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ABSTRACT Transient simulation of complex converter topologies is a challenging problem, especially in
detailed analysis tools like SPICE. Much of the recent literature on SPICE transistor modeling ignores the
requirements of application designers and instead emphasizes detail, physical accuracy, and complexity.
While these advancements greatly improve model accuracy, they also serve to increase computational
complexity, making the resulting models less attractive to application designers. While some authors depart
from this trend and present models which emphasize simulation speed, their results and analysis are limited
to qualitative observation. This research develops a methodology to quantify the computational cost of model
features and competitively benchmark models against each other. Additionally, it reviews recently published
SiC MOSFET models and presents a trade study on several candidate models likely to fare well in complex
application simulations. Finally, this study also identifies key considerations which should be carried forward
into future model design.

INDEX TERMS Circuit simulation, convergence, LTspice, semiconductor device modeling, SiC MOSFET,
SPICE, transistor modeling.

I. INTRODUCTION
System models are a vital tool in the development of power
electronic applications; they allow designers to optimize sys-
tem performance [1], analyze electromagnetic compatibility
(EMC) [2], and reduce the number of hardware iterations [3],
[4]. The usefulness of time-domain system models in these
roles is dependent on their accuracy, convergence reliability,
and simulation speed. However, there are significant chal-
lenges in achieving all three criteria simultaneously [5], es-
pecially when modeling fast-switching semiconductors, such
as wide-bandgap (WBG) devices [6], or multi-level converter
topologies [7]. Because adoption of these two technologies
is increasing in industry [1], [8], [9], application engineers
have a strong motivation for understanding the performance
tradeoffs associated with model design features.

The literature is replete with examples of SiC MOSFETs
models. While most papers provide some means of model
validation, they generally do not provide any means to quan-
tify the performance of the presented model. The most com-
mon model validation technique is graphical overlay of ex-
perimental data and simulation predictions, usually for static
characterization curves and double-pulse test (DPT) wave-
forms. However, without quantitative metrics, comparisons
between papers is challenging. Inclusion of quantitative met-
rics, such as the root-mean-square (RMS) error of the for-
ward curve prediction, could improve comparisons between
models published by independent groups. Additionally, DPT
comparisons provide minimal insight into model convergence
or run-time for larger applications [10], so models intended
for such applications should be evaluated in more complex
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circuits. This is part of a larger trend in the literature; computa-
tional complexity is rarely addressed and is generally limited
to qualitative analysis instead of quantitative results.

Because visual comparisons are unsuitable for a detailed
evaluation of prior art, this paper undertakes a different ap-
proach than a survey paper. Specifically, this paper describes
the implementation and quantitative evaluation several re-
cently published SiC MOSFET models in terms of suitability
for realistic time-domain converter simulations. While this
approach limits the number of models evaluated, it also offers
deeper insight into the performance implications of modeling
decisions that can be used to inform model selection and
future model development.

This work is segmented into two primary domains of MOS-
FET behavior: static and dynamic. This division of behaviors
is well established in the literature [2], [10]–[24], and is used
to bisect the scope of this research into two manageable do-
mains. As the conduction branch is a necessary, though not
sufficient, condition for time domain evaluations, it will be
considered first and form the foundation for a complementary
publication. The conduction branch describes the dependence
of channel current on gate-source voltage, drain-source volt-
age, and junction temperature [2]. These characteristics are
critical for predicting conduction losses [25]. The comple-
mentary publication will investigate the dynamic behavior of
the SiC MOSFET, which is critical for determining transient
accuracy and switching losses [17].

Additionally, the scope of this study is limited to SiC MOS-
FET models that have been designed for time-domain appli-
cation simulations. Further, this analysis emphasizes SPICE
simulations, so models compatible or portable to SPICE were
selected. These limitations in scope were necessary for clarity
and concision.

The contributions of this work are as follows. First, this
paper provides a targeted addition to the thorough survey
of SiC MOSFET models presented in [26]. Second, it offers
a quantitative comparison of recent modeling contributions,
which is not possible from casual inspection of the relevant
literature. Third, it proposes useful metrics for determining
the suitability of MOSFET models for use in application simula-
tions. Fourth, it provides a detailed trade study that quantifies
the relative run-time performance of the considered models.
From this study, it is identified that several MOSFET models
presented recently are suitable for application design. Finally,
from the study outcomes, this paper identifies key considera-
tions for future model design. In total, this paper expands the
current understanding of MOSFET modeling through quantita-
tive analysis.

This manuscript is organized as follows. Section II pro-
vides a targeted survey of SiC MOSFET models relevant to ap-
plication simulations. Additionally, it introduces the specific
models evaluated in this study. Section III demonstrates the
static accuracy and fitting difficulty of the models studied.
Section IV details the trade study used to evaluate the run-
time performance of the models considered. Similarly, Sec-
tion V describes a focused evaluation of model convergence in

application. Finally, Section VI presents the conclusions
drawn from this work.

II. LITERATURE REVIEW
A detailed review of the literature was conducted to identify
appropriate candidate models for the study described in this
paper. A comprehensive survey on WBG transistor modeling
was conducted in 2015 [26], [27], but a significant amount
of work has been presented on SiC MOSFET modeling in
the last five years. This section offers a targeted extension
to the survey of [26], [27] via a brief description of recent
progress in SiC MOSFET modeling. This paper adopts the orga-
nization of modeling approaches into numeric, semi-numeric,
physics, semi-physics, and behavioral categories as previ-
ously described in [26], [27]. Because of the emphasis on
converter simulations, this review is focused specifically on
recent physics, semi-physics, and behavioral models. Many
numeric and semi-numeric models have also been presented
since 2015, but cataloging their contribution is out of scope
for this work. An overview of this targeted literature study is
shown in Table 1.

A. RECENT PHYSICS MODELS
Within the category of physics models, Mukunoki et al.
present a new model with adjustable channel mobility in
[17]. This parameter is used to simplify the computational
complexity of the conduction branch without significantly
impacting accuracy. Additionally, the model of CGD is ex-
panded by capturing its dependence on VGS via gate-charge
measurements under different bias conditions. Mukunoki et
al. further expand upon this model in [18] by adding the
VGS dependence of CGS. He et al. present a detailed model
defined in terms of process and layout parameters [28]. This
not only allows accurate scaling to alternate chip dimensions
but also enables design optimization by linking the time do-
main performance to the manufacturing process within SPICE
[29]. In [30], Jouha et al. extend the McNutt model, originally
presented in [31], via a channel length modulation term (λ).
Additionally, the parameter extraction accuracy is improved
via the Levenberg–Marquardt (L-M) optimization algorithm.
Sakairi et al. present a modified version of the Angelov-GaN
HEMT model [32] suitable for SiC MOSFETs in [2]. They also
extend the static characterization region to the high-voltage,
high-current (HVHC) region using analysis of switching tran-
sients. Finally, they extend the dynamic characterization to
include the change in non-linear capacitance when the device
is gated ON. Finally, Shintani et al. present a model based on
surface potential, considering interface traps, that is fit over
wide I-V, C-V, and temperature ranges in [33].

B. RECENT SEMI-PHYSICS MODELS
Within the category of semi-physics models, there have been
a number of important developments in the past five years. For
example, in [34], Arribas et al. present a simplified version of
the Shichman–Hodges’ model [37] (Level 1). This adaptation

500 VOLUME 1, 2020



TABLE 1 Recent SiC Power MOSFET Models

of the Level 1 model benefits from a simplified extraction pro-
cess by removing reliance on empirical parameters unknown
to the end user. In [35], Fu et al. simplify a model presented in
their prior work [38] by modeling the JFET region of the SiC
MOSFET with a dependent voltage source rather than a resistive
network. Zhou et al. provide a modified Level 1 model that
captures the influence of interface traps in [36]. This contribu-
tion is relevant for modeling SiC MOSFETs because interface
traps are more prevalent in the SiC/SiO2 interface than in
Si/SiO2. Riccio et al. extend the work originally published
in [20] to include leakage over temperature, avalanche and
short-circuit behavior, and mobility degradation dictated by
high electric fields [19].

C. RECENT BEHAVIORAL MODELS
Significant developments have also occurred within the cat-
egory of behavioral models in the last several years. For ex-
ample, Mukunoki et al. replace the physics-based conduction
model of [17], [18] with a behavioral description in order
to improve the run-time performance and remove proprietary

geometric data from the modeling process in [21]. Addi-
tionally, this paper extends the static characterization of the
model to include VDS from 200 to 800 V via load-short-circuit
waveforms. In [4], Sochor et al. present a behavioral model
in which drain current and interelectrode capacitances are
defined by an ensemble of continuous equations with many
parameters. These authors extend their static characteriza-
tion of the considered devices of the considered devices to
800 V using the methodology identified in [2]. Additionally,
these authors claim that explicit, continuous, and differen-
tiable equations are optimal for simulation speed and robust
convergence.

Li et al. develop a behavioral model that is continuously
defined across all operating conditions, avoiding segmentation
between domains [10]. These authors also propose a novel
approach to model thermal dependence, in which VGS and
VDS are scaled and shifted before calculating drain current.
Endruschat et al. present a modified version of the Curtice
model, originally published in [23], that is sufficiently flexible
to accurately represent the behavior of GaN HEMTs or SiC
MOSFETs in [22]. This model is implemented with simple
analytical equations and parameters defined across operating
conditions via lookup tables, which the authors recommend
for fast simulation characteristics.

D. MODELS SELECTED FOR TRADE STUDY
Of the models reviewed in the previous section, there are
many excellent candidates for inclusion in a trade study of
available SiC MOSFET models. However, only a subset of these
models could be studied in this work. Accessibility of the
models was a primary consideration, as not all models are
published with sufficient detail to be reproduced. Another
goal of the proposed study is to understand the tradeoffs be-
tween behavioral and physics-based models, which requires
selection of at least one relevant model of each type. It is
acknowledged that different types of models are suited for
different purposes, and that designers should consider their
modeling goals during model selection rather than focusing
exclusively on quantitative metrics. Nevertheless, it is ben-
eficial for practitioners to understand the computational and
accuracy implications of model type selection.

Behavioral models may be the best choice for general
application development due to their computational advan-
tages. However, there can be subtle challenges with this type
of model. For example, since behavioral models are usually
defined and calibrated within the device safe operating area
(SOA), they may produce inaccurate and misleading results
during fault conditions such as avalanche, over-current, or
gate stress. While additional behavior can be defined to cap-
ture fault conditions [19], each addition requires additional
modeling effort to capture and also increases model complex-
ity.

In addition, physics models can contain built-in dependence
on process parameters. Studies involving variation in these
parameters are of interest for device designers as they have
important system performance implications. For example, in a
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TABLE 2 Models Selected for Trade Study

topology with multiple devices in parallel, current sharing will
be heavily influenced by small differences in RDS(ON) or VTH

between parallel devices. Because physics models can include
process parameter dependencies, known statistical variance in
these parameters can be included in the composition of the
model to determine the expected impact of such parameters
on the resulting variance of RDS(ON) or VTH values [29]. Such
a correlation is not practical to perform using behavioral mod-
els. Overall, the required features and appropriate metrics for
models should be considered in light of their intended usage.
The compact models selected for this study were chosen to
represent a variety of features, implementation methods, and
design goals.

The first model selected, referred to as the semi-physics
model throughout this discussion, was presented by Sun
et al. in [39]. It is a classical physics model that is adapted
into a semi-physics model through the addition of auxiliary
behavioral components. This is a common approach in the
literature [14]–[16], [34], [36], [39]–[42]. The model core
used in [39] is the Level 1 model. The Level 1 model does
not capture the soft saturation characteristics of long channel
devices [43], which is common among SiC MOSFETs. How-
ever, the Level 1 model offers substantially better run-time
performance than alternative semi-physics models such as the
Level 3 model [44]. The authors improve upon the conduction
behavior of the Level 1 model through three additional ther-
mal elements: a threshold voltage (VTH) shift, variable drain
resistance (RDS), and current offset. Additionally, they use a
standard diode model for third quadrant characterization.

The second model selected, referred to as the non-
segmented model throughout this discussion, was presented
by Li et al. in [10]. The non-segmented model is one of the
most recent behavioral models published for describing the
SiC MOSFET. The design of this model prioritizes run-time
performance and convergence behavior, so this model is es-
pecially suitable for application simulations. The conduction
branch of the non-segmented model is derived from a de-
scription of the transfer characteristic, originally presented by
Angelov et al. [45], multiplied by a VDS-dependent scaling
equation. The authors stress the importance of using con-
tinuous equations to describe the static characteristics of the
conduction branch as it transitions through cutoff, linear, and
saturation regions. They claim that this continuous definition
is optimal for more complex circuit simulations.

The third model selected, referred to as the modified Cur-
tice model throughout this discussion, was presented by Endr-
uschat et al. in [22]. This model is also one of the most recent
behavioral models published in the literature, and its design
prioritizes run-time performance and convergence behavior.
The modified Curtice model is primarily designed for the GaN
HEMT but is also described as a universal FET model. In
[22], the authors support this claim by providing an example
fitting of this model to the characteristics of a SiC MOSFET.
The modified Curtice model uses parameter lookup tables
defined at discrete operating conditions in order to capture
device behavior. In order to determine the table values, the
output equation is independently fit at each VGS bias condi-
tion represented in the forward curves. This streamlines the
extraction process but does not guarantee the continuity
achieved by the global approach of the non-segmented model.
Therefore, each behavioral model is the result of fundamen-
tally different assumptions.

The fourth and final model selected, referred to as the
physics model throughout this discussion, was presented by
Hossain et al. in [46]. The physics model was adapted for
LTspice from Mudholkar’s Saber model presented in [47].
This model captures soft saturation, variable capacitance
(CV), temperature dependence, and self-heating effects. Addi-
tionally, it follows a simple parameter extraction sequence and
avoids the need for proprietary process details by numerically
fitting parameters such as base doping concentration, active
area, and gate-drain overlap active area. The CV characteris-
tics are modeled independently from the conduction charac-
teristics and therefore can be fit separately. This independence
was a key motivation in selecting this specific physics model
as it allowed isolation of the conduction branch for this study.

In this paper, several metrics are used to evaluate the
suitability of each model’s conduction branch for converter
simulations. First, the computational difficulty of fitting each
model to empirical data is considered. Second, the RMS error
of the simulated forward and transfer curves is used to quan-
tify the accuracy of conduction predictions. Finally, the rela-
tive run-time performance of each model is evaluated through
a detailed trade study.

III. STATIC DOMAIN MODEL PERFORMANCE
A. FIT APPROACHES AND CHALLENGES
In this section, the process of tuning each model to a com-
mon set of static characterization data is described. The static
characterization data utilized for this purpose was obtained
by the authors through measurement of a 1.2 kV, 25 m� SiC
MOSFET sample (Cree C2M0025120D) [48]. While the same
experimental data was used for tuning each model, a unique
methodology for fitting each model is required due to their
inherent differences. One of the primary strategies used to fit
these models is global optimization (GO). GOs minimize a
particular objective (such as RMS error of the forward curves)
while evaluating various parameter sets. The method for deter-
mining the next parameter set can vary drastically between ap-
proaches (such as the genetic algorithm or particle swarm). In
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general, GOs are slow to converge but have the advantage that
they are resistant to selecting local minima. Multi-objective
GOs, which create a Pareto optimal front, were not used in this
work due to their high computational cost. The other class of
algorithms employed in this work are from MATLAB’s curve
fitting toolbox. These algorithms minimize error between a
predictor function and a two-dimensional dataset, rather than
a single objective. While much faster than GOs, these algo-
rithms are likely to select local minima. Finally, some param-
eters were derived analytically from the experimental data.

The Level 1 core of the semi-physics model cannot reli-
ably be fit by simple algorithms because it has a relatively
small number of interlocked parameters which determine its
output over all regions with many local minima. Thus, a global
optimization routine is used to fit the model to the forward
and transfer data individually. The solver iterates between
each characteristic, slowly approaching a parameter set which
suitably predicts both. The preferred approach for fitting this
type of model is to establish process parameters, such as chan-
nel length, from the device design. However, this proprietary
information is unknown for the device under consideration.
Instead, several values from a reasonable range were used as
a starting point for tuning the remaining parameters. After
tuning, the model variant with the lowest computed error
was selected. For this model, elevated temperature behavior is
represented by a VTH shift, RDS increase, and current offset.
These parameters are independent of the Level 1 core and can
be calculated from the experimental data.

A distinct advantage of the modified Curtice model is the
simple process used to fit its parameters to experimental
data. The characteristic conduction equation is independently
curve-fit to each series of the forward data. The resulting
parameters are then stored in a lookup table which SPICE
linearly interpolates. Despite the simple tuning process, the
modified Curtice model has several challenges. First, because
the model is not tuned to the transfer data, the forward curves
must have a small step between VGS values to achieve an
accurate fit, which limits the possibility of using datasheet
curves. Another challenge is that the characteristic conduc-
tion equation has many degrees of freedom and can easily
become trapped in local minima, especially if the forward
conduction data does not extend into the saturation region.
For 1.2 kV SiC MOSFETs, saturation current at high VGS is
often three times the current rating of the device. Pulsed
curve tracer measurements at these operating conditions can
suffer from inaccuracies due to device self-heating. Because
the experimental data used in this study was limited to 100A,
the modified Curtice model required additional manual tuning
above VGS values of 10 V. The elevated temperature features
of the modified Curtice model are implemented with a VTH

offset, an RDS increase, and two parameter shifts within the
condition equation. For this study, the necessary VTH and RDS

changes were calculated from the experimental data while the
parameter shifts were manually tuned.

The non-segmented model is first fit to the transfer data at
low VDS bias (3 V was chosen in this work). Next, a scaling

equation adjusts the transfer characteristic across VDS. While
the original authors [10] used a global optimizer to fit the
scaling equation, this is a computationally intensive process.
Leveraging the tuning framework developed for the modified
Curtice model, the scaling equation was instead fit indepen-
dently at each VDS value. The resulting parameter values
were then fit with a continuous equation to match the original
implementation. Altering the original model to use a differ-
ent equation is a necessary step for using the non-segmented
model. For users without access to the specialized modeling
software used by the authors of the original manuscript, this
approach is faster and provides more accurate results than
a globally optimized equation. The thermal model requires
global optimization due to the universal influence of shifting
and scaling VGS and VDS in the calculation of drain current.

Unlike the other models, which were tuned using MAT-
LAB’s curve fitting toolbox, the physics model was tuned
in IC-CAP with a combination of manual and automated
steps. The manual tuning steps are conducted in order to
identify parameter boundaries and avoid local minima. The
physics model is tuned sequentially by first fitting threshold
and transconductance parameters from the transfer character-
istic data, followed by fitting the remaining conduction pa-
rameters to forward characteristic data. While this process re-
quires fewer function evaluations than tuning the semi-physics
model, it is nevertheless more challenging than tuning either
of the two behavioral models. One benefit of the physics
model tuning process is that it requires substantially less ex-
perimental data than tuning of the behavioral models.

There is significant variance in the computational require-
ments of tuning the four models considered in this study. If
sufficient experimental data is available, the modified Curtice
model is the least computationally expensive to tune overall.
Tuning the non-segmented model at 25 °C with the proposed
technique is also extremely efficient. However, tuning the
thermal parameters of the non-segmented model is very ex-
pensive since it requires global optimization. The complex-
ity of tuning the physics model is somewhere in the middle
of the other models. The semi-physics model is the most
computationally intensive model to fit as it requires global
optimization for all parameters.

B. FIT PERFORMANCE COMPARISON
The experimental data was collected using a Keithley Semi-
conductor Characterization System (SCS), shown in Fig. 1.
Pulse time was set to 300 μs with the sampling window
centered at 150 μs. The sampling window was adjusted to
50 μs for operating conditions greater than 10 V and 50 A
to minimize inaccuracy due to self-heating at higher power
levels. These sampling windows were identified and validated
using an oscilloscope which monitored the experiment. For
elevated temperature, a hotplate was used to heat the device,
with temperature validated at the device. It is noted that the
presented data in is a subset of the collected data, which was
selected for clarity of comparison. The full dataset contains
twenty-five VGS operating conditions for the forward curves
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FIGURE 1. Experimental test setup, (a) C2M0025120D mounted to
hotplate, (b) Keithley Semiconductor Characterization System (SCS).

and fourteen VDS operating conditions for the transfer curves.
The full dataset is used for the fitting and RMS error evalua-
tion of all models described in this manuscript.

In Fig. 2, the simulated conduction behavior at 25 °C is
overlaid with the experimental data for each of the four mod-
els. The semi-physics model predicts hard saturation at higher
currents, whereas the experimental data demonstrates soft sat-
uration. This discrepancy reveals the primary limitation of
the Level 1 conduction model and significantly penalizes the
model’s fidelity to SiC MOSFET behavior at high VDS. The
non-segmented model has the most accurate agreement for
both the forward and transfer characteristics at 25 °C. The
modified Curtice predicts the forward characteristics precisely
but models the transfer characteristics somewhat less accu-
rately. The transfer accuracy of this model could be improved
by reducing the size of VGS step for the forward measurement
to less than 1 V. Finally, while slightly less accurate than
the behavioral models, the physics model also predicts the
forward and transfer characteristics accurately.

The modified Curtice model’s predicted transfer character-
istics demonstrate several unexpected features. First, the pre-
dicted transfer curve at VDS = 2V shows an unusual deviation
from the experimental data between VGS = 8 V and VGS =
10 V . This result indicates that the parameters for VGS = 9 V
fit the forward curve poorly at low values of VDS. This corre-
sponds to the tuning algorithm accurately fitting the saturation
region and poorly fitting the linear region. There is likely a
different set of parameters that could resolve this discrepancy,
but the flexibility of the conduction equation combined with
the soft saturation of SiC MOSFET devices makes this problem
challenging to eliminate systematically. The other unexpected
feature of the transfer prediction for the modified Curtice
model is the piecewise linear fit at VDS ≥ 4 V .

This is a result of the manual tuning performed due to the
limited current range of the experimental data. This problem
would likely be resolved with the availability of additional
experimental data.

Visual overlays such as those shown in are often the only
validation presented for conduction models in the literature.
In order to add quantitative analysis for both validation and
comparison, specific accuracy metrics are required. In this
study, RMS error is selected as the principal figure of merit for

evaluating the accuracy of each model under consideration.
This figure of merit is calculated from equation (1):

ERMS =
√

�n
i=1

(
yexp,i − ysim,i

)2

n
(1)

where n is the number of data points, yexp is the value mea-
sured in experiment, and ysim is the value predicted by simu-
lation. Fig. 3 shows the RMS error of each considered model
at three temperatures: 25 °C, 100 °C, and 150 °C. One RMS
error value is computed for each curve of the forward and
transfer characteristics. Thus, forward curve error is plotted as
a function of VGS and transfer curve error is plotted as a func-
tion of VDS. Additionally, RMS error values are computed
for all available characterization data, including the curves
omitted from.

Analysis of the forward error reveals that the semi-physics
model demonstrates significant error near VGS of 8 V, which is
a result of the hard saturation behavior predicted by the model.
This trend is also observed in the transfer data above 15 V. As
anticipated from the visual overlay, the non-segmented model
demonstrates the lowest error at 25 °C and is closely followed
by the modified Curtice model. The physics model has a
slight increase in error at high VGS due to a modest mismatch
in predicted RDS(on). The RMS error of transfer curves is
relatively high for all models at values of VDS greater than
10 V. The semi-physics model exhibits the highest error in
this region due to its incorrect prediction of hard saturation
behavior. Additionally, Fig. 3 shows that the approach used
by the non-segmented model for elevated temperature is
significantly outperformed by the simpler thermal model
used by the modified Curtice model. The thermal model of
non-segmented model does not accurately predict the transfer
curves for multiple VDS bias conditions because the increased
channel resistance at high temperature is modeled by shifting
and scaling VDS. While this approach is able to predict the
transfer characteristics very accurately at a single VDS bias
condition, fitting multiple bias conditions simultaneously
is not possible. The physics model, which is fit at all
temperatures simultaneously, performs reasonably well at all
temperatures. All the models demonstrate relatively high error
for VGS = 8 V at 150 °C. Overall, the modified Curtice is the
most accurate model for predicting the conduction behavior
of the considered SiC MOSFET at elevated temperature.

Fig. 4 presents the mean RMS error for each of the models
at each temperature, calculated from the results shown in
Fig. 3 using (1). This representation confirms that the RMS
error of the non-segmented is lowest at 25 °C but increases
substantially at elevated temperature. Additionally, the Cur-
tice model exhibits only a modest increase in RMS error with
temperature. Finally, the semi-physics model demonstrates
the highest average error for all considered conditions.

Fig. 4 also presents a comparison of the cumulative me an
RMS error for the forward and transfer curves of the models,
the values for which are computed from the results of the first
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FIGURE 2. Static domain model overlay at 25 °C.
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FIGURE 3. Equivalent RMS error for each conduction model at each temperature.

FIGURE 4. Equivalent RMS error for (a) forward, (b) transfer, and (c) mean
over temperature.

two subplots of Fig. 4 using (1). This comparison can be used
to rank the models by accuracy. The modified Curtice model
demonstrates the lowest RMS error overall, followed by the
non-segmented model due to its significantly increased error
at elevated temperature. The physics model has slightly higher
error than the non-segmented model but, due to its more ac-
curate prediction of soft-saturation, significantly outperforms
the semi-physics model, which produces the highest RMS
error.

IV. COMPUTATIONAL TRADE STUDY
A. OVERVIEW OF SIMULATION STUDY
Accuracy is a necessary but insufficient condition for estab-
lishing the suitability of a model for application simulations.

Critically, models that do not converge, or that are unrea-
sonably slow to do so, are of minimal benefit to application
design. Therefore, a study was designed to quantitatively eval-
uate the relative computational performance of the considered
models. MATLAB was used to build the simulations from
templates, add circuit parameters, and execute LTspice via
batch commands, as originally demonstrated in [41]. More
than 250,000 unique simulations were run in the course of
this work. All the models considered in this study were mod-
ified to use an identical interelectrode capacitance model,
implemented with two behavioral current sources (for CDS

and CGD) and a static capacitor for CGS. It is noted that the
dynamic behavior of the models under study is out of scope
for the present paper, but this alteration is required for a nor-
malized comparison of the static conduction behavior of these
models. To contextualize these results, the model provided by
the SiC MOSFET device manufacturer was also included in the
study [48].

Many commercial, free, and open source simulator plat-
forms have been developed for SPICE. Selection of a platform
is a necessary limitation of this analysis, but while the specific
results of this paper will be contextualized within the LTspice
platform, the relative performance of these models is likely to
be similar in other simulators. The accessibility of LTspice, as
well as its popularity for power electronics applications, make
it an excellent choice for this analysis. Readers who wish to
leverage this framework will also be able to conduct analysis
in LTspice for direct comparisons to these results.

Three application simulations were developed for this
study. First, a double-pulse test (DPT) circuit, shown in
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FIGURE 5. Schematic templates: (a) DPT, (b) buck converter, and (c) NPC
inverter.

Fig. 5(a), was included for its simplicity and ubiquity. The
DPT simulation was evaluated over a 40 μs transient dura-
tion. A notable feature of the DPT simulation in this study
is the use of a charged capacitor bank rather than an ideal
voltage source for the power supply. This setup reflects a
common implementation of DPT testbed hardware but is more

FIGURE 6. MCPM package model.

computationally complex than using an ideal voltage source.
Second, a buck converter, shown in Fig. 5(b), was included
to present a simple continuous converter simulation. Because
this simulation has similar complexity to the DPT example
but much longer transient duration (500 μs), it minimizes the
influence of the operating point solution and startup. Third,
the single-phase neutral-point-clamped (NPC) inverter, shown
in Fig. 5(c), was included. The NPC inverter is the most
complex simulation example considered in this study both
because it is a multi-level topology and because it operates
over the longest transient duration (1 ms). In addition, the
NPC simulation is likely of the most interest to perspective
application designers because it is comparable in complexity
to many practical topologies. The NPC inverter simulation
example demonstrated here was developed during the design
of the SiC-based NPC prototype converter described in [49].
For each simulation evaluation, the circuit’s operating condi-
tions and specific parasitic element values were randomized
between 40% and 160% of the nominal values shown on their
respective schematics.

In the context of modular multi-level converters and similar
practical topologies [50], the NPC example shown here is
still a relatively modest simulation. Rather than developing
additional unique converter templates, the multichip power
module (MCPM) component shown in these examples was
used as a modular building block. By changing the number
of paralleled SiC MOSFET die at each switch position within
this package, the complexity of the simulation can be granu-
larly controlled, and larger converter topologies can be readily
synthesized. Fig. 6 shows an example design of the MCPM
component with two paralleled die per switch position. During
this study, modules were simulated with 1, 2, 4, 8, 16, and
32 paralleled die per switch position. Each parallel device
was fitted with individual circuit parasitics, as shown by the
“Parallel Device” in Fig. 6.

In order to directly study the computational impact of com-
bining SiC MOSFET devices in series, an additional module
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FIGURE 7. Multi-level MPCM package model.

type was introduced: the multi-level MCPM. Fig. 7 shows an
example design of the multi-level MCPM with two series die
per switch position. During this study, multi-level modules
were simulated with 2, 4, 8, 16, and 32 series-connected die
per switch position. Due to the computational complexity of
this configuration, of the application simulations, only one
was analyzed during this phase of study. Thus, these simula-
tions utilize the DPT application circuit with a 40 μs transient
duration. While these simulations do not directly represent a
specific converter design, they provide a simple and effective
mechanism for evaluating the performance of simulating an
arbitrary number of converter levels.

Because of their strong influence on run-time, the simu-
lation environment settings are critical. While LTspice users
often leave the solver, integration method, and SPICE op-
tions set to their default values, these settings are rarely op-
timal for simulation run-time and convergence, especially for
power electronics. Table 3 shows the SPICE configuration
settings used in this simulation study, many of which were
recommended for simulations utilizing the SiC MOSFET man-
ufacturer model [51]. These selections play a critical role
in determining the simulation time and were maintained for
all models. It should be noted that these specific parameter
values favor speed and convergence over accuracy and may
not be optimal for all simulations, as discussed in Section VI.
These options can be configured in the control panel within

TABLE 3 SPICE Solver Parameters

LTspice or via a .option directive in the schematic. The max-
imum thread count specified in Table 3 is eight, which is the
maximum for the CPU utilized in this study (Intel i7-7700k).
Finally, the version of LTspice used in this analysis is Version
XVII, update 11/06/2019.

B. RESULTS OF SIMULATION STUDY
Fig. 8 shows the run-time performance for each model de-
scribed in Table 2 and each topology shown in Fig. 5. The
y-axis shows the average elapsed time per simulation while
the x-axis shows the number of devices per switch position.
For accuracy and consistency, the run-time for each simu-
lation was extracted from the LTspice log file. Since each
configuration exhibits run-to-run variance (even when limit-
ing background computing tasks), each value shown is this
figure represents the average of at least one hundred LTspice
simulations. It is noted that a few points are omitted from
the manufacturer model results due to convergence failures in
these simulations, even with the relaxed tolerances described
in Table 3.

The first three simulations of Fig. 8 (DPT, Buck, and
NPC) clearly demonstrate the impact of increasing application
complexity. As converter models increase in simulation time,
number of devices, and topology levels, the corresponding
run-time changes from under a second to over an hour. This
demonstrates the critical role of simulation optimization in de-
termining model usability and the motivation for identifying
computational tradeoffs in model design. Designers should
attempt to identify the level of complexity for the application
topology under consideration when selecting an appropriate
MOSFET model.

Additionally, a general trend emerges within the context
of a given application example. On average, the marginal
computation cost for adding parallel die is slightly greater
than 1:1. In other words, doubling the number of paralleled
devices more than doubles the simulation run-time. While this
relationship is not perfectly consistent (especially in the differ-
ence of 1 and 2 devices), it is generally applicable across the

508 VOLUME 1, 2020



FIGURE 8. Mean run-time of the transistor models in four converter applications.

models, number of devices, and applications considered here.
This relationship, however, is closer to 1:4 for the multi-level
DPT application. Thus, while doubling the number of devices
in parallel approximately doubles the run-time, doubling the
number of devices in series increases the runtime by a factor
of 8. This is because the multi-level design increases the
number of interdependent nodes, and SPICE simulations are
fundamentally solved through nodal analysis [52]. Thus, sim-
ulation complexity increases more quickly with the number of
series devices than the number parallel devices.

Analyzing particular configurations within Fig. 8 provides
additional insight into computational complexity trends. For
example, the single-die DPT results reveal why this setup is
insufficient for analysis of model run-time. For this configu-
ration, the fastest model takes approximately 0.25 seconds to
complete the simulation on average while the slowest model
takes 0.78 seconds; such a difference is unlikely to be noticed
by the user, even though there are significant performance dif-
ferences between these models. Analysis of the buck converter
configuration begins to reveal these differences. In this config-
uration, the fastest model takes approximately 2.5 seconds to
complete, while the slowest model takes 8 seconds. Further, if
the buck converter is simulated with the 32 transistor MCPM
model, the semi-physics model completes the simulation in
46 seconds while the manufacturer model takes longer than 8
minutes. Evaluating the single die configuration of the NPC
inverter reveals that employing a behavioral model can reduce
simulation run-time by 70% compared to the manufacturer
model.

A result that may be unexpected is that the semi-physics
model is marginally faster than the behavioral models, despite
using a more mathematically complex description. This is
likely the result of internal optimization for the Level 1 MOS-
FET model within SPICE, which is not applicable when uti-
lizing arbitrary sources. This improvement, although modest,
is repeatable and generally consistent across the cases consid-
ered here. The non-segmented model follows closely in sec-
ond place with a run-time penalty of 5% over the semi-physics
model on average. It has a slight advantage in run-time,

FIGURE 9. Mean run-time for each model and application with 32 die per
switch position.

however, over the third-place modified Curtice model, which
on average incurs a 28% run-time increase over the semi-
physics model. The run-time difference between the non-
segmented and modified Curtice models indicates that the fo-
cus on model flexibility comes at a modest penalty compared
to focusing on model continuity. Finally, while the physics
model is slower than the simplified transistor models, it out-
performs the manufacturer model by a wide margin.

Fig. 9 shows a subset of the run-time results for the 32
die per switch-position configuration of each example appli-
cation. This comparison better illustrates the relative perfor-
mance specific to each model. For the NPC with 32 die, the
run-time difference is 90 minutes for the manufacturer model
versus 11 minutes and 20 seconds for the semi-physics model.

Fig. 10 shows the run-time (normalized by total SPICE
iterations) versus matrix size for the NPC converter. In this
analysis, the runtime increases with matrix size as O(N1.28)
to O(N1.67). This range is in reasonable agreement with
previous studies on the computational complexity of SPICE
solvers. For example, Krapre reports that simulation run-time
increases with circuit size as O(N1.2) for sequential matrix
operations, which can be driven as low as O(N0.7) for opti-
mized parallel computing architectures [53]. However, scaling
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FIGURE 10. NPC simulation complexity, run-time versus matrix size.

TABLE 4 Convergence Study

1. Marginal Success: only convergent for DC operating points less than 10% rated
voltage.

factor versus circuit size is best approximated by number of
equations [54], which is not linearly related to matrix size.
Since LTspice utilizes a proprietary parallel processing pack-
age [55], it is expected that the complexity dependence on
circuit size falls between O(N0.7) and O(N1.2), while the
complexity dependence on matrix size is slightly higher.

V. CONVERGENCE STUDY
Unlike simulation run-time, convergence behavior does not
scale predictably with the complexity of the model. This is in
part because convergence is highly dependent on the SPICE
simulation options as well as the circuit topology. It would
be convenient to develop a simplified metric to quantitatively
rank the relative convergence of the models considered in this
study. However, such a metric is unlikely to generalize well.
This metric would reflect the specific topology and simulation
settings applied rather than providing much insight into the
relative convergence of the models under consideration. Thus,
a case study was conducted to evaluate trends in convergence
behavior among the considered models. The convergence be-
havior of the manufacturer model has been previously studied
in the literature [10]. This model was therefore utilized as a
starting point for identifying regions of convergence. Table 4
presents the convergence behavior of the manufacturer SiC
MOSFET model in the multi-level DPT application circuit for
various SPICE options. The multi-level DPT application was

selected for this study because it is an especially challenging
simulation. For the purposes of this study, a simulation run
was considered a convergence failure if one of the following
conditions was met: (1) a convergence error was indicated by
the solver, (2) the simulation stopped before the final time
sample, or (3) if the mean value of a specific reference wave-
form was more than one order of magnitude different than
its known value. In the authors’ experience, any one of these
conditions is likely to be met when LTspice encounters con-
vergence difficulty in solving a complex converter simulation.

Table 4 indicates that, when using the default SPICE op-
tions, the manufacturer model cannot solve any of the multi-
level DPT simulations. It is noted that the single-die DPT
simulation is a traditional (non-multi-level) DPT. Altering
the SPICE options according to the values recommended in
Table 3 leads to a significant improvement in convergence
behavior, but the model still does not converge in all cases.
However, when skipping the initial operating point solution,
LTspice can correctly solve any of the multi-level DPT sim-
ulations with either option set. It is noted that the SPICE
options do not substantially influence convergence behavior
when skipping the initial operating point solution. However,
the options do have a significant impact on simulation run-
time. For example, the 32 die-per-switch-position DPT con-
figuration requires 37 minutes to solve with the default op-
tions, but only 20 seconds to solve using the options shown in
Table 3.

The significant improvement in convergence behavior when
skipping the initial operating point solution is related to the
complexity of solving the DC bias conditions of this circuit.
Combining transistor models in series creates many nodes
with interdependent DC bias conditions. The multiple behav-
ioral sources and conditional statements in the manufacturer
model lead to a complex system matrix for the initial op-
erating point. In general, there are a wide range of circuit
topologies that have challenging DC operating point solu-
tions; where viable, bypassing the DC solution can signifi-
cantly improve convergence behavior.

This case study illustrates that the convergence behavior
of a transistor model is highly dependent on the application
circuit as well as the solver options employed. The multi-level
application circuit studied in this section poses a particular
challenge for the LTspice solver. However, in the authors’
experience, less complex circuits often exhibit similar conver-
gence failures with certain combinations of models and sim-
ulation options. For example, convergence challenges have
been reported for simulation of a full-bridge inverter based
on the manufacturer model considered here [10]. However,
the present paper has demonstrated successful convergence of
much more complex application circuits utilizing this model
by careful adjustment of the SPICE simulation options.

Guidelines for achieving this type of improvement for gen-
eralized power electronics simulations can be found in text-
books such as [56] and [57]. For LTspice, one of the first pa-
rameters to adjust for improving convergence is the solver im-
plementation. LTspice includes two separate internal solvers:
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normal and alternate. The alternate solver has reduced round-
off error (which improves internal accuracy) and will converge
for many cases that cause difficulty for the normal solver.
Because the alternate solver simulates at approximately half
the speed of the normal solver [55], it should only be selected
when convergence is a concern. For the convergence study
shown in Table 4, selection of the alternate solver (with default
SPICE options and including the solution of the initial DC
operating point) leads to convergence for small simulations
with eight or fewer series transistors but only marginal conver-
gence for large simulations with sixteen and thirty-two series
transistors.

VI. CONCLUSION
This study provides a targeted extension to the existing liter-
ature on modeling the conduction behavior of SiC MOSFETs
in SPICE. While the literature contains numerous examples
of suitable SiC MOSFET models, few of these studies include
quantitative metrics to facilitate comparisons and inform mod-
eling decisions. From the perspective of application design,
model accuracy and computational complexity must both be
carefully considered to achieve models with practical utility.
A detailed study that provides application designers with tools
to evaluate the efficacy of existing SiC MOSFET models for this
purpose is not currently available.

Therefore, in this paper, attention is given to quantifying
the impact of trade-offs associated with particular modeling
decisions. Instead of surveying all potential approaches de-
scribed in the literature, this study considers a cross-section
of the best available SiC MOSFET models in the behavioral,
semi-physics, and physics categories. Each model is tuned to
identical characterization data and evaluated side-by-side in
terms of accuracy and computational complexity.

The resulting analysis provides useful guidance to practi-
tioners in selecting models for use in application studies. First,
it is recognized that the all models presented have suitably
low RMS error for application design. Since all the transistor
models are with 10% of the experimental data in operating
area, accuracy of predicted of conduction losses will likely
be limited by other factors such as the parasitic model, load
model, or transistor variance. Additionally, these accuracy
results specifically deal with the static behavior of the transis-
tor; the dynamic accuracy is another important consideration
which will receive treatment in a complementary manuscript.

Some of the findings presented herein are consistent with
expectations. For example, the semi-physics model is shown
to be the least accurate but most computationally efficient
option. Other findings are less intuitive. For example, it is
demonstrated that connecting SiC MOSFET models in series (as
in a multi-level converter) is significantly more computation-
ally demanding than connecting SiC MOSFET models in paral-
lel. This finding may influence modeling decisions for emerg-
ing designs in the medium-voltage application space. Addi-
tional guidance is provided for addressing known challenges
achieving simulation convergence both for model designers
and application developers. The specific recommendations are

targeted for the LTspice simulation environment, but many are
generally applicable to any SPICE-compatible system.

The findings of this study project a roadmap for the devel-
opment of optimized SiC MOSFET models going forward. For
example, one possible future direction would be to combine
different aspects of the presented models in a manner that
blends the best aspects of each. To achieve this goal, it is
necessary to first conduct a similar analysis of the dynamic
behavior of the most promising SiC MOSFET models in the
literature. That effort is currently underway and will be pre-
sented in a future publication.
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H. Zirath, “On the large-signal modelling of AlGaN/GaN HEMTs and
SiC MESFETs,” in Proc. Eur. Gallium Arsenide Other Semicond. Appl.
Symp., , 2005, pp. 309–312.

[33] M. Shintani, Y. Nakamura, K. Oishi, M. Hiromoto, T. Hikihara, and
T. Sato, “Surface-potential-based silicon carbide power MOSFET model
for circuit simulation,” IEEE Trans. Power Electron., vol. 33, no. 12,
pp. 10774–10783, Dec. 2018.

[34] A. P. Arribas, F. Shang, M. Krishnamurthy, and K. Shenai, “Simple and
accurate circuit simulation model for SiC power MOSFETs,” IEEE Trans.
Electron Devices, vol. 62, no. 2, pp. 449–457, Feb. 2015.

[35] R. Fu, E. Santi, and Y. Zhang, “Power SiC MOSFET model with sim-
plified description of linear and saturation operating regions,” in Proc.
9th Int. Conf. Power Electron. Asia Green World Power Electron. (ICPE
2015-ECCE) Asia, 2015, pp. 190–195.

[36] Y. Zhou, “SPICE modeling of SiC MOSFET considering interface-trap
influence,” CPSS Trans. Power Electron. Appl., vol. 3, no. 1, pp. 56–64,
2018.

[37] H. Shichman and D. A. Hodges, “Modeling and simulation of insulated-
gate field-effect transistor switching circuits,” IEEE J. Solid-State Cir-
cuits, vol. 3, no. 3, pp. 285–289, Sep. 1968.

[38] R. Fu, A. Grekov, J. Hudgins, A. Mantooth, and E. Santi, “Power
SiC DMOSFET model accounting for nonuniform current distribution in
JFET region,” in IEEE Trans. Ind. Appl., vol. 48, no. 1, pp. 181–190,
Jan./Feb. 2012.

[39] K. Sun, H. Wu, J. Lu, Y. Xing, and L. Huang, “Improved modeling
of medium voltage SiC MOSFET within wide temperature range,” IEEE
Trans. Power Electron., vol. 29, no. 5, pp. 2229–2237, May 2014.

[40] Z. Chen, D. Boroyevich, R. Burgos, and F. Wang, “Characterization and
modeling of 1.2 kV, 20 a SiC MOSFETs,” in Proc. IEEE Energy Convers.
Congr. Expo., 2009, pp. 1480–1487.

[41] A. Shahabi, A. Lemmon, S. Banerjee, and K. Matocha, “Application-
focused modeling procedure for 1.2kV SiC MOSFET’s,” in Proc. IEEE
Appl. Power Electron. Conf. Expo., 2017, pp. 3515–3521.

[42] A. J. Sellers, M. R. Hontz, R. Khanna, A. N. Lemmon, and A. Shahabi,
“An automated SPICE modeling procedure utilizing static and dynamic
characterization of power FETs,” in Proc. Conf. IEEE Appl. Power
Electron. Conf. Expo., pp. 255–262, Mar. 2018.

[43] G. Angelov and M. Hristov, “SPICE modeling of MOSFETs in deep
submicron,” in Proc. 27th Int. Spring Seminar Electron. Technol.: Meet.
Challenges Electron. Technol. Progress, 2004, pp. 257–262, vol. 2.

[44] T. Sakurai and A. R. Newton, “A simple short-channel MOSFET model
and its application to delay analysis of inverters and series-connected
MOSFETs,” IEEE Int. Symp. Circuits Syst., New Orleans, LA, USA,
vol. 1, pp. 105–108, 1990.

[45] I. Angelov et al., “Large-signal modelling and comparison of Al-
GaN/GaN HEMTs and SiC MESFETs,” in Asia-Pacific Microw. Conf.
Proc., vol. 1, pp. 279–282, 2006.

[46] M. M. Hossain, L. Ceccarelli, A. U. Rashid, R. M. Kotecha, and H.
A. Mantooth, “An improved physics-based LTspice compact electro-
thermal model for a SiC power MOSFET with experimental validation,”
in Proc. IECON 44th Annu. Conf. IEEE Ind. Electron. Soc., 2018,
pp. 1011–1016.

[47] M. Mudholkar, S. Ahmed, M. N. Ericson, S. S. Frank, C. L. Britton,
and H. A. Mantooth, “Datasheet driven silicon carbide power MOSFET

model,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2220–2228,
May 2014.

[48] CREE, “C2M0025120D silicon carbide power MOSFET C2M MOS-
FET technology,” C2M0025120D Datasheet, 2015. [Online]. Available:
https://www.wolfspeed.com/media/downloads/161/C2M0025120D.pdf

[49] C. D. New, A. N. Lemmon, B. T. Deboi, B. W. Nelson, J. Zhao, and A.
D. Brovont, “Design and characterization of a neutral-point- clamped
inverter using medium-voltage silicon carbide power modules,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2020, pp. 2912–2919.

[50] T. Liang and V. Dinavahi, “Real-time device-level simulation of MMC-
based MVDC traction power system on MPSoC,” IEEE Trans. Transp.
Electrif., vol. 4, no. 2, pp. 626–641, 2018.

[51] CREE Inc., “SiC MOSFET PSPICE model - Quick Start guide, rev 1.7,”
pp. 1–9, 2015.

[52] L. Chua and P.-M. Lin, Compter Aided Analysis of Electronic Cir-
cuits: Algorithms & Computational Techniques. Englewood Cliffs, NJ:
Prentic-Hall, 2015.

[53] N. Kapre, in SPICE^2 - A Spatial Parallel Architecture For Accelerating
the SPICE Circuit Simulator. CA Blvd, Pasadena USA: California Inst.
Technol., 2010.

[54] T. L. Quarles, “Analysis of performance and convergence issues for
circuit simulation,” UCB/ERL Memo, vol. 89, pp. 1–128, 1989.

[55] Analog Devices Corporation. “LTspice help file,” 2018.
[56] K. Kundert, The Designer’s Guide to Spice and Spectre, 1st ed. Dor-

drecht: Kluwer Academic Publishers, 1995.
[57] S. Sandler, Switch-Mode Power Supply Simulation Designing With

SPICE 3. NY, USA: McGraw-Hill Education, 2006.

512 VOLUME 1, 2020

https://www.wolfspeed.com/media/downloads/161/C2M0025120D.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


