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ABSTRACT The paper presents a precise and efficient model of Double-Side Cooled (DSC) SiC MOSFET,
which incorporates the dynamics of both electrical and thermal variables. It offers a suitable computational
complexity for simulating transients in complex power converters. The objective is to define a model that
enables multi-scale time simulations and facilitates rapid power converter design in system-level tools
such as Simulink. Additionally, the model aims to achieve simulation accuracy comparable to device-level
models for the next generation of SiC MOSFETs. The paper demonstrates the complete test bench
measurement procedure for the device. This procedure is essential for experimentally extrapolating the
intrinsic characteristics and developing a model-reduction approach based on electro-thermal modeling.
The approach strikes a balance between computational complexity and level of detail. The proposed model
has been seamlessly integrated into Simulink to simulate a 3-phase inverter for several grid cycles at
the grid frequency. To evaluate the model’s validity, the predicted inverter performance is compared with
experimental measurements. These simulations require significantly less time compared to those based on
LTspice models.

INDEX TERMS Model-based design, multi-scale, simulation, power measures, power converters, silicon

carbide (SiC).

ABBREVIATION TABLE . DUT Device-Under-Test.
Acronym/Abbrewatlon N.Ie.:anlng . FPGA  Field-Programmable-Gate-Array.
SiC Silicon-Carbide. LUT Look-Up-Table
Si3N4 Silicon-Nitride. RMS Root-Mean Squ.are
ISDS"I? Is).oull)lei)side-gooled. STD Standard Deviation.

DPT Dmgb?- 11)1 ie' ;St‘ RMSE  Root-Mean-Square-Error.
ouble-Fulse-lest. PWM  Pulse-Width-Modulation.
GaN Gallium Nitride.
The associate editor coordinating the review of this manuscript and HEMT High-Electron-Mobility-Transistor
approving it for publication was Mouloud Denai . FET Field-Effect-Transistor.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
79120 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 11, 2023


https://orcid.org/0000-0002-9425-7354
https://orcid.org/0000-0001-6724-4219
https://orcid.org/0000-0002-9727-7844
https://orcid.org/0000-0002-8650-7341
https://orcid.org/0000-0001-8290-6743

P. Dini et al.: Experimental Characterization and Electro-Thermal Modeling of DSC SiC MOSFETs

IEEE Access

I. INTRODUCTION

A. MOTIVATIONS

In recent years, there has been an increasing demand for
high-efficiency power electronics systems, particularly for
electric and hybrid vehicles. Firstly, energy efficiency has
become an increasingly important factor in the design of
power electronic devices. Due to the rising demand for elec-
tricity, energy efficiency has become a priority in many
sectors, including industry, transportation, and computing.
High-efficiency devices can reduce operating costs and
improve system reliability, contributing to the reduction of
CO2 emissions and environmental sustainability. Further-
more, semiconductor technology has advanced significantly
in recent years, enabling the production of high-efficiency
devices at increasingly lower costs. In particular, silicon
(Si) and silicon carbide (SiC) semiconductor device technol-
ogy has made great strides, making available devices with
efficiencies above 98%. These devices also offer other advan-
tages, such as greater robustness, faster switching speeds,
and higher power density. One of the key components in
such systems is the power switching device, and silicon
carbide (SiC) metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs) have emerged as a promising solution
for this application due to their high power density and
high-temperature operation capabilities [1], [2]. However, the
design and optimization of power electronics systems that
utilize SiC MOSFETs requires a detailed understanding of
the device’s behavior under different operating conditions,
exploiting mathematical modeling. Firstly, SiC MOSFET
devices are high-power semiconductor devices that operate
under extreme conditions, such as high temperature and
high voltage. These operating conditions can be difficult
to replicate experimentally and often require expensive and
specialized equipment. Therefore, numerical simulation can
be a more economical and efficient alternative for analyzing
the behavior of the device under these extreme operating con-
ditions. Furthermore, mathematical models of SiC MOSFET
devices are capable of providing detailed information on
device behavior, such as the distribution of electric fields
within the device, current distribution, and power dissipation.
This information can be used to better understand device
operation and to optimize device design for improved per-
formance. Finally, mathematical models of SiC MOSFETs
can be used to analyze device behavior quickly and effi-
ciently over a wide range of operating conditions, which
would be impossible or too costly to perform experimen-
tally. This allows engineers to design devices with optimized
performance and to identify any design issues before phys-
ically producing the devices themselves. In summary, the
use of mathematical models to simulate the behavior of SiC
MOSFET devices is important and sometimes essential in
the design and optimization of these devices, as it allows for
analysis of device behavior under extreme operating condi-
tions, provides detailed information on device operation, and
allows for rapid and efficient identification of any design
issues. This is where the use of an electro-thermal model
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of the SiC MOSFET comes in. Such a model can provide
a comprehensive and accurate simulation of the device’s
behavior, allowing for the prediction of its performance under
different thermal and electrical conditions. The use of an
electro-thermal model of a SiC MOSFET in the design and
optimization of in-vehicle power electronics systems can pro-
vide several benefits. For example, it can be used to estimate
the power loss in the device, which is important for the design
of power electronic circuits, and to optimize the design of the
device for specific applications such as reducing switching
losses or increasing the efficiency of the circuit. Addition-
ally, the use of a model developed in MATLAB/Simulink,
a widely used simulation tool in the field of power electron-
ics [3], [4], [51, [6], [7], [8], [9], [10], [11], [12], allows for
easy integration with other models and simulations, providing
higher compatibility and flexibility, respect to other SW, often
adopted in application of modeling single components of
power electronics system. In summary, the development of
an electro-thermal model of a SiC MOSFET in MATLAB/
Simulink for in-vehicle power electronics can provide a
powerful tool to analyze and optimize the performance of
high-power systems, allowing for the design of efficient and
reliable systems that can operate under high temperatures and
high power density conditions.

B. STATE OF THE ART OVERVIEW

Recent research in modeling electro-thermal behavior
in SiC MOSFETs aimed to provide a comprehensive
and accurate simulation of the device’s behavior under
different operating conditions. However, several limita-
tions still exist that can make it difficult to model SiC
MOSFETs accurately. One of the main limitations is the
complexity of the SiC MOSFET electro-thermal behav-
ior [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24]. The behavior is multi-physics in nature and the
effects of temperature, parasitic elements, device degrada-
tion, and the manufacturing process are difficult to model
accurately. Additionally, the availability of experimental
data for SiC MOSFETs is limited, which can make it
difficult to validate models and extract device parame-
ters [25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35].
Another limitation is the scalability of the models. Many
models developed for SiC MOSFETs are based on specific
device geometries and operating conditions, and may not be
easily scalable to other devices or conditions. Furthermore,
many models developed for SiC MOSFETS are specific to a
particular simulation tool or platform, and may not be easily
portable to other tools or platforms [36], [37], [38], [39], [40].
Additionally, the temperature dependence of SiC MOSFETSs
is unique,and SiC MOSFETs are susceptible to degrada-
tion mechanisms such as dielectric breakdown and some
models may not be able to take into account the effects of
these mechanisms. In addition, the impact of package and
interconnects on the device’s behavior, and the impact of
the manufacturing process spread on the device’s behav-
ior is not always considered in the models [18], [29],
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[41], [42], [43], [44], [45], [46], [47], [48], [49], [50]. Pos-
sible packaging options for SiC MOSFETsS in vehicle power
electronics applications include plastic packages, ceramic
packages, direct bond copper (DBC) packages, silicon nitride
(Si3N4) packages, and metal-ceramic packages. The choice
of packaging depends on various factors, such as cost, thermal
performance, mechanical strength, and environmental fac-
tors. Double-sided cooling is another packaging technique
that can be an effective option for high-power applications.
It involves mounting a power semiconductor device on a
substrate that has cooling channels on both sides. Double-
sided cooling can help reduce the overall size and weight of
the power electronics system while increasing reliability and
lifespan, but it can be more complex and expensive to imple-
ment compared to other packaging options, and it requires
additional design considerations [51], [52], [53], [54].

C. CONTRIBUTIONS

An innovative contribution of our work is that we have
characterized a device not yet on the market, of which the
datasheet is not present. This is why a whole section dedi-
cated to experimental measurements is needed, followed by
a section where the model is compared with the experimental
data. In fact, our work first shows the characterization phase,
followed by our analysis for modeling with reduced com-
putational complexity, which is the other innovation aspect
of our article which allows the insertion of the SiC model
within the converter model as the simulation times allow the
analysis of multiple switching cycles in a few minutes. The
simulation times found within the converter model are in fact
considerably reduced. The key point lies in having elaborated
a model with a rather high degree of detail with reduced
computational complexity starting from experimental mea-
surements, combining algebraic relationships and LUTs to
avoid differential/recursive ones. Furthermore, it is shown
that it can also be retrofitted with minimal effort to GaN tech-
nology. Summarizing, the proposed article makes significant
contributions in the development of an electro-thermal model
for SiC switches in power converters, offering comparable
accuracy to physics-level models while ensuring suitable sim-
ulation time and parameter complexity for Simulink-based
power converter control. These contributions include compre-
hensive experimental characterization of the SiC MOSFET
device’s electrical and thermal behavior, a methodology for
complexity reduction based on an analytical model com-
bined with experimental data, an accurate analysis of model
accuracy and reduced simulation times compared to exist-
ing literature, and the use of the electro-thermal model
for precise evaluation of losses and converter efficiency
in three-phase inverters. Section II presents experimental
measurements conducted on DSC-based SiC MOSFETs for
device characterization and electro-thermal model develop-
ment. Section III outlines a model reduction workflow that
strikes a balance between computational complexity and level
of detail. Section IV demonstrates the performance of the
electro-thermal model in a 3-phase inverter simulation within
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FIGURE 1. Schematic representation of turn-on/off transients modeling.

TABLE 1. Relevant instants in turn-on and turn-off transients.

Turn-off
t1(Vas) - 36.44 s

Turn-on
t2(Vis) - 020 us

t3(Vgs) -4.16 pus | t2(Vys) - 40.96 pus
t3(Vgs) -2.56 us | t2(Vags) - 38.08 ps
t1(Lgs) - 104 ps | ta(lgs) -37.36 ps

TABLE 2. Delays between measured relevant signals.

delay(Vys — I4s)
0.72us

delay(Vgs — Vys)
2.88us

delay(vds — 1gs)
3.60us

a Simulink environment, comparing it to experimental mea-
surements. Section V deals with extension of the work to
GaN power switch modeling. Conclusions are presented in
Section VI.

Il. EXPERIMENTAL CHARACTERIZATION

With reference to a new family of SiC MOSFET by Infineon,
this Section shows the following experimental measures car-
ried out to extract key device figures to develop bottom-up the
electro-thermal model. Dual Pulse Tests (DPT), characteriza-
tion of threshold voltage, R —I and I — V curves, turn-on and
turn-off transient tests, characterization of body-diode and
parasitic capacitor and stray inductance and gate resistance,
static and dynamic thermal measurements. The focus is on
hybrid vehicles and full-electric light vehicles and hence the
considered voltage and power ranges are: Vg4 of 150 V and
output power between 5 and 40 kW. The measurement activ-
ity is needed in case of devices, such this new SiC MOSFETs,
missing a data sheet with detailed characterization. If the
following characteristics are available in a device data sheet
the proposed method can be applied by directly moving to the
Section III.
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FIGURE 2. Experimental results of the DPT with 100 V, 10 A (CH1: Vg,
CH2: Vgs, CH3: Igs, CHA: Igyppyy . )-

A. PROBE DELAY DERIVATION FOR Vg, ESTIMATION
To determine the threshold voltage of the MOSFET, the
following steps need to be taken: (i) Identify the moment
when the load current (/1p5q) starts to rise during the turn-on
phase (#1); (ii) Subtract the delay between I} and Vgs from
t1; (iii) Determine the value of Vg at the identified instant,
which represents the threshold voltage. The transients used
for this purpose are obtained from either the Single Pulse Test
(SPT) or the Double Pulse Test (DPT). Since we are working
with an inverter, conducting the conventional test to evaluate
the MOSFET’s threshold voltage is not feasible due to the
presence of the driver, which poses a risk of damage. There-
fore, an alternative approach must be employed to obtain
this threshold voltage. Initially, it is necessary to ascertain
the delay between Vgs, Vps, and [jpaq. To accomplish this,
the instant at which the Miller plateau concludes during the
turn-off phase (#;) can be utilized.

As mentioned earlier, the determination of the MOSFET
threshold voltage requires the utilization of transients
obtained from either the Single Pulse Test (SPT) or the
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(b)

FIGURE 3. Experimental set-up for the static body diode test (a) and
equivalent circuit description - Ry = 102 (b).

Double Pulse Test (DPT). In our case, we utilized the
transients obtained from the DPT conducted at a supply
voltage of 100 V and a load current of 10 A. Specif-
ically, the transients used for analysis were the initial
turn-on (beginning of the first pulse) and the first turn-off
(end of the first pulse), depicted in Figure 2. Based on
these waveforms, employing the same notation as shown in
Figure 1, we obtained the corresponding results presented
in Table 1. From the turn-off waveform, we were able
to determine the delays caused by the probes, as detailed
in Table 2.

By observing the moment #;(Ips) when the current starts
to rise during the turn-on phase and accounting for the delay
between Ipg and Vs, we were able to determine the specific
instant #, = 1.76s at which Vg reaches the threshold volt-
age. Consequently, by evaluating the value of Vs during the
turn-on phase at time #,, we obtained the MOSFET threshold
voltage Vy,, which was found to be 4.036 V.
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TABLE 3. Body diode static test results.

VedlV]  LsalA] | VaalV]  ILsalA] | VsalV]  ILsalA]

0 0 2.440 0.383 2.498 0.881
0.480 0 2.445 0.407 2.500 0.906
0.980 0 2.450 0.432 2.504 0.932
1.470 0 2.453 0.455 2.508 0.958
1.970 0 2.456 0.482 2512 0.981
2.220 0 2.460 0.507 2.516 1.019

2.300 0.033 2.463 0.530 2.520 1.171
2.330 0.055 2.466 0.555 2.530 1.402
2.350 0.075 2.470 0.580 2.540 1.661
2.360 0.100 2472 0.604 2.550 1.917
2.370 0.130 2474 0.623 2.560 2.167
2.380 0.155 2.476 0.652 2.570 2.435
2.390 0.178 2.478 0.678 2.580 2.694
2.400 0.200 2.480 0.701 2.590 2.951
2.410 0.225 2.483 0.728 2.60 3.207
2.415 0.250 2.486 0.764 2.610 3.468
2.420 0.280 2.490 0.788 2.620 3.724
2.430 0.310 2.492 0.809 2.625 3.983
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FIGURE 4. I 4 —

Vsq and Rgq on — Isq body diode measured
characteristics.

B. STATIC MEASUREMENT OF THE BODY-DIODE
CHARACTERISTIC

To characterize the body diode, a static test can be conducted,
provided that low currents are employed. Figure 3 illustrates
the circuit configuration used for this test. It is essential to
turn on the gate driver to keep the devices in the off state.
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FIGURE 5. Test set-up for measuring C;ss, Coss, and Crss.

To test the upper device, the positive terminal of the power
supply should be connected to the midpoint between the
two MOSFETs, while the negative terminal is connected to
the positive terminal of the inverter’s supply voltage. The
negative terminal of the inverter’s supply voltage can either be
left open or connected to the negative terminal of the power
supply. For safety reasons, it is recommended to connect a
resistance between the power supply and the midpoint. The
value of this resistance, denoted as R, should satisfy the
condition R, > 109.To conduct the test, we simply need
to adjust the power supply voltage and measure the voltage
across the body diode as well as the current flowing through
it. The gate driver is activated to ensure that the devices
remain in the off state. For testing the upper device, we con-
nect the positive terminal of the power supply to the midpoint
between the two MOSFETs, while the negative terminal is
connected to the positive terminal of the inverter’s supply
voltage. To ensure safety, a variable resistance is inserted
between the power supply and the midpoint.

A resistance value of 20<2 is chosen for the test configura-
tion. To perform the test, the power supply voltage is adjusted
while simultaneously measuring the voltage across the body

VOLUME 11, 2023



P. Dini et al.: Experimental Characterization and Electro-Thermal Modeling of DSC SiC MOSFETs

IEEE Access

R o Py P — g7, -1 S —y ¢ 1Y

60
50
o
c 40
]
c
< 30
=
o
3
< 20
o
10
0

4 H NN ONOO0OO0O00000 000000

o ~NH A NN FTNDOROOO NS T D

R o B B B B o |

Vps [V]

FIGURE 6. Experimental C-V Characteristics.

LCR meter
AC signal | T °
source vm . (/
L !

40 Vmanx’

Al
v
(i hﬁ:fw
Y

Rg = Re (Z)
Z=Vm/ (Im1+Im2)

FIGURE 7. Schematic representation of the circuit used for Ry
measurement.

diode (Vsp) using a multi-meter, and monitoring the current
flowing through it (Isp) supplied by the power source. The
results obtained from the test are presented in Table 3. The
graphical representation of the body diode characteristic can
be seen in Figure 4. up, while Figure 4. bottom illustrates
the relationship between the body diode on-resistance and
varying current levels. Notably, the average on-resistance
(Ron,avg) 1s found to be approximately 0.1€2.

C. PARASITIC CAPACITORS CHARACTERIZATION

Parasitic capacitances have a significant impact on the perfor-
mance of SiC MOSFETs and need to be considered in their
design and analysis. These capacitances, including the output
capacitance (C,gs), reverse transfer capacitance (C,sy), and
input capacitance (Cjg), are measured using a capacitance-
voltage (C-V) technique. This technique involves measuring
the capacitance of the device as a function of the applied volt-
age. To perform these measurements, the circuits shown in
Figure 5 are utilized along with an external power supply for
biasing the device and an LCR meter. The results, depicted in
Figure 6, were obtained under standard measurement condi-
tions with an alternating voltage (V) of 1 V and a frequency
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FIGURE 9. Experimental setup of the DPT test for dynamic
characterization.

(f) of 1 MHz. It is worth noting that the terminal capacitance
of the SiC MOSFET, Cgq, corresponds to Cyg, while Cg; is
calculated as the difference between Cjgg and Cgy, and Cyy is
determined as the difference between Cygs and Cgy.

D. INTERNAL GATE RESISTANCE CHARACTERIZATION

To find the internal gate resistance it was enough to use just
one LCR meter (see Fig. 7). The drain terminal was left open
and the LCR meter was set in Rs-Cs mode using measurement
frequency of 1MH; and a Vac equal to 1 V. The value of the
internal gate resistance obtained is about 500m<2.
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E. DOUBLE PULSE TEST FOR DYNAMIC
CHARACTERIZATION

In order to achieve the dynamic characterization of the DUT
(upper device), it is essential to ensure that the lower device
remains in an off state. This can be achieved by applying two
carefully timed pulses to the gate of the DUT, with their dura-
tion precisely determined based on the desired test current.
Figure 8 illustrates the test circuit utilized for conducting this
evaluation. During the off period of the DUT, the body diode
of the lower device serves as a freewheeling diode, allowing
the current to flow through the load. The tests are conducted
at specific values of Vpg and /44 to enable the dynamic char-
acterization of the device. The quantities of interest that are
measured include Vs, Vps, and Ipg of the DUT, as well as
the load current ({;,44). These measurements provide valuable
insights into the device’s behavior under dynamic conditions.
To achieve the desired load current, the first on period is
employed, allowing the current to gradually increase. The
duration of this period, denoted as 7y, is carefully selected
to ensure the desired current level is reached. The duration
71 is determined based on various factors such as the load
characteristics, the device parameters, and the desired settling
time. By appropriately choosing 71, the load current can be
precisely controlled and stabilized at the desired value (see
Eq. D).

Liest
71 > Lipad v

DC

ey

Subsequently, an off period is introduced to facilitate the mea-
surement of the turn-off parameters of the DUT. It is essential
to carefully select the duration of this off period, denoted as
Tpreak » 10 ensure that it does not significantly decrease the load
current. By appropriately choosing Tpeqk, the load current
can be maintained at a relatively stable level, allowing for
accurate measurement of the turn-off characteristics of the
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DUT. The duration of tp.q; 1S determined based on factors
such as the required measurement accuracy, the load circuitry,
and the characteristics of the DUT, ensuring that any potential
decrease in load current during this period remains minimal
(see Eq. 2).

Alrest

Tpreak = Lioad %
DC

To ensure proper turn-on operation at approximately equal
load current, it is crucial to set the test current Al within a
range of 1% to 5% of the desired load current. This range
allows for a sufficient level of current stability during the
turn-on process. During the first pulse, electrical energy is
sourced from the capacitor bank and subsequently converted
into magnetic energy in the load inductance. It is important
to maintain a relatively constant voltage during this period to
ensure stable operation. To determine the minimum required
capacitance, an energy balance analysis between the capaci-
tor and the load inductance is performed. This analysis takes
into account the energy stored in the capacitor and the energy
transferred to the load inductance, ensuring that the voltage
remains within an acceptable range. By carefully considering
the energy balance, the appropriate capacitance value can be
determined to maintain voltage stability during the turn-on
phase (see Eqgs. 3 and 4).

@

Ligaal?
Cbank > load!l " test . (3)
2VpcAVpe — AV=pc
Lioad
AVpc = Vpc — \/ V2pe — = Ppank 4
Cbank

Given that the value of Cpank is predetermined based on the
design of the inverter, it is necessary to calculate the variation
of Vpc during the test. The variation of Vpc should ideally
be limited to a range of 1% to 5% of the nominal Vpc value.
The second on period is specifically dedicated to obtaining
the turn-on parameters of the Device Under Test (DUT). The
duration of this period is determined by the limitations of the
driver, particularly the maximum driving frequency (fmax)-
It is important to consider the capabilities and specifications
of the driver to ensure that the turn-on parameters of the
DUT can be accurately measured within the given time frame.
By accounting for the maximum driving frequency, the appro-
priate duration for the second on period can be determined,
allowing for efficient and accurate characterization of the
DUT during turn-on (see Eq. 5).
1

Threak + T2
To obtain the dynamic characterization of the upper device
(DUT), it was necessary to design a real-time FPGA-based
controller specifically for each test. This controller was then
downloaded onto the dSPACE Micro-Lab-Box, enabling the
gate driver to apply the desired Vg to the devices. The tests
were conducted at specific values of Vpg and [lj,4q, With
the goal of obtaining the dynamic characterization of the
device. However, due to the limitations of the testing system,
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TABLE 4. Experimental Characterization of the turn-on and turn-off behaviour.

Turn on Turn off
Operating Condition | Ijoqq[A]  tr[ns]  tqrrns] | Licaa[A]  tr[ns]  tgon[ns]
(30V,3.2A) 4.1 167.0 119.6 3.9 33.0 89.0
(30V,5A) 7.0 102.8 81.2 6.8 36.4 88.8
(BOV,7A) 9.6 65.6 72.4 9.4 39.0 86.0
(50V,5A) 6.8 125.2 83.6 6.6 36.2 89.2
(50V,6.8A) 8.0 120.0 86.4 7.8 36.4 88.4
(50V,10A) 13.2 50.4 77.0 13.0 40.4 84.0
(100V,5A) 7.8 182.8 107.6 7.6 41.4 924
(100V,10A) 12.0 110.0 94.0 11.8 424 91.2
(100V,13A) 13.4 87.2 94.4 13.2 44.8 86.8
(100V,15A) 18.6 62.8 80.0 18.4 46.0 88.8
(100V,20A) 25.6 39.0 70.0 25.4 47.0 88.0
(150V,10A) 12.2 220 100.0 12.0 39.0 87.0
(150V,15A) 17.8 120 81.8 17.6 44.4 84.8
(150V,20A) 23.4 62.0 79.2 23.2 48.0 82.8
TABLE 5. Pulses width for the various tests. Tek  JL M Pos: 44,0058
-
Vies lload | T1[ps]
30V,32A 35
30V,5A 69 .
30V,7A 98 | |
S0V,5A 39 : , L 3
50V,6.8 A 45 SRR [ S Ow
50V,10 A 85
100V,5 A 18
100V, 10 A 38
100V, 13 A 43 3 e
100V, 15 A 60
CH2 10.0v M 25.0 CH2 /
}gg Y,’ ?g 1: gg CH3 5004 CH4 1004 8—Malf2sz 15:31 <10Hz
150V.15A | 38 Tk L M Pos: 01415
150 V,20 A 53
beortinpnsapeions,
we were only able to measure certain quantities, namely Vg, \ -
Vps, lioad> and ILgppiy,+. Considering the maximum driving 2 Y
frequency of the dSPACE Micro-Lab-Box, which is 40kHz,
the duration 7peqx and o were set to the minimum possible oo
value of 12.5us. This allowed for a suitable range of Al
which could be maintained between 1% and 5% of the test i
1 1 CH2 10.0v M 100 CH2
current. I;fhehduiatl((j)n of the 'fll’St puldse (1’;1 ) \Zas.d:joserll to i O T
enSI'lre.t at the load current increased to the desire Ya ue. Tk JL ——
While it was necessary for 7; to be greater than 12.5.us, it was +
also important to adhere to the standards, which specified that
it should not exceed 100us to prevent device damage caused
by self-heating (see Eq. 6). W anumshe:
v “
12.5us < 71 < 100us (6) - WHNLD

During the first pulse, the electrical energy is sourced
from the fixed capacitor bank with a value of 850 F that
is designed into the inverter. This energy is subsequently
converted into magnetic energy within the load inductance.
It is crucial to maintain a relatively constant supply volt-
age during this period, or in other words, to ensure that
the variation of Vpc (AVpc) remains within the range of
1% to 5% of the nominal Vpc. All of these considerations
play a significant role in determining the appropriate sizing
of the load inductance. In addition to meeting the voltage
variation requirements, the load inductance should also facil-
itate the desired increase in load current to the desired value
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b M 100ns CH2 /
CH4 10,04

CH3 5.004 8-Mar-22 15:29 <10Hz

FIGURE 11. Total turn-on/off measurements in the DPT at with V45 = 50V
and ljyqq = 10A.

(see Eq. 7).

Vbe

Lipaa < T1

(N

test
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Tek  JL. M Pos: 42.00us

M 10.0us CH2 /
8-Mar-22 13:04 <10Hz

M Pos: 54.30 us

CH2 200V
CH3 20.04 CHA 20,04

Tek  JL
+

g K
B SEPSRRELSS
3 ""‘M
CH2 200V M 100ns CH2 /
CH3 2004 CH4 2004  8-Mar-22 13:01 <10Hz
Tek Al M Pos: 66.93us
+

CH2 20.0v M 100ns CH2 /£

CH3 2004 CH4 2004  8-Mar-2213:03 <10Hz

FIGURE 12. Total turn-on/off measurements in the DPT at with
Vds = 150V and lload = 20A.

Based on the planned tests, a load inductance of approxi-
mately 330H was chosen. The series resistance of the load
was measured to be less than 1€2. Once the load inductance
was determined, the next step involved designing various
real-time FPGA-based controllers specifically tailored for
each test scenario. Table 5, provides an overview of the pulse
widths obtained for each test.

After assembling the setup, we measured the parasitic
effects introduced by the cables that connect the system to
the power supply using an LCR meter. The measurements
revealed the following parasitic parameters for the cables:
(a) The cable connected to the positive supply voltage exhib-
ited the following parasitic characteristics: a.l) Parasitic
resistance: 0.853 m$2; a.2) Parasitic inductance: 3.37 nH.
(b) The cable connected to the negative supply voltage
exhibited the following parasitic characteristics: b.1) Parasitic
resistance: 0.862 m<2; b.2) Parasitic inductance: 3.61 nH.

79128

LCR meter

L (a)

—_%

E} H
LCR meter

., %

FIGURE 13. Circuit schematic for inductance measurement.
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FIGURE 14. Turn-on switching waveform of the Vpg.

These measurements provide important information about
the parasitic elements present in the system, which can have
an impact on the overall performance and behavior of the cir-
cuit. By quantifying these parasitic parameters, we can imple-
ment appropriate compensation techniques to mitigate their
effects and ensure accurate test results. Table 4 presents the
results obtained from the conducted tests, specifically focus-
ing on the turn-on and turn-off transients. The parameters 7,
and 14, ,, have been previously defined. Figures 11 and 12
depict waveforms obtained from selected tests. It is notewor-
thy that, due to safety considerations, a maximum Vpc of
150 V was employed, imposing limitations on the test condi-
tions. These experimental findings offer valuable insights into
the dynamic behavior of the DUT during turn-on and turn-off
events, facilitating a deeper understanding of its performance
characteristics.

F. STRAY INDUCTANCE CHARACTERIZATION

Two methods exist for determining the parasitic induc-
tances at the drain, source, and gate terminals. The first
method involves the use of an LCR meter, while the sec-
ond method relies on analyzing the turn-on and turn-off
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FIGURE 15. Turn-off switching waveform of the Vpg.
TABLE 6. Summary of measured Stray inductance value.
Turn-off Turn-on
o Voo  Ls+Lp | T2 viu+Vi, Ls+Lp
40 2% 6V 150nH | 8 0 0.8V 100 nH

transients. The appropriate connections for measuring the
stray inductances of the upper device are illustrated in
Figure 13. To measure the combined inductance of Lg +
Lg, the test circuit shown in Figure 13(a) is utilized. Con-
versely, to determine the combined inductance of Lp + Lg,
the test circuit depicted in Figure 13(b) is employed. These
circuit configurations enable precise measurements of the
respective parasitic inductances associated with the drain,
source, and gate terminals of the device. An alternative
method for determining Lp + Lg involves analyzing the
turn-on and turn-off switching waveforms obtained during
the DPT. During the turn-on transient (see Figure 14), when
Vs exceeds the threshold voltage Vy, and the drain cur-
rent Ip starts to increase from zero to its peak value, the
drain-source voltage Vps decreases by Vi, ,, + Vi, This
voltage drop is attributed to the rising drain current flowing
through the inductances Lg and Lp. By measuring the voltage
drop Vi,,, + Vis,, and the rate of change of Ip (dde ,
it becomes possible to determine the combined inductance
Lp + Lgs (see Eq. 8).

VLD,on d‘]" VLs on (8)

dlp
dt

Lp+ Ls =

In the case of the turn-off transient (refer to Figure 15),
once the diode stops blocking the voltage, the current starts
to flow from the MOSFET to the diode. This stage continues
until the drain current reaches zero and Vg reaches the
threshold voltage Vy,. During this process, the decreasing
drain current induces a voltage drop across the parasitic
inductances, resulting in additional stress on the MOSFET.
This leads to the appearance of a voltage overshoot Vi
in Vpg. By directly measuring the voltage overshoot, it is
possible to determine Lp + Ls (see Eq. 9). To perform this
characterization, we utilized the waveform obtained from the
DPT conducted at Vpc = 50V and Ijp5q = 10A, in conjunc-
tion with the aforementioned equations. The results of this
analysis are summarized in Table 6.

VOS (9)

dip
dt

Lp +Ls =
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FIGURE 16. measurement of the dependence of the current derivative on
the junction temperature, during the turn-off.
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FIGURE 17. measurement of the dependence of the current derivative on
the junction temperature, during the turn-on.

TABLE 7. Characterization of the Thermal Coefficient.

Tease [C] Vs [V] Igs [A] KVds [mV/C}
initial 25.0 2.54 1.661
final 30.9 2.51 1.668 -5.085

A fundamental aspect to analyze is certainly the thermal
dependence of the stray components. For this purpose, the
temperature was measured using a thermal chamber, main-
taining the same operating conditions previously discussed
(Vsuppty = 50V, Ijpaa = 10A). By observing the Vps mea-
sured in DPT, for a time long enough to reach even high
temperatures (up to 7; = 175°C), obtaining (indirectly)
the estimate of %. In this way we are able to estimate the
dependence of the stray inductances (both in turn-off and
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FIGURE 18. Test circuit for body diode the static thermal test.

o,

af

turn-onn), using the equations presented previously. Experi-
mentally we were able to obtain measurements of the current
derivative in the two switching transients, in the operating
range 25 — 175[°C]. Figure 16 shows the overlap between the
samples actually measured in the turn-off as the temperature
varies, and the linear model obtained using the least squares
method. Figure 17 shows the analogous result for the turn-on
transient. It can be seen that a linear model is quite adequate
to approximate the trend of the real measurements, therefore
we assume that Eq.10 is valid.

iz—flmrwﬂ = o T + Qo =—0.0275 Tj+40.4675
dip
Eburnfon = mopTj + gon = 0.018T; + 7.8317
(10)
Lstray,on/oﬂ(Tj +D _ mon/oﬁ‘Tj + Gon/off (11)

leray,on/oﬁ‘(Tj) mon/uﬁ“(T}' +1)+ Yon/off

It is therefore possible to estimate the inductance variation by
applying the ratio principle, treating the variation of 7} as the
argument of a sequence, with unitary °C increase (see Eq.11).
Where Lgqy it is defined as the sum of the stray contributions
Lg+Lp. It can easily be verified that during the turn-off there
is an increase of the L,y inductance of about 70[pH /°C],
conversely, for the turn-on transient there is a decrease of the
Lytray inductance of about 1.3[pH /°C].

G. STATIC & DYNAMIC THERMAL CHARACTERIZATION

1) STATIC THERMAL TEST

To determine the junction-case thermal resistance of the
device, the body diode can be employed. Although the
obtained value will not be identical to the junction-case ther-
mal resistance of the MOSFET due to the current flowing in
a different region of the die, it will provide a close approx-
imation. To determine the junction-case thermal resistance,
the calculation of the diode temperature coefficient, denoted
as Ky,,, is the initial step. This coefficient quantifies the
variation in the source-to-drain voltage of the body diode
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FIGURE 19. Measurement provided by the thermal imaging camera in the
test with Vs, = 40V after about 50 seconds of observation.

in response to temperature changes. By accurately assessing
this coefficient, it becomes possible to estimate the junction
temperature, which may not be directly measured using the
available instrumentation (see Eq. 12).

_ Vsp (Tey) — Vsp (Te,i) (12)
Vsa = Tc,f _ Tc,i

To determine the diode temperature coefficient, Ky, ,, several
measurements need to be performed. Firstly, for a fixed cur-
rent (Isp), the case temperature (7¢ r) and the source-to-drain
voltage (Vsp) of the device are measured when it is turned on.
Subsequently, the system is allowed to stabilize, and another
set of measurements is taken, recording the final case tem-
perature (7. s) and the corresponding source-to-drain voltage
(Vsp) at that temperature (T s ). These measurements provide
the necessary data to calculate the diode temperature coefti-
cient (see Eq. 13).

Vsp (Ter) — Vo (Te.i)
Kvsd

AT; = (13)

Once the value of Ky, has been determined, a similar test
can be conducted by setting a different current value. The
temperature (7, ;) and the source-to-drain voltage (Vsp) of the
device are measured when it is turned on, and the system is
allowed to stabilize. The final values of Vgp, Isp, and the case
temperature (7, ;) are recorded. By utilizing the previously
obtained Ky, value, it is possible to calculate the variation
in junction temperature. This method allows for estimating
the junction temperature using the diode temperature coef-
ficient (see 14). Once the variation in junction temperature
(AT;) has been determined, it becomes possible to calcu-
late the final junction temperature. By using this information,
the junction-case thermal resistance Ry j- can be obtained.
The junction-case thermal resistance provides insights into
how efficiently heat is dissipated from the junction to the
case of the device. It is an important parameter in assessing
the thermal performance and reliability of the device under
different operating conditions (see Eq. 15). Exploiting the
above equations, it is possible to collect the data reported
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TABLE 8. Results obtained from the body diode static thermal tests.

Vsuppty  Teyi Vsp,i  Isp,i Te 5 Vsp.s  Isp.f T r Rip je
5V 25°C 238V 0.130A 2525°C 237V  0.143A 2697°C 5.065°C/W
10V 25°C 244V 0383A 26.00°C 243V 0391 A 2677°C 0.810°C/W
15V 25°C 247V 0623 A 2580°C 246V 0645A 2697°C 0.735°C/W
20V 25°C 249V 0881 A 2730°C 247V 0894 A 2874°C 0.651 °C/W
25V 25°C 252V 1.171A  2820°C 249V 1.I5S0 A 3090°C 0943 °C/W
30V 25°C 253V 1402A 29.20°C 250V 1406 A 30.90°C 0.484°C/W
40V 25°C 255V 1917A 3200°C 251V 1.930 A 32.87°C 0.179°C/W
45V 25°C 256V 2167A 3235°C 251V 2192A 3483°C 0451°C/W
50V 25°C 257V 2435A 3445°C 252V 2454 A 3483°C 0.062°C/W
55V 25°C 258V  2694A 3585°C 252V 2718 A 3680°C 0.139°C/W
60V 25°C 259V 2951 A 3725°C 252V 2994 A 3877°C 0.201 °C/W
total power dissipated by the device can be calculated using
Eqgs.16. Then is obtained the case-to-ambient thermal resis-
T . . .
ﬂ_ﬂ_ |—| tance, as in Eq.17, To determine the case capacitance, we can
— <> utilize the case-to-ambient thermal resistance and the time
TIIEQII cocling . .
" constant of the case temperature heating transient (Theqring Te)-
—. The time constant Tjeqing corresponds to the time it takes
upply . . .
for the case temperature to reach 63% of its total variation.
5V E R, By considering this, we can calculate the equivalent thermal
capacitance of the case using Eq.18.
= = =
= = = Pdiss,avg = Pcond,avg + Pon.avg + Pqﬁ",avg
[ ———
FIGURE 20. Test circuit for the dynamic thermal test. Pywitch,avg
EOI’l
Pon,avg =
. TSW
in Table 8. E .
off .avg
0 Pofr.avg = —p— (16)
Tjy = ATj+ Tinis  (Tinie = 25°C) (14) . sw .
Ripic = By —Tey _ AT (15) Rinca = Ii’f % (steady — state condition)  (17)
Je = = i
"7 Vsoslspg  Puiss diss,avg
C. = Theating,t. (18)
Rth,ca

2) DYNAMIC THERMAL TEST

To find the junction capacitance of the DUT, a dynamic
thermal test must be carried out. For this purpose, the circuit
in Figure 20 can be used. The test consists of turning on
and off the DUT using a certain frequency and duty cycle so
that it warms up, and then turning it off until it cools down.
The load used is a resistance of about ten Ohms, the supply
voltage can be changed to set the dissipated power by the
device. The heating period Tjeqring must be chosen so that the
temperature of the device can reach a constant value, while
the cooling period T¢ppiing lasts as long as the device reaches
the ambient temperature. A thermal camera is needed to
perform this test. To conduct this test, we start by measuring
the initial temperature of the device before the heating period
begins. Subsequently, we record the case temperature at reg-
ular intervals to capture the temperature transient. During
the test, we focus on measuring the electrical quantities of
the upper device, namely Vpg (drain-to-source voltage) and
Ips (drain current). The case-ambient thermal resistance of
the MOSFET can be determined from the heating transient
when the system reaches a steady state. At steady state, the
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To determine the junction capacitance, we can apply a similar
method as used to find the junction temperature from the case
temperature. First, we need to find the drain-to-source voltage
temperature coefficient (K, ). This coefficient indicates how
the drain-to-source voltage of the device changes with tem-
perature variations. It is crucial for accurately estimating the
junction capacitance. Using the previously determined Ky,
and the measured values of Vpg at specific times and case
temperatures, we can calculate the transient junction tem-
perature. By considering the relationship between Ky, Vps,
and the junction temperature, we can estimate the variation in
junction temperature over time during the test. This informa-
tion is crucial for further analysis and characterization of the
device. The time constant of the junction temperature heating
transient (rhean-ng,rj) can be determined from the transient
junction temperature profile. This time constant represents
the time it takes for the junction temperature to reach 63%
of its total variation during the heating process. By analyzing
the junction temperature curve, we can identify this time con-
stant, which is crucial for calculating the junction capacitance
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(see Egs. 19, 20 and 21).
Vps(Tef) — Vps(Te,i)

Ky, = 19
Vas Tc,f _ Tc,i ( )

Vps(T (1)) — Vps(T,.;
AT}() = ps(Te( )1)(‘/ ps(Tc.i) 20)

ds
Theating,T;
Ci= —7~ 21
/ Rth,jc

Based on the results obtained from the previous static thermal
test, we can analyze how the threshold voltage (V) and
drain current (/ps) depend on temperature. By comparing the
values of Vy; and Ipg at ambient temperature with those at
higher temperatures, we can determine the parameters alpha
(o) and temperature coefficient (Kfepp) required for the first
two models. To evaluate the o parameter, which represents the
temperature dependence of the MOSFET threshold voltage,
we assess the threshold voltage at a specific temperature using
the waveforms of Vg, Vps, and Ipg, as previously performed
in the characterization process (see Eq. 22). To determine
the parameter Kjepmp, a numerical method was utilized in
conjunction with the collected data of the drain-to-source
current at different temperatures. By analyzing the correlation
between temperature and the corresponding drain-to-source
current values, the value of Ky, could be calculated. This
approach provided valuable insights into the temperature
dependency of the device characteristics and enabled the
creation of accurate models to describe its behavior across
various operating temperatures (see Eq. 23).

o Vin(Tji) — V(T f)

(22)
Tii = Tiy
. 3
(TJ_'J)KW”F _ 1Ips(Tjy) — Ips(Tj,:) (M) 2 (23)
T;; Ips(T; ;) T;;

During the dynamic thermal test, experiments were per-
formed to measure the thermal capacitances of the Device
Under Test (DUT). The test involved cyclically switching the
DUT on and off at a frequency of 20kHz, corresponding to
its operational frequency in the inverter. A variable resistance
of 22 was used as the load (see 21). To simplify the test
procedure, a real-time FPGA-based controller was devel-
oped. This controller allowed for the adjustment of the duty
cycle of the driving signal sent to the gate driver, enabling
precise control over the power dissipation of the DUT. Alter-
natively, the supply voltage could be modified to achieve
the desired power dissipation. The controller also included
options for setting the heating period (Theasing) and cooling
period (T¢ooling). However, for safety reasons, the decision
was made not to utilize these features in order to avoid sub-
jecting the device to excessive temperature rises. To perform
the test, we measured the initial temperature of the device
before starting the heating period. Then, at regular intervals,
we recorded the case temperature to observe the temperature
transient. We used an oscilloscope to measure the electrical
quantities of the upper device, specifically Vpg and Ipg. The
obtained temperature transients of the case are shown in
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FIGURE 21. Case temperature transient for V,,,, =40V and D = 0.5.
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FIGURE 22. Junction temperature thermal transient.

Figure 21. Using the derived expressions for calculating the
case-to-ambient thermal resistance (R, .,) and the average
dissipated power (P s, avg ), We collected the data presented in
Table 10. Additionally, we determined the values of the case
capacitance, as shown in Table 11. To determine the junction
capacitance, we utilized the same method used previously
to find the junction temperature from the case temperature.
In this case, we first obtained the drain-to-source voltage
temperature coefficient (Ky,, ) from the dynamic thermal test.
This test involved applying a supply voltage of 30 V and a
duty cycle of 0.5, combined with the static characteristics of
the MOSFET obtained through the SPT. The resulting values
of Ky, are presented in Table 12. These values were crucial
for accurately characterizing the temperature dependence of
the junction capacitance and further enhancing our under-
standing of the device’s behavior under different operating
conditions. We proceeded to obtain the junction temperature
transient by using the values of Ky, and Vpg from the test
conducted with a supply voltage of 40 V and a duty cycle
of 0.5. This allowed us to determine the time constant of the
junction temperature heating transient (rhemmgjj), which we
then used to calculate the junction capacitance. To perform
this calculation, we relied on the junction to case thermal
resistance (Ry jc) obtained from the previous static thermal
test. The resulting data and the junction capacitance values
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TABLE 9. Data used to derive the thermal parameters needed by the models.

Tiys T r Vih,s Vin,y  Ips.  Ips; o
25.0°C" 39.75°C 4.036V 3536V  1277A  9.60 A

Kftemp
-0.0339 v/°C -2.99

V., =20V,D =05

Vs =30V,D=0.5 | 250°C 53.55°C 4.036V 3472V  1794A 140A -0.0198V/°C -3.03
Ve =40V,D =0.5 | 25.0°C 71.60°C 4.036V 3412V 2280A 184A -0.0134V/°C -4.10
TABLE 10. Case-ambient thermal resistance values found with the tests. .
Ta'mb Tc i Pdiss avg Rth ca
Vs =20V | 26.0°C 43.7°C 0.564 W 31.38 °C/W La
Vs =30V | 27.3°C 51.1°C 0.856 W 27.80 °C/W
Vs =40V | 266°C 47.0°C 1.400 W 21.71 °CIW
== Cya
Lg RQ
TABLE 11. Case thermal capacitance values obtained. W‘I;EWEMO s, & Bodv Cus
G
C.. =
Tc(t = Theating,Tc) Theating, T, Ce 95
Vs =20V 36.15°C 79.50 s 2.533 j/°C
Vs =30V 39.99 °C 51.58s 1.860 J/°C
Vs =40V 47.80°C 64.74 s 2980 J/°C Ls

TABLE 12. Values used to obtain des with Vgyppjy =30V and D = 0.5.

Vps(Te,s = 25°C)
0.080 V

Vbs(Te.s = 51.1°C) Ky

d
0.059V 0.805 mV/°C

TABLE 13. Values used to obtain the junction thermal capacitance.

Tjﬂ' ijf Tj (Theating,Tj = 75.438) Cj
266°C | 71.6°C 54.95°C 162.92J/°C

obtained from the test are presented in Table 13. These find-
ings provided valuable insights into the thermal behavior of
the junction and enabled us to accurately characterize its
capacitance under different temperature conditions. Addi-
tionally, we used the results of this test to find the dependence
of Vi, and Ipg on temperature. By comparing the values
obtained at ambient temperature with the SPT and the ones
obtained at higher temperatures, we were able to determine
the o and Ky parameters needed for the first two models
created. The o parameter was obtained using the previous
definition, while Kjpepp was calculated using a numerical
method combined with the data of the load current obtained at
different temperatures. Table 9 shows the data obtained from
the performed tests and the values of the parameters derived
from them. Figure 22 shows the thermal trend of the junction
during dynamic test.

Ill. MODELING FOR FAST SIMULATION

The article introduces a methodology aimed at simplifying
the complexity of a SiC MOSFET model for converter sim-
ulations, while still accurately capturing its electro-thermal
behavior, losses, and efficiency. This approach involves a
gradual reduction of the model’s level of detail by con-
solidating crucial aspects into maps that are activated by
an ideal switch model. The initial step of the methodology
involves parameter fitting of a comprehensive model through
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FIGURE 23. SiC MOSFET equivalent circuit.

experimental characterization. This ensures that the model
accurately represents the behavior of the SiC MOSFET under
different operating conditions. In the subsequent step, thermal
estimation techniques are employed to streamline the elec-
trical behavior of the model. This allows for a significant
improvement in simulation speed while still preserving the
essential thermal characteristics of the device. By following
this methodology, the complexity of the SiC MOSFET model
is effectively reduced without compromising the accuracy
of the simulation results. This enables efficient and reliable
evaluation of converter performance and aids in the design
and optimization of power electronic systems. The mentioned
reference refers to the equivalent circuit depicted in Figure 23,
which is described by a set of differential equations. These
equations include circuit parameters that are dependent on
electrical quantities, resulting in a numerically stiff model
that requires significant computational time for simulation.
The characteristic equations for the three common operat-
ing regions (cut-off, linear, and saturation) are presented in
Equation III. It is worth noting that the model necessitates the
knowledge of parameters such as Vy,, K;, a;, and A;, which
are determined by fitting experimental measurements to the
characteristic equations. Specifically, the equations below
define the coefficients K; and a; (see Eqs. 24).

dip
ki — dt
Ves — V)1 +24,;Vps) — (1 + a)Vps(1 + 1.5 Vpg)
Vaos — Vi,
aj= S (24)
VDS,sat,-

To determine the value of A, the following definitions are
utilized, which are derived from the geometric interpretation
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FIGURE 24. Schematic representation of the meaning of the parameter A
in relation to the angle ¢ of the 1-V characteristic.

illustrated in Figure 24. This illustration demonstrates the
relationship between the angle of curvature at the onset of the
saturation zone and the parameter 1 /1. In the given equations,
Ip.7 represents the drain current corresponding to operation
in the saturation zone, while Ip, , denotes the saturated
value of this current. The experimental measurements provide
the I-V function, allowing for the evaluation of the angle
0 that characterizes this curve. Consequently, the required
parameter can be derived from the constitutive equations of
the model (refer to Egs. 25, 26, and 27).

dlp.r
G S = J =
P dVps. T
_ 9 [k(l + AVDS,Tvast,r)"’} 25)
Vps. T 2(1+a)
k(Vgs — Vinr)?
= — 26
Dsat.T 2(1 +Cl) ( )
Gps = Ap,, ; = tan(6) Q27)

The model also considers the influence of parasitic effects
through capacitances and inductances, which are observed
to be voltage-dependent according to the experimental char-
acteristics. Furthermore, the model incorporates the char-
acteristics of the body diode, which is described by the
constitutive equation in Eq. 28. The parameters Vy,,, I,
and n are determined through fitting the experimental data.
It should be noted that this equation requires knowledge of
Ciss(VgSa Vs), Coss(Vgh Vis), and Crss(vgs» Vs). This model
takes into account the inherent relationships between elec-
trical and thermal variables. By considering the equivalent
circuit shown in Figure 25 and utilizing the following equa-
tions, it is demonstrated how the dependence of the device’s
junction temperature can be introduced for both the drain
current /p and the control voltage Vg through the voltage
generator Ey.,, (gate side) and the current generator Fypp
(between drain and source).
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FIGURE 25. Equivalent circuit of electro-thermal relationships.

0 if Vsp < Vina

Isp = Vsp—Vind .
I e nL 1 if Vsp > Vipa

(28)
- ; ( T] )KFtemp ( T] )—1.5
emp = 14 std -
. Tsld Tstd
(T; — Tsta)
Etemp = —X—"=(Vyp.1 = Vin2) (29)
T —T

One of the parameters to be determined through fitting the
model to the experimental characterization data is the coef-
ficient Kypenp. Equations 29 present the thermal dependency
model, where /; s denotes the drain current under “stan-
dard” thermal conditions (Tyy = 25°C). This dependence
is expressed as an additive disturbance in terms of the drain
current and the control voltage at the gate, as illustrated
in Eq. 30.

La o0 = Ien,1 + Ien2 + Fremp
Vas = Vs, sta + Etemp (30)

To account for the effects of parasitic capacitances,
the model incorporates the experimental characteristics or
datasheet information by utilizing maps that describe the
capacitance-voltage (C-V) functions. The estimation of junc-
tion temperature employs a first-order linear model, which
integrates the experimental thermal impedance characteristic
Zy,. This characteristic is commonly provided in datasheets
or obtained through experimental measurements and is
expressed as a function of the duration of modulation pulses
at a specific duty cycle. After obtaining the value of Ry, jc
from the thermal impedance characterization, the heat capac-
ity is derived as shown in Equation 31. The linear thermal
model is then “‘excited” by the estimated power dissipa-
tion, encompassing both conduction and switching losses
(see Eq. 32).

1
Z_t%l - l
472R% . f2

th,je) sw

Zin = Run je||Cinj —> Cu j(fsw) =

€1y
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FIGURE 26. Substitution of constitutive equations of Drain current
dynamics with 2-D maps in Simulink.

Pioss = Pmos + Pdiode + PCgS + PCds + PCds
= Vusla + Vsalsa + VgSICgS +...

coo+ Ve, + ngIng (32)

The current model is computationally intensive, which
presents a challenge when simulating complete operating
cycles of systems such as inverters, which can be lengthy.
To overcome this challenge and reduce the required simula-
tion step size, a simplification of the model is necessary. One
approach to simplifying the model is to replace the consti-
tutive equations of the two MOSFETs and the body diode,
used in the previous model, with Look-Up Tables (LUTs).
This is illustrated in Figures 26 and 27. By utilizing LUTs,
the computational load of the simulations can be reduced
while still maintaining the accuracy of the model’s dynamic
characteristics. Furthermore, this simplification streamlines
the model creation process, as there is no longer a need to
determine the parameters for the equations that define the
device.

To create the LUTS, it is sufficient to discretize the rele-
vant characteristics provided in the datasheet. The key aspect
in reducing computational complexity is to preserve the

Vas =
Iso_’
155—> f,sd >
Vgs > thh,d > Isd _’Isd
no—b fnd >
n5—>
Tj—>
\ Y J
Vds >
2D I
. 1 || LT sd
gs LUT

FIGURE 27. Substitution of constitutive of the body-diode behaviour
equations with 2-D maps in Simulink.

dynamic I-V characteristic. Therefore, the proposed solution
is to quantize the turn-on and turn-off transients using LUTs,
while also incorporating the temperature dependency. This
is achieved by utilizing an ideal switch model to trigger
the switching states. By employing this approach, both the
complexity and memory requirements of the model can be
effectively managed. The power estimation process drives the
linear thermal model to estimate the junction temperature.
It is important to note that despite the trade-off between
accuracy and simulation time, a certain level of detail is
preserved in terms of the interdependence between electrical
and thermal variables.

IV. PERFORMANCE OF MODEL IN FITTING
EXPERIMENTAL DATA

In this section, the proposed model is evaluated through the
simulation of an inverter behavior. The simulation results

0

L, = K; |:(VGS — Vi) Vps —

K os) (Vas — Vi)
2(1+al) iVDS GS th;
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(14 a) Vg
2

if Vgs < Vi,

(Ves — Viny)
14 a;
(Ves — Vi)
14+a;

(14 X1;Vps) if0 < Vps <

if 0 < < Vps
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FIGURE 28. Comparison between model and experimental test in static
output characterization (direct).
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FIGURE 29. Comparison between model and experimental test in static
output characterization (inverse).

are compared to experimental data, demonstrating the accu-
racy of the model and its ability to capture key features
while reducing complexity for efficient analysis. Figure 30
illustrates the Simulink block diagram used to replicate the
static characterization test of the device. The simulated output
characteristics of the device, represented by solid lines, are
compared to the experimental data, indicated by dashed lines,
in Figures 28 and 29. The output characteristics are evaluated
for two different gate voltage values: Vo = —5V and Vg5 =
15V . The transition to the linear and breakdown zones is high-
lighted in these figures. The test was conducted by varying
Vs within the range of [—3, 0.2]V, while maintaining both
Vs and junction temperature 7; constant. Figure 31 presents
the output characteristics of the proposed model at different
temperature values, with Vyg = 15V. These results show-
case the response of the model under varying temperature
conditions. The model’s accuracy in capturing dynamic
behavior is demonstrated by comparing the simulated results
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FIGURE 30. Circuit diagram (replicated in Simulink Environment) for
generating the static characteristic.
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FIGURE 31. Simulation of the static output characteristic with Vgg = 15V,
for TI =25°C; 39.75°C; 53.55°C; 71.6°C.

to experimental data for the DPT characterisation. Figure 32
presents the Simulink diagram used to emulate the DPT
test conducted during the experimental characterisation. The
accuracy of the model in approximating the dynamic behavior
of the current on the load is shown in Figure 33. Additionally,
Figure 34 compares the simulation results to the experimental
measurements for the turn-off transient during DPT. In both
figures, it is evident that the model efficiently captures the
average current behavior on the load and accurately approx-
imates the switching transients. The root-mean-square-error
(RMSE) between simulation and measurements is approxi-
mately 1.24 A for the dynamic behavior of Ij,4q, 2.39 V for
the approximate Vg results, and 5.81 V for the approximate
Vs results. Furthermore, a comprehensive analysis of the
approximation error of switching times (which is necessary
for loss estimation) was performed for various operating
conditions. The approximation errors obtained for the turn-on
and turn-off transients are presented in Tables 14 and 15,
respectively. These tables provide valuable insights into the
accuracy of the model in capturing the switching beha-
vior of the device.  To evaluate the proposed SiCMOSFET
model’s potential, a three-phase inverter circuit with an LCR
load was simulated using custom blocks in Simulink. The
circuit diagram is depicted in Figure 35. The input to the
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FIGURE 32. Circuit diagram (replicated in Simulink Environment) used to
emulate the DPT test.
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FIGURE 33. Comparison of measured and simulated current during the
DPT test conducted at 100V with current /j,,4 = 20A.

TABLE 14. Results from DPT (100 V, 20 A) simulation.

td,of f Ld,on ty tr
77.01 [ns]  100.01 [ns]  45.31 [ns]  53.85 [ns]
Eoff Eon Err
8041 1) 278004 56.09 ul

TABLE 15. Relative turn-on/off errors: model vs. measures.

€ty
13.15 %

Ctaoff €ty €td,on
978% 1256 % 11.63 %

inverter is a DC voltage supply, and each phase is connected
to an LC filter with a cutoff frequency of approximately
5kHz (L = 100uH, C = 10uF) and a resistance. The
bank capacitance is 850uF, and each link capacitance is
220nF . The values of the DC voltage and the load resistances
depend on the operating power of the system. In the initial
operating condition, the output power is 5kW, resulting in
a DC voltage of 150V and three load resistances of 4.5@
each. The model’s parameters are derived from the DPT
conducted at 150V and 20A. To generate the PWM (Pulse
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FIGURE 34. Comparison of simulated and experimental turn-off transient
during the DPT test at 100V and /;,,4 = 20A.

Width Modulation) signals for controlling the MOSFETs,
a comparator receives a triangular waveform with a frequency

fm and three sine waveforms with a frequency of 50Hz, each

out of phase with the others by 120 electrical degrees. The
simulations presented below utilize f;,, values of 20kHz and
40kHz, a modulation index of 0.8 or 1, a simulation time
of 10 seconds, and an integration step time of 1us. The
simulation took 40 minutes to complete, while LTspice took
50 times longer for a similar analysis. Fig. 36 illustrates a
system simulation with our integrated SiICMOSFET model in
the inverter. It showcases the estimation of instantaneous and
average efficiency for a 5kW load transfer, operating at 20kHz
with a modulation index of 0.8. The efficiency of the inverter
is calculated using the definition given in Equation 33.
Table 16 presents the simulation results for different power
transfer conditions, where the switching frequency f;, ranges
from 20kHz to 40kHz, and the modulation index varies from
0.8to 1.

= Paut,rms 6Pa’zss,rms (33)

P in,rms
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FIGURE 36. Simulation of instantaneous (blue) and average (red) inverter
efficiency - in the operating condition of 5 kW transfer to load.

TABLE 16. Simulated inverter efficiency with P,,; = 5kW, within
variation of Mod.Index and modulation frequency.

fm Mod.Index n T;(ts)
20 kH, 0.8 8837% ~31°C
20kH, 1.0 9336 % ~ 30°C
40 kH, 0.8 8825% ~31°C
40 kH, 1.0 9329 % ~ 30°C

The input power, denoted as Pj,, is calculated by mul-
tiplying the DC voltage with the root mean square (RMS)
value of the input current. The output power, represented as
Pous, is determined by three times the product of the RMS
values of current and voltage across the load for a single
phase. To estimate the dissipated power, denoted as P ;gs, only
the switching losses of a single MOSFET are considered.
To account for all MOSFETsS in the inverter, the dissipated
power is multiplied by 6. The RMS value of P;g; is used for
further analysis.
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The estimated junction temperature 7j(fr), derived from

the linear
is denoted

model 7; at the final simulation time #x = 10s,
as Tj(t). Itis worth noting that the values presented
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in the table align well with the experimental characteristics.
In Fig. 38, the efficiency obtained from experimental tests
at different power levels transferred to the three-phase load
(ranging from 5kW to 40kW) is compared to the results
of the circuit simulation using our model. The efficiency
estimation obtained with our model exhibits a mean error of
err = mean(Neal — Nsim) ~ 0.78 and a standard deviation
of ey = Std(nreal — Nsim) ~ 1.85.

V. EXTENSION TO GaN DEVICES

The GaN MOSFET model can be represented by connect-
ing two NMOS (N-type MOSFET) transistors in parallel.
This configuration allows for the division of the MOSFET’s
conduction operation into two distinct cases: low drain
currents and high drain currents. The two NMOS tran-
sistors in the model have different threshold voltages and
transconductance characteristics. By utilizing this config-
uration, the proposed model achieves a balance between
complexity reduction, computational efficiency, and high
accuracy. In the model, both NMOS transistors are repre-
sented as voltage-controlled current sources. While the GaN
MOSFET model shares similarities with the SiC MOSFET
model, there are also notable differences. These differences
may arise from variations in the electrical properties, device
structure, or other specific characteristics of the GaN MOS-
FET compared to the SiC MOSFET. The p-GaN HEMT
(High Electron Mobility Transistor) exhibits certain unique
characteristics compared to other devices. Firstly, the gate of
the p-GaN HEMT features a diode structure that limits the
gate-source or gate-drain voltage. Secondly, unlike a tradi-
tional SJ (Super Junction) MOSFET, the GaN HEMT does
not have an intrinsic body diode connecting the source and
drain. Instead, when the voltage across the drain-source (Vpg)
becomes negative, the HEMT reactivates and functions as a
diode with a forward voltage that depends on the gate voltage.
To accurately capture the behavior in the third quadrant,
an additional electrical component is connected in parallel
to both MOSFETs, with its threshold voltage influenced by
the gate-source voltage (Vgs). The dynamic characteristics
of the GaN MOSFET can be attributed to three capacitances:
the constant capacitance Cggs, and the nonlinear capacitances
Cps and Cpg. The model also incorporates stray inductances
to account for parasitic elements at the device terminals.
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Furthermore, the model includes control mechanisms that
monitor the operating conditions. These mechanisms are
designed to detect over-voltages (breakdowns), over-currents,
excessive temperatures, or prolonged operation outside the
Safe Operating Area. The two N-MOS (N-type MOSFETs)
in the model are represented as voltage-controlled current
sources. The current values are obtained using the classical
model that describes the MOSFET’s output characteristics in
its three possible regions of operation. To evaluate the accu-
racy of the model created for the /IGO60R070D1 CoolGaN
enhancement-mode Power Transistor by Infineon, the model
was used to extrapolate the output static characteristics. Sim-
ilar to the SiC model, the value of Vpg was varied from
-9V to 10 V, while Vg and the junction temperature were
fixed at specific values. The values of Vg were obtained
from the corresponding Igs values using the Igs vs Vgs
characteristic. The resulting current values Ips were plotted
against Vpg. Figure 40 depicts the output characteristic of the
model (solid line) compared to the datasheet values (dotted
line) for different Vs values. The two output characteristics
closely align with each other. To obtain the transfer char-
acteristic of the model, Vg was varied from 0 V to 5 V,
while keeping Vps and the junction temperature fixed at
specific values. The resulting current values Ipg were plotted
against Vgg. Figure 41 illustrates the transfer characteristic
of the model (solid line) compared to the datasheet values
(dotted line) for Vps = 8V and T; = 125°C. The model’s
transfer characteristic closely matches the values provided in
the datasheet. The reverse clamp diode characteristic of the
model is obtained by varying the gate-source voltage (Vgs)
from —25V to OV while keeping the drain-source voltage
(Vps) and junction temperature fixed at a certain value. The
corresponding current values (Igs) are recorded and plotted.
Figure 42 shows the reverse body diode characteristic of the
model (continuous line) compared to the one provided by the
datasheet (dotted line) for a specific condition of Vps = 8 V
and 7; = 25°C. It can be observed that the two output char-
acteristics exhibit a significant similarity, indicating that the
model accurately captures the behavior of the reverse clamp
diodes. This agreement between the model and the datasheet
validates the accuracy of the created model in representing the
reverse body diode characteristics of the GaN MOSFET. To
obtain the gate-source diode characteristic of the model, the
gate-source voltage (Vg) is varied from OV to 4.5 V while
keeping the drain open and the junction temperature fixed
at a specific value. The corresponding current values (Igs)
are recorded and plotted. Figure 43 shows the gate-source
diode characteristic of the model (continuous line) compared
to the one provided by the datasheet (dotted line) for the
condition of an open drain and 7; = 25°C. The two output
characteristics exhibit a high degree of similarity, indicating
the accuracy of the model in capturing the gate-source diode
behavior. To characterize the gate-drain diode behavior of the
model, the drain-source voltage (Vpg) is varied from —4.5 V
to OV while keeping the gate-source voltage (Vgs) fixed
at OV and the junction temperature constant. The resulting
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FIGURE 40. Output characteristic for Vgg = —6V, —5V, —4V, —3V, -2V, —1V, 0V, 4.08V, 4.25V, 4.52V, 4.65V, 4.9V, 5V.
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FIGURE 41. Transfer characteristic for T = 125 °C.

current values (Igp) corresponding to different Vpg values
are plotted. Figure 44 illustrates the gate-drain diode char-
acteristic of the model (continuous line) compared to the
gate-source diode characteristic provided by the datasheet
(dotted line), which in this case, is identical to the gate-drain
diode characteristic. The plot demonstrates a close match
between the two output characteristics, further affirming the
accuracy and reliability of the model. To test the dynamic
characteristic of the model created the simulation of a DPT
was performed. In conclusion, the proposed model accurately
captures the characteristics of both the gate-source diode and
gate-drain diode of the GaN MOSFET. The model’s output
characteristics closely match the specifications provided in
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FIGURE 42. Reverse clamp diodes characteristic for Vpg = 8V, T = 125°C.

the datasheet, demonstrating its reliability and agreement
with the device’s behavior.

As free-wheeling diode was used the model provided by
Simulink. The gate driver circuit is the one specified in
the datasheet. It is composed by two resistances in parallel
(Ron = 5 and R,y = 5%) with a capacitor in series
(Cg = 3.3 nF) and a bridging resistance between them
(Rgs = 300%2). The load is an inductance of 30nH and a
resistance of 50€2. Following the datasheet, Vpg is 400 V
and Vg is varied between the values O V and 12 V. The first
pulse turns on the DUT for 2us. Then it is turned off for 1us
and turned on again for 1xs. The waveform obtained reflects
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FIGURE 44. Gate-drain diode characteristic for Vgg = OV, T = 25°C.

TABLE 17. Obtained parameters for dynamic characteristic.

developed high-efficiency electric and hybrid vehicles. This
characterization extracted key features for an electric-thermal
model, aiming to enable multi-scale simulation and fast
design of power converters. To overcome the issue of power
MOSFETs circuit models, which are often implemented in
specific tools and unsuitable for simulations of complex
power systems due to excessive simulation time, the problem
of computational complexity reduction was addressed. The
discussion focused on reducing computational complexity by
utilizing 2D maps (LUTs) to store essential characteristics
and leveraging ideal switching to trigger the maps, along
with algebraic relations that approximate the experimental
characteristics. The proposed model integrates electrical and
thermal dynamics, providing an approximation of both static
and dynamic characteristics. This enables the evaluation of
losses during turn-on/off transients and triggers thermal esti-
mation through a reduced-order linear model. Simulation
results of the SiC MOSFET model were compared with
experimental measurements, demonstrating an error below
1% for efficiency estimation of a 3-phase power inverter
ranging from 5 to 40 kW. The entire inverter functionality,
simulated for 10 seconds, was completed in 40 minutes using
the proposed model. In contrast, performing the same analy-
sis in LT spice required a simulation time exceeding 33 hours.
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