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fausto.stella@polito.it

Abstract—This paper deals with real-time estimation of the
junction temperature of SiC power MOSFETs. The junctbn
temperature of one device of a 4-switch module iseal-time
estimated by measuring its current and on-state vtdge Von at
each switching period and entering the temperaturdook-up
table of the device. The temperature model is prelimarily
obtained in a dedicated commissioning session, wieetheVon is
measured at different temperature and current condions. The
results show the feasibility of on-line temperaturemonitoring
and even active limitation of the junction temperatire of the
tested SiC power MOSFET modules, accurately and wittan
instantaneous dynamic response. Different modules it die
from different manufacturers were tested in a H-bridge
demonstrator power converter, emulating the operatig
conditions of real converters such as voltage sowecDC/AC or
DC/DC conversion structures. The commissioning prockire is
meant to be performed directly on the final applicéion for each
converter. The proposed temperature estimation techique is
validated against a thermal camera and compared tairect
measurement of the die temperature with a thermistg showing
high accuracy and high feasibility.

Index Terms— SiC power MOSFET, Junction temperature

monitoring, On-state resistance, On-state voltagSEP.

l. INTRODUCTION

The failure rate of power semiconductors is closelgted
to their junction temperature during operation,ahhin many
cases is known very approximatively through a teweoee
sensor placed into the power module. Despite fioetefof the
scientific community and power module manufacturéng
measurement of the junction
semiconductor devices is still a challenge. Overytbars the

problem has become more important due to the furthe

increased power density of the new devices sucBil@®n
Carbide (SiC) power MOSFETSs [1], [2] and [3].
According to [4], the methods currently used toleate
the temperature of power semiconductors devicedigiged
into optical methods, physical contact methods eladtrical
methods. Each approach has its own strengths
weaknesses. The methods of the first class ared bas¢he
detection of optical proprieties of the semiconductvhich
are temperature dependent, or more simply on theisition
of the thermal image of the semiconductor die thhoan
infrared camera. This class of techniques can aehaehigh

temperature of power

and
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temperature and the gradient of temperature athesdie are
easily determined. However, all such methods ndsdal/
access to the chip, the removal of the dielecteicagd extra
computing resources to process the thermal imalggsi¢al

contact methods put the die in direct contact &itthermo-
sensitive material (e.g. thermocouples or thermé3torhis
approach requires mechanical access to the dideirtbie
module and has a limited accuracy and dynamic respas
also confirmed by the results of this paper. Eleatmethods
are based on the detection of thermo-sensitivetrelat
parameters (TSEP). The most significant techniqnedis

field are based on the evaluation of switching sroeon the
threshold voltage of the body diode [4] and [5].hé&t
techniques rely on a thermal-electrical model of th
component [6]. Most of the TSEP techniques requoraplex

calibration, and this makes their application tenoeercial

converters impractical. Furthermore, all the teghes based

on the evaluation of the switching times are hardly

implementable on SiC devices, where the commutsitaoe
extremely fast and data acquisition noisy. Nevédeti® the
knowledge of the junction temperature during operats a

powerful source of information for many purposes]uding

protection, diagnostics and full exploitation oé tthevice safe
operating area.
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Fig. 1. Schematic diagram of the proposed setup: red diemntiare
measured online.

level of accuracy and provide a thermal map of the This paper presents a technique for the estimatiche
semiconductor die, from which the points of maximumjunction temperature of a SiC power MOSFET, witlghhi



accuracy and dynamics, applicable to all typeswafching

load current is closed-loop controlled by one lethe module

converters, either DC/AC or DC/DC. This work is the (LEG2), while the other leg (LEG1) is open loop tofied at

extended and reviewed version of [7]. The schenwdtithe
setup used for this proof of concept study is showig. 1.
It consists of an H-bridge power converter madé witustom

Emipak 2B module, courtesy of Vishay Semiconductor

Italiana, equipped with additional sensors for
measurement of the on-state current and voltaga®bf the
four power devices of the module. The junction teragure
model is built via the initial commissioning of tlom-state
voltage of the monitored power switch, whose outisua
look-up-table defining the on voltage as a functmthe
junction temperature and conducted current. Thie-lgntable
is then used for on-line determination of the jiomt
temperature.

The strengths of the proposed method deal with
simplicity and accuracy. In turn:

* The converter commissioning does not need dedicated
equipment like a curve tracer: it can be performed

directly on the final application.

e Temperature detection does not affect the converter
operation with either noise injection or additional

parasitics.

e Temperature detection has a fast-dynamic response.

* No complex computation is involved.
« Hardware modifications are minor and non-costly.

TABLE | - RATINGS OF THE EXPERIMENTAL SETUP

Maximum RMS Load current 40 A
Maximum DC Voltage 1000 V
Maximum Switching frequency 500 kHz
Electrolytic capacitors (total) 1120 uF
Film capacitors 10 uF
Ceramic capacitors (SMD) 300 nF
Inductive load 2210176 pH
Microcontroller STM32F429Z1
12-bit A/D channels of the MCU 3
12-hit A/D converters on the power
board
On-board SDRAM memory 64 Mbit
Adjustable plate temperature 30°-150°C
Vas -5/+20V
Power Module, type #1 (from datasheet)
Rated current (Tsink=80°C) 19A
Breakdown voltage 1200V
Ron @ 25°C, 20A 78 1©2
Cinternal 2x47nF
Max Junction Temperature 175°C

1. TEST SETUP

Fig. 1 reports the schematics of the power sechsrsaid,
the custom Emipak 2B power module of Fig. 2-a ismaxted
in H-bridge configuration, and supplies a purelduative
load. This mimics real operating conditions whitsarbing a
fraction of the converted power from the input Diise. The

a fixed duty-cycle, to mimic a constant voltagedoBetails
can be found in [8]. The power module is monitored
electrically and thermally, as detailed in the neattagraphs.

A. Custom Power Module

Fig. 2-b shows the internal layout of the power mied
Two capacitors are embedded into the module (green
rectangles), to minimize the stray inductance & power
loop. The standard embedded thermistor NTC1 ineléCét
the figure is the one used for measurement of D&tstsate
temperature, also called the “case temperaturtiidariext.
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Fig. 2. a) Power module package. b) Internal layout ofgbeer module
(courtesy of Vishay Semiconductor Italiana). Greérternal capacitors.
Magenta: SiC MOSFET dies.

Fig. 3. Placement of NTC2 thermistor.

Moreover, one additional thermistor (NTC2) was Hattet
in direct contact with the die of the MOSFET under
monitoring, as depicted in Fig. 3. Both NTC1 andd¥Thave
a full scale of 145°C.

Different modules with die from different manufactts
where tested. For simplicity, this paper refers dne
manufacturer (called type #1) and one size oniDatasheet



values, referred to in Table I, where provided bighdy
Semiconductor Italiana.

B. Power Converter Description

The prototype converter built to validate the pregab
method is depicted in Fig. 4, from top to bottomfimel: the
control board, the gate-driver boards and the pdward. The
heatsink, partially visible in the low part of tpéture, has
two fans for ventilation and four resistors for {ieating the
power module and impose the case temperature dthing
commissioning stage. The control board was desigoed
easy plug-in of one STM32F429 Discovery demo boasdd
for real-time control and data collection purposd@he
Discovery board embeds the ARM Cortex-M4
microcontroller unit STM32F429ZI, and was chosen ifs
onboard 64 Mbit SDRAM memory, used for PC
communication during the debug phase. The contoalrd
includes one LEM current transducer used for cldseg
control of the load current, and a resonant higigdency
power generator which provides insulated powerridistion
to the gate drivers and additional A/D convertéas@d on the
power board.
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Fig. 4. Picture of the experimental setup.

The gate-driver boards, one per module leg, arévgiah-
connected between the upper control board and dierl
power board. Such 3-dimensional arrangement pertoits
minimize the distance between the drivers and theep
module and therefore to minimize the parasitic oidace of
the gate driver circuit. The gate-driver boardskased on the
intelligent driver STGAPL1S, that offers programneafdult
check and hardware protection thresholds.

The power board houses the DC link electrolytic

capacitors visible in Fig. 4 and five additionaDA¢onverters.
These sample the electrical quantities Voc, Vbs, iswiL, iswaL

indicated in red in Fig. 1. The trigger of A/D symonization
is provided by the MCU. Each A/D converter commates

with the MCU through a dedicated opto-isolated SP!

connection.

C. Measurement of the on-state drain-source voltage

Special attention was paid to the measurementeobth
state voltage droon of the monitored switch SW1L. The
schematics of the signal conditioning circuit isaged in Fig.
5. Diode D8 protects the signal circuit from the Ik
voltage when the MOSFET SW1L is OFF while the dib®e
is used to compensate the voltage drop of the dile

When the SWI1L is in ON state, the diodes are fouwar
biased by injection of a constant current and ttaénesource
voltageVon turns into the output signal ADC, to be sampled
by the dedicated A/D unit. For guaranteeing thetftrward
voltage drops of the diodes are identical, the biagents are
obtained from a current mirror. Moreover, the dedee
placed close to each other on the board (see Figo6that
temperature variations might affect their voltagepdto the
same extent. The operational amplifier U15 is arAGB7
with an output voltage slew-rate of 150 V/us, fastf
transition between saturated and linear states vatye
commutation of the power component.
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Fig. 5. Schematic of the analog conditioning stage dedicabethe Voy
measurement.
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Fig. 7. ADC output of the op-amp in Fig. 5 (25us/div, 500/div). The
switch SW1L is commanded at 50% duty-cycle. Arraveicate the sampling
time.



Fig. 7 shows the conditionedby voltage (label ADC in
Fig. 5) during operation, with a duty cycle arous@P and

ips>0. When the switch SW1L is OFF the ADC voltage is4.

clamped to the upper rail voltage of the op-ampyaédo
3.3 V. The blue arrows indicate when Mg\ is sampled by
the A/D converter.

In this setup, the voltage conditioning circuit wd§line
calibrated for producing precise identification s for the
modules under test. However, if the proposed
commissioning methodology were applied to a commeed
converter, this would not require precise calibraton of the
drain-source voltage.Other solutions for measuring then
are feasible, like the one presented in [9].

D. Current sensing

The current sensing circuit consists of a shunistas
with a signal conditioning circuit that is very dian to the one
used for theVon sampling (another operational amplifier in
differential configuration that measures the vadtagross the
shunt resistor). Other types of current transducanshe used,
provided that their bandwidth guarantees that tlreeat and

one temperature level to the next one is in themwod the
minutes.

The test stops when the heatsink reaches the room
temperature is (25°C in this case). The total
commissioning time for this prototype is around 20
minutes.

B. Timing of the Pulse Sequence

The short duration of the current pulses (100 pppkse)
ensures that the junction temperature equals th€INT
reading, i.ethe junction and the DBC temperatures are
equal. This is confirmed by the thermal impedance of this
module, reported in Fig. 9. The transient thermglédance
of this module for a DC pulse of duration 100 p8.33°C/W,
to say that the junction to DBC temperature diffeeduring
one current pulse i46; < 3.06°C, in worst case conditions
(Mon = 3.64 V,ips=28 A, 0;=145°C, Pon = 102 W). This
temperature spread is small enough to assumehthptriction
and DBC temperatures are equal whésn and ips are
sampled and stored at each pulse.

Moreover, the time lag of 100 ms (1000 times thisgu

Von measurement are perfectly synchronized and naduration) between the current pulses cancels asigual

distorted.

1. COMMISSIONING AND TEMPERATURE ESTIMATION

First, the on-state voltage drop of the MOSFET unest
SWIL is characterized as a function of junction gerature
and on-state current. The obtained model, in tha ¥éon(Ibs,
0;) is then used for real-time estimation of the jioc

temperature during operation. A similar concept of§15

temperature monitoring was proposed in [10] for ®@S
devices, but without addressing the dependen®se{same
as Von) from the drain current, and using calibrationadat
either using the datasheet of the component onadracer.
The proposed setup uses they probe on-board of the
converter both for the commissioning of the mocdhel for the
online temperature estimation.

A. Description of the Commissioning Process

The characterization ofVon versus the junction
temperatured; and drain currenips is done by imposing a
series of current pulses of short duration to thigck under
test. The sequence is repeated for different valitee DBC
(Direct Bonded Copper) temperature of the modute DBC
temperature is measured via the embedded NTC1 isterm

The commissioning process can be schematized ¢

follows:

1. The heatsink is preliminarily heated using foureemal
resistors, until the NTC1 embedded thermistor distpu
145°C. Therefore, the resistors are turned off #rel
heatsink starts cooling slowly and the identifioati
sequence begins.

A set of twenty-eight current pulse$ 100 ps duration
each is imposed to the load and thus to the mautor

temperature perturbation, ensuring that the junctio
temperature returns to the current DBC temperataige,
before the next pulse occurs
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Fig. 8. Example of current pulses used for commissioninydflos, 6;)-
Scale ofism is 5 A/div, time scale is 200 ms/div.
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Fig. 9. Maximum thermal impedance Junction-to-Case Chaiatite
(courtesy of Vishay Semiconductor Italiana).

C. Resaults: Von look-up table

Fig. 10 shows the results obtained from the cumpeige
test at different temperature. Fig. 11 shows threesponding
Von surface of the power module under test. Vbg voltage

MOSFET, from 1 A to 28 A as showed in Fig. 8. Thisas function of current and junction temperature. the sake

takes 3 seconds altogether.
Every time that the NTC1 temperature drops by 5f@éw
set of current pulses is imposed. The wait timevbeh

of clarity, Fig. 12 and Fig. 13 report the samaultssin the
form of Ron parametric curves, as a function of temperature
and current, respectively, with the other quantised as a



parameter. According to Fig. 12, tHeon sensitivity to
junction temperature is significant. For examplde t
resistance increases by 84% when passing from 26°C
145°C. Conversely, the sensitivity to the load entris less
pronounced, as shown in Fig. 13. As depicted in ERythe
Ron values from the datasheet are higher than the meshsu
ones. This is expected because the datasheet refssical
values of a series of devices, with some margirthensafe
side. The datasheet does not give any indicatiautathe
sensitivity of Ron to the current. Other die from different
producers were tested, still within custom EMIPAR-2
modules, proving the consistency of the proposéagpsand
methodology [8].

[°C]

junction

0

240 250 260
sample number

Fig. 10.Results of the commissioning: 28 current and veltaglues per
temperature value.
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Fig. 11.Measured/on as a function of junction temperature and current.
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Fig. 12.Ron as a function of junction temperature.
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Fig. 13.Ron as a function of current.

D. Data Manipulation

The data obtained from the commissioning test rbest
manipulated before being used for temperature asthm In
its final form, the model will have the current andltage
samples as inputs, and the estimated junction texnhpe as
the output. For building such a look up table néxessary to
reorganize the experimental data according to esbul
spaced vectors in the input doméig Von. Fig. 14 shows the
experimental data reorganized in the foréa@os, Von) and
Oi(ips, Ron), respectively. The second representation
arguably easier to interpolate on a square, regldarain of
the inputsips, Ron, and will be utilized in the following. The
experimental data are therefore interpolated in fibren
0i(ips, Ron) using a polynomial function of the second degree,
ending up with the regular LUT used later for tenapere
estimation.
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Fig. 14. Experimental data reorganized for havifg on the z axis.
a) 03 (Von,lps)- b) 63 (Ron,lps).

E. Online Monitoring of Junction Temperature

The block diagram of the temperature monitoringeseh
is represented in Fig. 15. The on-state currentvaftdge of
the device are measured at each PWM period, and the
temperature is estimated accordingly. The index(IBig. 15
indicates the current time samplef the digital controller.
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V. RESULTS

The temperature estimate method is tested in difter
operating conditions, referring to different wavefis of the
load current. Closed-loop temperature limitation akso
presented, using the temperature estimate as feleftirdoad
current limitation. Additionally, the results corgirirom the
embedded thermistor NTC1 and the local thermistoCRI
are compared and commented, showing the insemgitifiihe
commissioning method to the position of the thetonis the
module. Finally, the method is validated againghermal
camera, showing good matching both in steady saaté
transient conditions.

A. Load Current Sep Response

Fig. 16 reports the response of the junction teatpee
estimate to a square-wave load current. The resiie/ that
the DBC temperature during the test is constargh@é blue
line) and the junction temperature responds tdaad with a
time constant of some tenth of second. The jundtiobBC
temperature difference reaches 60°C within onerskco

Time [s]

Fig. 17.Current step of 25A. Comparison between junctiorepenature
estimate and direct-contact measurement with NTC2.

Similar conclusions can be drawn after the DC +Ié&l
current test of Fig. 18. A 5 A peak current compunat
0.1 Hz is superimposed to the 20 A direct currémirevious
test. Also in this case, the NTC2 output is undéreged both
in average and peak values, and delayed resptbet fjonction
temperature estimate. Such underestimate and tialay to
do with the thermal impedance between the therméstd the
junction of the device. Although the thermistorinsdirect
contact with the die, it is not able to capture thémate
junction temperature due to the non-negligible riedr
impedance between the surface of the die and #rentstor
itself. This result is consistent with the litenagy1].
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Fig. 16.0n-line estimated junction temperature of SW1L ébdontinuous),
under squarewave load current (red) conditions. ddshed blue line is the
DBC temperature, measured from NTC1.

B. Direct Temperature Measurement via NTC2

Besides the standard DBC thermistor NTC1, an auititi
sensor named NTC2 was later included for
measurement of the die temperature of SW1L (FigN3)C2
is placed as close as possible to the die, rigliteurhe

r —SWIL current [A]

©_ [°C] using NTC2
DBC

20 /\/few [°C] 5

0 . | I )

40 45 50 55 60

Time [s]

Fig. 18.AC current at 0.1 Hz superimposed to 20 A DC. Caispa between
junction temperature estimate and direct-contactsmement with NTC2.

C. Insensitivity to the Placement of the Thermistor

As NTC2 cannot be considered for direct measuremient
the device temperature, it has been used as anbDBé€r
thermistor, placed very close to the device.
characterization of the module has been repeatad N C2
resistor instead of NTC1, producing a secafg look-up
table. The look-up table is identical to the onéagted using

The

direcNTC1, shown in Fig. 11. The load tests of Fig. hd &ig. 18

where repeated running the temperature estimatesngo
from the two tables in parallel, for the sake ofnparison.

bonding wires. The direct die measurement NTC2 was

compared to the proposed temperature measurement
different operating conditions.
Fig. 17 reports the temperature response to a Riad

step, showing that the reading from NTC2 gives a ba

estimate of the junction temperature, both in terofs
steady-state values (steady-state underestimateusad 45°C
in this test) and dynamic response (time respohdE€2 is

slower than estimation).

100 _K/’——’-f

50F

—SWIL current [A]

[°C] using NTC1
@DBC [°C] using NTC2

— ei.est [°C] using NTC1

— Qi»est [°C] using NTC2

_(_)DBC

0 . . . . I L )
0 5 10 15 20 25 30 35

Time [s]

Fig. 19.Junction temperature estimation during a curresg ef 25A
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Fig. 20.Junction temperature estimation with sinusoidatentrreference

The results of Fig. 19 and Fig. 20 show that the tw

table-based estimates are superimposed, the oriag@mom
the former look-up table obtained with NTC1 andrieg one
using the look-up table obtained with NTC2.

The results show that the characterization of the
module is insensitive to the placement of the NTGeasor

within the power module. In other words, the positioning of

the thermistor within the module, and its distafroen the
monitored switch are not critical for

modules already equipped with internal thermistbosnot
require hardware modifications.

D. Closed Loop Limitation of the Junction Temperature

the proposed
commissioning and temperature estimation methodvelPo

In the tests described in Fig. 21 to Fig. 24 thacfion
temperature limit is initially set to 140°C and tHewered to
120°C and finally to 100°C. Maximum allowed temgarae
is indicated with a black horizontal dashed lindweTload
current (yellow line) is equal to 18A in the fitkh seconds of
the test. After 15 s, a sinusoidal current compbnien
superimposed to the direct current, either at ®5Fg. 21
and Fig. 23) or at 1.0 Hz (Fig. 22 and Fig. 24)Fig. 21 and
Fig. 22 the duty-cycle of LEG1 is imposed to 0%sé#y that
SWIL is in continuous conduction, whereas in Fig.ahd
Fig. 24 the same test is repeated at 50% duty-¢$SM1L in
conduction half the time). LEG1 is the leg of thétitlge that
works open-loop. Load current is controlled by LE[BR

Concerning the first two tests (Fig. 21 and Fig), 2Be
estimated temperature has a peak value of 140tt@i6.5 Hz
case and circa 130°C when 1 Hz is used. The AGié&ecy
expectedly lowers the amplitude of the temperaswigg. In
both Fig. 21 and Fig. 22, the current is real-tiok@mped
during the periods where the temperature thresisol®0°C
and 100°C. Accordingly, the temperature instantasko
respects the corresponding threshold value.

In Fig. 23 and Fig. 24 the two tests are repeatid tve
same load current and duty-cycle of the switch etgua0%.
In this case the switch SWI1L shares conductione®sgith

The on-line estimation of; is used here for closed-loop the upper switch of LEG1 and it is less stressednial wise.

limitation of the junction temperature during op@a at
variable load conditions. A PI regulator was useddturate
the load current reference when the estimated teahpe
reaches a predefined maximum value. This is nehoed as
the final use of the proposed monitoring technidué, it is
considered a valid stress test for demonstratiegptitential

and high dynamic response of the proposed estimatio

technique. The modulation frequency is 10 kHz, at t
switching losses are not significant.

150 o
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100 || —igyy [Al

50

0 5 10 15 20 25 30
time [s]

Fig. 21.0nline junction temperature estimation, average/-dytle is 0%
(SW1L always close). a) AC current frequency 0.5Hz
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Fig. 22.0nline junction temperature estimation, average/-dytle LEG1
0% (SWLL always close). AC current frequency 1Hz

The estimated temperature never touches the uppeshiold,
neither for the 110°C case.
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Fig. 23.0nline junction temperature estimation, average/-dytle LEG1
50% (SWI1L close for 50% of the period). AC curratjuency 0.5Hz
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Fig. 24.0nline junction temperature estimation, average/-dytle LEG1
50% (SW1L close for 50% of the period). AC curriatjuency 1Hz

E. Validation against a Thermal Camera

The proposed methodology has been validated using a
thermal camera. The layout of the test rig has beedified
to permit visual access to the die. The moduldfiliielg has
been removed. In Fig. 25 the estimated temperaisire
compared to the temperature measured using a theamara



(Cedip Titanium 560MB IR, Courtesy of the Univeysiif
Nottingham), with a sampling frequency of 20 Hz.

power devices, high side and low side, any leg tiseesame
duty-cycle and current over one period of the A@esiThis

As the temperature gradient across the die is najuarantees that their peak temperature will besdme and

negligible, two thermal camera outputs are
maximum and average temperature. The results dhavte
maximum temperature of the die is, expectedly, éighan
the estimated temperature. Time wise, the bluesc(lret spot
by the thermal camera) has an unexpectedly sldvwtan
passing from the high level to the low level at siep down
of the load current. This is related to the autdenat
interpretation of the thermal image from the camera

Dealing with the average temperature from the tlaérm
camera, this matches the estimate well. In commhjsihe
proposed methodology can estimate the average tatope
of the die very accurately, and come as close ssilple to the
peak temperature within the die. This result isdhiar beat,
unless a complete thermal image of the die is abklwithin
the power converter.
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Fig. 25.Current square wave 15A-22.5A. Comparision betvtkerstimated
temperature and the measured temperature usinigetreal camera.

V.

A. Minimum Set of Measured Quantities

Not all the sampled quantities indicated in Figark
necessary for implementing the proposed online &aipre

DISCUSSION

reportedthat monitoring one switch will protect the entirenverter.

For other structures, where the switches are loaded
unevenly, the monitoring should be repeated for yman
significant switches. For example, if the H-bridgaised as a
4-quadrant DC/DC converter, monitoring the two shits of
one leg is representative of the whole convertecabse the
two legs behave symmetrically. Other structuresirego be
evaluated case by case.

C. Aging of the Component and Prognostics

The Ron tends to increase with the aging of the
component. According to [11] the on-state resistagan
increase by 10%-17% before the component failss Thi
would lead the proposed technique to overestiniege t
device temperature, and eventually to over-limit device
current according to the detected extra-resistarniverefore,
without recalibration of the look-up table, the hed tends
to accelerate the detection of the component aglimgugh
the temperature misestimate. In this sense, thpemature
monitoring is also a tool for on-line prognostilike what
done off-line in [12] and [13]. If the maximum alable
current is actively limited using the estimated penature as
feedback, the current limitation tends to triggeren
frequently with the age of the component, leadimng t
converter to underperform and warn the user. mdhse, a
new self-commissioning session can put in evidehee
increased?on and the aging effect. Future investigation will
be needed to evaluate the increment oRkebefore the
failure of the component especially in SiC devices.

D. Activethermal control

Thermal cycling magnitude strongly influences
semiconductors’ lifetime [14] and [15]. Experimdntata

estimation. The minimum set of dedicated measurénenShowing the closed loop limitation of the junctiemperature

required by the proposed technique consists of:

have been presented. However thanks to the highl lefv

« Drain-source voltage in on-state: this is the mosglynamic of the proposed method, it is possiblertplement

critical measurement, as discussed in section II.C.

* Switch current in on-state, measured here via atshu

resistor in series with the switch. Current tramsas

more sophisticated techniques like the one predentgl6] -
[18], that actively reduce the temperature swing tloé
component and permits to extend the lifetime of the

of other type are also viable. Current Comro”edsemmonductor.
converters may use the same transducer used f&. Limitationsand futureimprovements

current feedback.

Due to limitations of the current prototypal hardejathe

+ Case temperature: one thermistor embedded in th@mperature of the switch SW1L can be monitored dot

module, measuring the DBC temperature.

The monitoring ofVgs during the ON state was made
available in the demonstrator for checking thatghte driver
commands were appropriately at constant voltagis. Wbuld
be unnecessary in a commercial converter.

B. Applicability to Different Converter Sructures

One key assumption behind the proposed methodasogy
that the monitored switch is representative of #rgire
module’s behavior. This is surely true for H-bridgeuctures
operated in DC/AC configuration, as well as fort&pe or
n-phase 2-level voltage source inverters. All thentioned
DC/AC converter structures have in common the tflaat all

positive values of the drain-source current, beeahsVon
conditioning circuit does not cover the negativege This
choice was initially made to maintain a high leetaccuracy
of this measurement. After a certain number obtasts clear
now that the 12 bit A/D converter used for samplingVon
is accurate enough to measure a wider range cgedt and
the input range of the circuit will be extended dover
negative currents soon.

Another singular condition is whegs is very low. In this
caseVon is in the low range of the measurement span amd th
measurement accuracy diminishes. However, thiatsito is



normally associated to low conduction loss, i.eisithon-
critical in terms of junction temperature

When the conduction time of the switch SW1L decgsas I
to the order of few microseconds, then measurement can 4
become problematic. If the duty cycle is close 0%, the
switch SW1L is in conduction for a limited amourittione.
The same is true when the switching frequency gh,hé.g.
>100 kHz, which might be reasonable with SiC deviceéhe
proposed current measurement system was testedweitess
up to 80 kHz, with duty cycle = 50%, correspondioga
minimum settling time of Bis circa. Also in this case work is
in progress to push the switching frequency limi o
200 kHz, i.e. the settling time belows.

In a real-world converter, the measurement systéghtm
be integrated in the drivers, considering that mufsthe
drivers already integrate desaturation protectibased on
Von inspection.

In a future version, the MOSFETSs itself will be dder
heating the heatsink with the goal of running the
commissioning test at a reduced temperature and fog]
extrapolate the rest of the characteristic.

Finally, the proposed solution provides the average
temperature of the die, though the temperatureigmadcross
the die is not always negligible. Neverthelesghim authors’
opinion this apparent limitation does not harm the
applicability of the proposed method, which is ddased a
strong step ahead towards on-line integrated tegyner
estimation.

(5]

6l

(7]

8l

[10]

[11]

VI. CONCLUSIONS

The paper demonstrates that inserting tRéen
measurement on board of a power converter perngisoa
and high-dynamic estimation of the junction tempae of
one of the power devices. The method is promisiog f
application to standard and special convertersh witle
impact in terms of additional components and cdste
measurement system can be integrated into the dyater
circuit. Through the knowledge of the junction teargture it
is possible exploit completely the SOA of the compat
while maintaining high reliability levels. It is pected that
this innovation might reduce the cost of the fiapplication.
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