Modeling of the body diode of the MOSFET transistor is
mandatory in low-voltage power converters, as they are based on
an inverter commutation cell. The main characteristic of a power
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Fig. 11. Measured and simulated voltage and current during opening of the
diode of a STB210NF02 MOSFET, with I, = 18 Aand Vps = 5V, using the
test circuit of Fig. 10.

diode in a switching converter is the reverse-recovery phenom-
enon. The test circuit in Fig. 10 enables a recovery phenomenon
to occur in the DUT. It uses two identical transistors. Gate and
source of the DUT are shorted to keep only its body diode, while
the second transistor is used to charge the inductance and trigger
the recovery phenomenon in the DUT.

As switching phenomena are very fast events (some tens to
hundreds of nanoseconds), it is necessary to use an inductance as
current source in this circuit. An electronically-regulated current
source would be far too slow to maintain constant current during
the commutation. The inductance that is used is a high-band-
width air coil.

Simulations of this test circuit are performed to compare com-
puted and measured drain current and drain-to-source voltage.
Parameters are adjusted to obtain good matching. The initial
values of parameter A can be assessed from the die surface of
the transistor (26 mm?). A good initial estimate of W and N
values is given using the breakdown voltage rating [3].

As this test circuit is a fast switching circuit, good accuracy
can only be achieved through circuit parasitics modeling. Then
internal MOSFET transistor interconnection parasitics can be
identified on the waveforms in Figs. 11 and 12 by fitting simu-
lated results on the drain current decreasing slope and the cor-
responding drain-to-source voltage plateau (around 500 ns in
Figs. 11 and 12). It is obvious that circuit inductance must be
kept low to ensure fast current transients during recovery.

Good agreement between simulated and measured wave-
forms is reached using both the power and Spice diode models.
This is unusual in power electronics, as the Spice model does
not represent correctly the reverse recovery phenomenon [11].
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diode of a STB210NF02 MOSFET, with I, = 70 A and Vps = 20V, using
the test circuit of Fig. 10.

Several specificities of low voltage converters help to ex-
plain the good results obtained using the classical Spice model:
low-voltage yields to low-current transient (small L(dIp/dt)),
which in turn reduces peak reverse recovery current. Then, the
body diode of the studied MOSFET transistor is very fast (iden-
tified ambipolar lifetime of 25 ns). Finally, it has been indicated
that the diode is only solicited for a short time in high-level in-
jection operation during a switching cycle.

The manufacturer’s model is based on the Spice diode model,
but has a different set of parameters. Results in Figs. 11 and 12
show that this model is unsuitable for commutation simulation,
as simulated waveforms differ strongly from experimental data.

D. Avalanche and Thermal Characterization

A test circuit, allowing for accurate identification of the ther-
moelectrical parameters of the avalanche behavior of the low-
voltage MOSFET transistor has been described in detail in [14].
Using this circuit, it is possible to measure not only drain cur-
rent and drain-to-source voltage waveforms, but also to estimate
transient transistor die temperature during avalanche.

In addition to the identification of these three electrothermal
parameters (VpRro, v and RpRr), parameters of the thermal net-
work must be computed using (10) and (11). The thermal model
uses 100 Ry — Cry cells to represent the transistor die thick-
ness.

A comparison between experimental and simulated drain-to-
source and transistor temperature is shown in Fig. 13. Good
agreement is achieved from time = 100 us to 500 ps. Over
this time, the thermal model must include accurate description
of not only the transistor silicon die, but also the copper heat
spreader it is soldered on and the remainder of the thermal as-
sembly (copper tracks, heat sink, etc.). Such thermal modeling
is beyond the scope of the present paper.

V. VALIDATION

A summary of all identified parameters, for Spice and power
models is given in Table I. In this section, simulations using
these models are compared to experimental data.

Four complete MOSFET transistors are used, with a combi-
nation of Spice and power models for static characteristics and
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Fig. 13. Comparison between experimental and simulated drain-to-source
voltage and transistor temperature during avalanche.

TABLE I
PARAMETERS OF THE STB210NF02 MOSFET TRANSISTOR MODELS

Static characteristic

Spice level-3 2KP
Parameter Value Parameter Value
Kp 162 AV =2 Kp,, 256 A.V 2
n 0.01 Kp,,, 201 A.V—2
0.201 0 0.298
o 0 o 0.0374
Vr 44 Vv Vi 4.66 V
Diode model
Spice power
Parameter Value Parameter Value
Is 0.03 nA w 1.6 pum
Cro 0.519 nF A 13 mm?2
T 15 ns TA 22.5 ns
Vy 0.768 V' ™ 40 ns
M 0.325 a 0.01
Rs 0.25 mQ N 3.1016 c¢m—3
Vi 063 V
Vro 0.028
VBR, 269 V
o 148 mV.K~1
Rpr 12.1 mQ
Capacitances and package models
Capacitances Package interconnection
Parameter Value Parameter Value
Acp 0.25 em? Re 4 Q
Cozd 6 nkF Rs 800 uQ2
Cas 33 nF Rp 200 p2
La 10 nH
Lg 4 nH
Lp 2 nH

diode (see Table II). Other parameters of Table I are the same
for all models, except for the manufacturer’s model, using its
own set of parameters.
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TABLE II
MOSFET TRANSISTOR MODELS OBTAINED BY A COMBINATION OF
ELEMENTARY MODELS

Model static characteristic diode

Spice level-3 level-3 Power model
Spice diode 2Kp Spice diode model
power 2Kp Power model
Manufacturer level-3 Spice diode model

Electrical power and drive
for the converter under test

Temperature measurement

Quasi-adiabatic enclosure \

A

Thermal flux

AVAVAY

AVAVEVAY JAVAVAV
\ \J

Converter
under test

Thermistor —4A

Oil bath _——/

Controlled-temperature water bath
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JAVATFAVAVAUAVAVAEAVAN

Fig. 14. Principle of the energy-calorimeter used.

A. Calorimeter Setup

Calorimetric measurements are the most accurate way to
obtain power converter overall losses. Electrical measurements
suffer severe limitations due to the high switching speed of
power electronics (this requires high-bandwidth voltage and
current acquisition). Moreover, as electrical measurements re-
quire Pinput — Poutput cOmputation and as converter efficiency
is high, the results are prone to great inaccuracy [22].

Compared to the calorimeters described in [22], which mea-
sure dissipated power in continuous operation, the calorimeter
described here measures energy (see Fig. 14). The converter
under test is placed in an adiabatic enclosure, filled with oil.
This enclosure is immersed in a controlled-temperature bath, in
order to keep the unavoidable heat leakages constant.

When the converter under test operates, it dissipates power
that, in turn, makes the oil temperature increase. As the spe-
cific heat of the adiabatic enclosure (i.e., of oil, converter, and
measurement devices) is known (through experimental calibra-
tion), dissipated energy can be calculated from the oil tempera-
ture rise.

An external control system enables the converter under test to
operate for a precise length of time. This allows calculation of
the dissipated power from the dissipated energy measurement.

The converter under test is the commutation cell pictured in
Figs. 4 and 5. The long busbar visible in Fig. 4 is used to connect
the commutation cell itself with power supplies that are kept
outside the calorimeter. Fig. 15 shows the calorimeter head, with
the capacitor bank directly connected to the busbar extremity.

The schema of Fig. 16 was used to perform loss simulations.

B. Results

Simulation and measurements were performed with varying
gate resistance, dead-time between turn-off of a transistor and
turn-on of the other, load current, and supply voltage. For the

Capacitor
banks

Adiabatic
enclosure

Converter under
test immersed in
oil

Part immersed in
controlled
temperature water

Fig. 15. Photography of the calorimeter head.
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Fig. 16. Complete schema used for loss simulation.

sake of brevity, only one load current and supply voltage are
considered here. For each set of parameters, measurement and
simulation were performed at several switching frequencies.
This allows for separation between conduction and commuta-
tion losses. Converter energy losses during one commutation
cycle can be written as (considering that on and off state refer
to the state of the low-side transistor of the inverter leg)

Etotal = Potitott + Fon + Ponton + Fott (12)
where P,g and t.g are conduction losses and duration in the
off-state (P,, and t,, refer to the on-state), and £, and F g
are commutation energies to switch to on and off states, respec-
tively.

Providing low and high-side transistors of the low-voltage
commutation cell (inverter leg) are identical, Pog and F,,, are
the same. Moreover, to, + toff = (1/F'), with F' the switching
frequency. Therefore, the total power dissipation may be esti-
mated as

Ptotal = EtotalF (13)
=rog + Pon + (Eon + Eoff)F (14)
= Feond. + Ecommut.F- (15)
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Fig. 18. Evolution of measured and simulated losses with the switching fre-
quency. DC voltage is 20 V, load current 70 A, driving resistors are 2 2 and
dead time is 400 ns. STB210NF02 MOSFETs are used.

It is therefore possible to discriminate between conduction
power losses (Pr.ona.) and commutation energy (Feommut.) by
performing loss measurement at two different switching fre-
quencies.

Fig. 17 presents experimental and simulation results for a
“slow” commutating converter (high dead-time and gate resis-
tance). The manufacturer’s model is very inaccurate in commu-
tation loss estimation (corresponding to the slope of the curve)
as transistors impose the commutation speed. A bad transistor
model results in very poor loss estimation. Results of Fig. 18
were obtained for a “fast” commutating converter (short dead-
time and low gate resistance). In this case, commutation speed is
mainly limited by the interconnections, and the transistor model
has lower (but still high) influence on computed losses.

Interconnection influence on losses can be seen in Figs. 17
and 18 as simulations were performed using the power
MOSFET model, but without any interconnection model. In
Fig. 17, the gap between experimental and simulated results
when considering no interconnection is almost independent
of the switching frequency. This means that losses in wiring
are conduction losses, i.e., when commutating“‘slowly,” the
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inductive aspect of the interconnection is negligible. When
commutating “quickly” (see Fig. 18), the difference between
experimental and simulation results (when considering no
interconnection model) is strongly dependent on the switching
frequency. Therefore, Ecommut. 1S strongly affected by the
wiring: the inductive parasitics account for most of the com-
mutation losses.

In Figs. 17 and 18, it can be seen that the three models with
parameters identified by the authors give very good results. This
proves that for low-voltage power electronics, classical Spice
models can be suitable, providing care is given to parameter
identification.

VI. DISCUSSION

The comparison between Spice and Power-specific MOS-
FETs models which is described in this paper demonstrates that
both are suitable for converter simulation. This is unusual in
power electronics, because the lack of high-injection consider-
ation in Spice diode model makes it inaccurate in most applica-
tions.

However, for the low-voltage MOSFET transistors studied
here, body diodes were found to be very fast, while commutation
speed is quite low. Inductive parasitics of the interconnections
(circuit and transistor packaging) limit the current slope during
switching, reducing commutation speed. This results in a low
level of reverse recovery in the body diode. In this case, Spice
models are acceptable for power electronics simulation.

It is worth noting that the increase on vehicle network voltage
(42 V or more) should both result in faster commutation tran-
sients and in slower switching devices (high-voltage MOSFETs
or IGBTs). The validation method used in this paper should help
the limits of a given model.

In the case of avalanche simulation, the model has to in-
clude electro-thermal coupling, as the drain-to-source voltage is
mainly related to the transistor temperature and to the drain cur-
rent. This is not obvious in a single-transistor per switch setup
(as in the converter described in this paper), but is very impor-
tant when paralleling devices [23], because it has a strong effect
on current sharing.

The manufacturer’s model, using Spice models, was proven
to be very inaccurate because of inappropriate parameters. This
shows that parameter identification is a very important opera-
tion, and that power-electronics specific identification methods
should be used to ensure accuracy.

VII. CONCLUSION

This paper focuses on automotive (low-voltage, high-current)
power electronics simulation. In such a mass-market, the simu-
lation of converters is mandatory both to speed design process
and gain accurate understanding of converter performances.

Description of the different modes of operation of the main
component of the low-voltage commutation cell (the MOSFET
transistor) shows that its body diode, as well as its package
parasitics have a strong influence on converter operation. Two
MOSFET transistor models, using either standard Spice or
power-electronics dedicated models are then described.

Special care is taken in the identification of the model pa-
rameters, which requires specific test circuits. The advantage of
this method is that it is close to the transistor normal operating
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conditions compared to frequency or small-signal-based identi-
fication methods. A model of the interconnection is computed
using commercial software.

A demanding validation method is used: comparison of mea-
sured and simulated losses of a complete commutation cell (in-
cluding two MOSFET transistors, a capacitor and their inter-
connection). Measurements are performed using a calorimeter,
to ensure reliable results.

As a conclusion, it is shown that both standard Spice and
power-electronic-specific models give good results, providing
the set of parameters was identified carefully.

The interconnection model is also very important, both with
inductive and resistive parasitics because of the high-current
levels required in low-voltage converters. Wiring parasitics must
be modeled for accurate simulation.

REFERENCES

[17 J. G. Kassakian and D. J. Perreault, “The future of electronics in au-
tomobiles,” in Proc. ISPSD’01 Conf., Osaka, Japan, May 2001, pp.
15-19.

[2] I. K. Budihardjo, P. O. Lauritzen, and H. A. Mantooth, “Performances
requirements for power mosfet models,” IEEE Trans. Power Electron.,
vol. 12, no. 1, pp. 3645, Jan. 1997.

[3] B.J.Baliga, Power semiconductor devices. Boston, MA: PWS, 1996.

[4] T. Efland, M. Manternach, A. Marshall, and J. Mings, “The load
dump,” in Proc. IEEE Workshop Electron. Appl. Transport., 1990, pp.
73-78.

[5] K. Shenai, “Optimized trench mosfet technologies for power devices,”
IEEE Trans. Electron Devices, vol. 39, no. 6, pp. 14351443, Jun. 1992.

[6] S. Musumeci, R. Pagano, A. Raciti, G. Belverde, C. Guastella, and

M. melito, “Low-voltage mosfets with improved performances in ad-

vanced dc-dc converter applications,” in Proc. Eur. Power Electron.

Conf., Toulouse, France, Sep. 2003.

H. Helali, “Contribution to the Bond-Graph Modeling of the Power

Mosfet Transistor—contribution a la modélization par graphe de liens

du transistor mos de puissance,” Ph.D. dissertation, INSA de Lyon,

France, Jun. 1995.

[8] A. R.J. Hefner and D. M. Diebolt, “An experimentally verified igbt

model inplemented in the saber circuit simulator,” I[EEE Trans. Power

Electron., vol. 9, no. 5, pp. 532-542, Sep. 1994.

G. Massobrio and P. Antognetti, Semiconductor Device Modeling with

SPICE, 2nd ed. New York: McGraw-Hill, 1993.

[10] S.Clemente, B. Pelly, and A. Isidori, “Understanding hexfet switching
performance, International Rectifier,” Application Note of the Power
MOSFET designer’s Manual ch. 11, 1987 [Online]. Available: http//
www.irf.com

[11] N. Massmoudi, D. M’bairi, B. Allard, and H. Morel, “On the validity
of the standard spice model of the diode for simulation in power elec-
tronics,” IEEE Trans. Ind. Electron., vol. 48, no. 4, pp. 864-867, Aug.
2001.

[12] R. Kraus and M. H. J. , “Status and trends of power semiconductor
device models for circuit simulation,” IEEE Trans. Power Electron.,
vol. 13, no. 3, pp. 452-466, May 1998.

[13] J. Chen, S. Downer, A. Murray, and D. Divins, “Analysis of avalanche
behavior for paralleled MOSFETS,” in Proc. SAE’04 Conf., Detroit,
MI, Mar. 8-11, 2004.

[14] C. Buttay, T. Bensalah, D. Bergogne, B. Allard, H. Morel, and J.-P.
Chante, “Avalanche behavior of low-voltage power mosfet,” IEEE
Power Electron. Lett., vol. 2, no. 3, pp. 104-107, Sep. 2004.

[15] S. Clemente, “Transient thermal response of power semiconductors to
short power pulses,” IEEE Trans. Power Electron., vol. 8, no. 4, pp.
337-341, Oct. 1993.

[16] A. Ammous, S. Ghedira, B. Allard, H. Morel, and D. Renault,
“Choosing a thermal model for electrothermal simulation of power
semiconductor devices,” IEEE Trans. Power Electron., vol. 14, no. 2,
pp. 300-307, Mar. 1999.

[7

—

[9

—

[17] F. Merienne, J. Roudet, and J.-L. Schanen, “Switching disturbance
due to source inductance for a power mosfet: analysis and solutions,”
in Proc. 1996 Power Electron. Spec. Conf., June 1996, vol. 2, pp.
1743-1747.

[18] K. C. Siddabattula, Electromagnetic Modeling of Packaging Layout in
Power Electronic Modules. Blacksburg, VA: Virginia Polytech. Inst.,
Dec. 1999.

[19] J.-L. Schanen, E. Clavel, and J. Roudet, “Modeling of low inductive
busbar connections,” IEEE Ind. Appl. Mag., vol. 2, no. 5, pp. 39-43,
Sep./Oct. 1996.

[20] A. E. Ruehli, “Inductance calculations in a complex integrated circuit
environment,” IBM. J. Res. Develop., vol. 16, pp. 470481, 1972.

[21] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
Numerical Recipes in C: The Art of Scientific Computing, 2nd ed.
Cambridge, U.K.: Cambridge Univ. Press, 1992.

[22] E. Richie, J. K. Pedersen, F. Blaajberg, and P. Hansen, “Calorimetric
measuring systems,” IEEE Ind. Appl. Mag., vol. 10, no. 3, pp. 70-79,
May/Jun. 2004.

[23] C. Buttay, O. Brevet, B. Allard, D. Bergogne, and H. Morel, “Par-
alleling of low-voltage power mosfets operating in avalanche condi-
tions,” in Proc. Eur. Power Electron. Conf. (EPE’05), Dresden, Ger-
many, Sep. 2005.

Cyril Buttay (M’04) received the M.S. and Ph.D.
degrees from the Institut des Sciences Appliquées
(INSA), Lyon, France, in 2001 and 2004, respec-
tively.

Since 2005, he has been a Research Associate
within the Electrical Machines and Drives Research
Team, University of Sheffield, Sheffield, U.K. His
research interests include the modelization and sim-
ulation of power electronic circuits, with a special
focus on integration. He is currently working on
power module packaging and reliability.

Hervé Morel (M’01) received the M.S. and Ph.D. de-
grees from the Ecole Centrale de Lyon, Lyon, France,
in 1982 and 1985, respectively.

In 1985, he joined the French National Center
for Scientific Research (CNRS). Since 2004, he
has been a Senior Scientist (Professor). He is
currently with the Centre de Génie Electrique de
Lyon (CEGELY), Villeurbanne, France, Institut des
Sciences Appliquées” (INSA), Lyon, and Head of
the Power Electronic System Integration Team. His
research area include power semiconductor device
characterization and modeling, CAE of power electronic system integration
and multiphysic modeling based on bond graphs.

Dr. Morel is member of the Scientific Council, CNRS Department of Com-
munication and Information Science and Technology.

Bruno Allard (M’92-SM’02) received the B.S.,
M.Sc., and Ph.D degrees from the Institut National
des Sciences Appliquées de Lyon, Lyon, France, in
1988, 1989, and 1992, respectively.

He joined the Centre de Génie Electrique de Lyon
(CEGELY), Villeurbanne, France, as an Associate
Professor in 1992. He became an Assistant Professor
in 1993. He is currently the Manager of ISP3D (a
French working Group on Power Electronic System
Integration). His research interests include power
semiconductor device modeling and characteriza-
tion, power electronic system design, and low-power monolithic converter
design.



Pierre Lefranc was born in France in 1979. He re-
ceived the M.Sc degree from Supélec, Lille, France,
in 2002 and the Ph.D. degree from the Institut
National des Sciences Appliquées de Lyon (INSA),
Lyon, France, in 2005, both in electrical engineering.

He was authored several published papers on
IGBT gate drives. His current research interests in-
clude power electronic system design, with a specific
focus on driving techniques for insulated-grid power
transistors.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 21, NO. 3, MAY 2006

Olivier Brevet was born in 1948. He received the
Ph.D. degree in physics from the University of Lyon,
Lyon, France, in 1973.

He is currently an Assistant Professor in the
Saint Etienne Institute of Technology and conducts
power electronics research work with the Centre de
Génie Electrique de Lyon (CEGELY), Villeurbanne,
France. He is involved both in the Jessica SME Aid
Program and in industrial design and consultancy.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


