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Abstract — This paper describesa method to extract internal temperature and drain current
values of a MOS transistor by proceeding to voltages acquisitions only. Two current and
temperature dependantvoltagesare measured:the drain-to-source voltage when the MOSFET
is in the linear state, and the body diode forward voltage drop when freewheeling.

Analytical expression are proposed to estimate temperature and current values from the
voltagesmeasurementsThe method is then implemented in a microcontroller to achievea low
cost monitoring system.

Accuracy of the systemis verified, and confidence maps over the full working range of the
devices are given.

An application to chip-to-ambient thermal impedancemeasurementusing the estimator and a
calorimeter is proposed.

Keywords: Device characterisation, Diagnostics, Estimation techniques, Measurements,MOS
device, Sensors

1. Introduction

The increasingusageof power convertersin today'sworld maketheir marketmore challenging.
Cost cuts are of major concernto remain competitive, but reliability requiresexpensivesecurity
margins.Monitoring is anothersolutionto keep converterseliable while using power components
closerto their limits. However,the monitoring of critical values(i.e. Currentand Temperature)s
eithercostly or inaccurateShuntsarewidely usedin low powerconverterdo measureurrent,butas
powerincreaseslossesin the shuntbecomenot negligible, reducingefficiency. Transformer-based
currentprobesare expensive bulky and their frequencybandwidthis often an issue.In the other
hand, temperaturemeasurementan be made affordable, by using a thermistor close to the
transistors.This is howeverinaccuratebecausesubstratetemperatureand device temperatureare
sometimes different, especially during large power surge.

Estimationis an other way to figure out temperatureand current values by measuringsome
variablesof the deviceundermonitoring. Extensivework andliteraturerelatetechniquesasedupon
an estimatorto avoid the costand pitfalls of dedicatedsensorq1-3]. The methodproposedn this
paperis basedon the measurementf the drain-to-sourcevoltageat the terminalsof oneMOSFETIin
an inverter.

Two temperatur@andcurrent-dependentoltagesare usedfor the estimation Whenin the on-state,
drain-to-sourcevoltageof a MOSFET s equalto theintrinsic on-stateresistanc€Ros.) multiplied by
thedrain current.As Roson IS temperature-dependermtrain-to-sourcevoltageis a function of current
andtemperatureWhenfrewheelingon its internalbody diode,the MOSFET drain-to-sourcevoltage
is equal to the diode forward voltage, also dependent on temperature and current.

Thanksto the proximity of the body diode andthe channel(a few um), the temperaturecan be
supposedo beidentical in both areas Assumingboth measurementare performedwithin a short
lapseof time (in comparisorto thermalconstantsn thedevice),andprovidinga relationbetweerthe
two currentsin the two statesiit is possibleto extractthe temperatureand currentvalues.In this
paper,we considerthat temperatureis constantacrossthe silicon die. It is referredto as “chip



temperature”.

2. Principle of operation

In a classicalinverter,a dead-timeis observedetweenthe turn-off of a pair of switches(e.g.H1
andL2, asdescribedon fig. 1) andtheturn-onof the oppositepair (i.e. H2 andL1). Giventheload
is inductive, current flows through body diodes of H2 and L1, which will therefore act as
freewheelingdevicesduringthis period.To achievehigh efficiency,the dead-timemustbe asshortas
possibleto reducethe voltage drop acrossthe body diode. Transientscausedoy commutationlast
longer than the dead-time,maskingthe freewheelingdiodesforward voltage drop, which cannot
thereforebe measuredat this time. Forward-voltagemeasuremenis performedby turning-off the
transistorL1 a shortlapseof time after the beginningof its conduction.This will not disturb the
operationof the inverter, asit doesn'tinvolve a high voltage step (lessthan 1V) nor high current
gradient(the only changein the currentpathis acrossthe silicon die). This turning-off mustbe done
before the current Io becomespositive in the switch (with respectto the conventionsbelow),
otherwise it would flow through the diodes of H1 and L2.

The measurementf the drain-to-sourcevoltage (in the resistiveon-state)will be performedjust
beforethe endof the conduction to ensurea goodsignal-to-noiseatio (the currentis maximalat the
end of the conduction cycle).

3. Analytical approach

Drain-to-sourcevoltage is measuredn two working statesto achievetemperatureand current
estimation. In this section, we presentthe analytical expressionslinking the voltage and the
parameters being estimated in each state

A. On-state resistance model

The effect of temperaturen the on-stateMOSFET resistanceis quite well takeninto accountby
classical models such as those implemented in SPICE.

For the sake of simplicity, the equations given here are those of the SPICE levell MOS model[4].
In the linear region, i.e. 34> Vmy and \bs < VosVn,
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channel, X; the metallurgical junction depth, Vs the gate to source voltage, V- the gate to source
threshold voltage, and A is the channel length modulation.

For power MOSFETS, A is considered as zero. KP can be supposed to be the only temperature
dependent parameter,

KP(T,)= KP(Tl)(;)Z @

The influence of the temperature on the on-state resistance is given by replacing (2) into (1), and
then deriving.

ol,
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Notice that Rpson evolves as a 1.5 power of the temperature. On a reduced temperature range, this
can therefore be approached as a 2™ order polynomial.

Rpgn=C,+C,T+C,T? (4)

B. Intrinsic body diode forwar d-voltage model

As it can be seen in the extensive literature, there are few simple but accurate formulations of the
diode forward-voltage drop [5-7]. This is due to the great number of phenomena occurring in a
classical PIN diode. Ohmic contacts are of a major concern in this voltage drop, athough they are
hardly taken into account in numerous models. The temperature and doping gradients across the PN
junction have also an influence, but are difficult to quantify.

In[5], an analytical expression is used to determine the junction temperature of a power diode from
its forward-voltage and current, but is far too complex for the targeted application.

Thought for monitoring the proposed method does not require high accuracy. The chosen model is
therefore as smple as the following first-order polynomial of I:

Ve=Vs(T)+K, | (5)

where V(T) is the temperature dependant threshold voltage, and K, afixed coefficient.

V=K, ,+K, T (6)
Therefore
V=K, +K,; T+K, I 7

C. Temperature and current expressions
From (4) it comes, when in the on-state:

V ps1= Rpgn |

VDSl=(CO+ClT+C2T2)I1 8)
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when in the “freewheeling” mode, (7) yields to
Voe=—Ve=—K =K, T-K,I, 9)

Vps1 IS measuredat the beginningof the conductionperiod,while Vps: is the valueof the drain-to-
sourcevoltageat the endof the conductionl; andl, arethereforedifferent,but T canbe considered
asconstantdueto the high thermaltime constan{the self-heatingwill directly betakeninto account
in the parameter fitting).

When using a pure inductive loadahd } are linked by:

UAt
|z=|1—m (10)

whereAt is thetime interval betweerthe setof two dataacquisitionsU is the DC-busvoltage,and
Liead the load inductance. From (9), it comes:

Voot K, +K, T

|2:_ K , (11)
Using (10) and (11) in (8) yields:
UAt Vot K, +K, T
Vpu=(Co+C,T+C,T?) -2 0 = (12)

Lload KZ

T is thereforeobtainedby solving the third orderpolynomial (12). (11) givesthe corresponding.
value.

4. Parameter estimation

A. Description of the experimental setup

An inverteris built for demonstratiorpurposeslit operatesat constantfrequencyandduty cycle,
andthe loadis alow-valueinductanceThesesxperimentatonditionsensurea pure-ACtriangular-
shaped load current,allowing for both voltagemeasuremenfV: andVpsoy) to occurwithin a short
lapse of time. The transistors of the bridge are 75V, 100 A rated devices.

The inverter (H-bridge) is driven using burst signals,to keep transistorsself-heatingas low as
possible,and InsulatedMetal SubstratgIMS) is usedto guaranteghe bestthermalspreadingThis
bridgeis placedinto a furnaceto setthe ambienttemperatureWith this setup,we canassumechip
temperaturéo be equalto ambienttemperaturet the equilibrium. However,passivecomponent®f
theinverter(input capacitorbankandinductiveload) cannotwithstandtemperaturesip to 180°Cand
haveto be keptout of the furnace.This resultsin a non-negligiblestrayinductancealongthe circuit.
This has a detrimental effect on the linearity of the current wavefornfigsdg

The drain-to-sourcevoltageis acquiredusingtwo P6139500MHz passiveprobesin a differential
setupanda TDS7054Tektronix digital oscilloscopeCurrentis measuredvith a PearsorElectronics
model 101, 80MHz bandwidthcurrenttransformer.Drain-to-groundand source-to-groundoltages
were clamped using zener diodes to avoid saturation of the oscilloscope input amplifiers.



Temperaturés acquiredasthe averagevaluegivenby two thermocoupleplacedat both endof the
bridge'sheatsink.Temperatureaccuracyis estimatedo be within the £1°C range.More accuracyis
not required because of the simplicity of the body diode forward voltage drop model we chose above.

B. Parameter identification

Fig 6 representshe measuredirain-to-sourcevoltagewhenthe MOSFET is in the on-state for 6
different ambient temperatures. As can be sedigof, the Rs.» behaves as d%brder polynomial:

Rpe,=Co,+C,T+C,T? (13)

When fitting data, such a polynomial yields te=06x10° Q.T? C=32x10° Q.T*, G=58x10'Q

The body diode forward-voltagemeasuremenset, shownon fig. 8 is more complexto identify.
Linearfit is choseninsteadof more powerful math functionsasit is more compactto implementin
hardwarewhile giving satisfyingresultsin our case Fitting is setto minimise error at high current,
near SOA (Safe OperationArea) limits, where accuracyis at a premium to keep the converter
reliable.As a consequenceerror is not negligible at low current.Higher order modellingwould be
required to reduce this inaccuracy, but is beyond of the scope of the targeted application

In our case, a very simple expression gives the value of the body diode voltage drop:
V.=V (T)+K,I

The relation betweenVs andtemperaturecan be seenon fig. 9 , andis expressedy (6). Body
diode forward voltage can therefore be expressed as follow:

V=K, +K, T+K,I
From the identification of data with (7) it com&s:=1.9x10° Q, K, = -1.5x10° V.K™, K, = 0.786

Vv

This setof parametergCo, Ci, C;, Ko, K3, K3), allows the calculationof temperatureand current
across the MOSFET by only proceeding to two distinct drain-to-source voltage measurements.

5. Application and discussion

A. Implementation of the method

The methoddescribedaboveis implementedn a microcontroller,to realisea monitoring system
thatcomputegsemperaturendcurrentacrosoneof the MOSFETin aninverter. Two subsystemare
requiredto performthe estimation.A driver board,built arounda FPGA (Field Programmablé&ate
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Array), generatespecificdriving signals(featuringMOSFET forced freewheeling) Drain-to-source
voltagevalueis acquiredby the estimatorboard,basedon a smalloutlinemicrocontroller, which then
outputs temperature and current values.

The acquisition path is made of a differential amplifier, followed by a fast sampleand hold
amplifier (700 ns blocking delay). This allows the relatively low microcontroller'sanalog-to-digital
converterto be used, avoiding the need for a dedicatedhigh speedconverter. Both voltage
measurements E¥. and ) are made through the same acquisition path.

The equationsdescribedaboveare implementedinto the microcontroller.Built for the sake of
demonstratiompurposesthe experimentaketupallows somesimplifications.Bridge duty cycleis set
to 50%, with alow valueinductiveload. Thisresultsin a pureAC, symmetrictriangular-shapetbad
current.We thereforechosea lapseof time betweenbeginningof the conductionof the monitored
MOSFETand V¢ voltageacquisitionequalto the lapseof time betweeracquisitionof Vpso, andthe
endof conduction Dueto symmetryof the currentshapethe currentintensitywhenacquiringVe and
when acquiring VWsor are equals with opposite signs. As|-I; (12) becomes:

Voot Ko+K,T
KZ

Vi, q=—(C,+C,T+C,T?) (14)

To figure out the temperaturevalue, the microcontroller solves (14) by using a dichotomy
algorithm. Temperature being known, Current comes directly from (11).

B. Results

As the current waveform presentsa constantshape,the systemcan directly display the RMS
currentvalue. This allows for precisemeasurementising the oscilloscopeasit integratescurrent

valueoverseveralperiods.PeakandRMS current
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values are simply proportional in a/3 ratio (triangular signal).

Temperaturecomputationrequiresabout 1ms, due to the intenseuse of floating point 32-bits
numbers and the dichotomy algorithm, which requires8 computationsof (12) in the worst case
(temperatureis codedasan 8-bits integer).Currentcomputationis a lot faster(few tensof ps)asit
only requires a single floating point multiply and two additions.

Accuracy of the monitoring systemis testedover full currentand temperaturerating of the
MOSFETs.Measuremenpoints are different from those of the parametersestimation(above)to
ensureour methodis reliable. Driving of the bridgeis still madeusingburstsquaresignalsto avoid
self-heating that would result in different chip and heatsink temperatures.

The current and temperatureestimatedby the monitoring systemare comparedto the values
measuredy the currentprobeand the thermometerTwo error maps(seefig. 10 andfig. 11) are
given.

On the current estimation error cafid(10), one can notice that error is high for low currents. This
is mainly dueto insufficient resolutionof the estimatorwhich calculatescurrentvalueasan integer.
Error does however never exceed 2 Amps over the whole map.

Temperatureastimatorerror map (fig. 11) is more complex, The hypothesisof proportionality
betweerbody diodeforward voltagedrop anddrain currentis accurateat high currentlevel (seefig.
8), but as it decreasesthe error increasesFitting of measurementurvesis chosento optimise
estimation at high-current (to achieve high reliability), at the cost of reducedaccuracywhen
switching low current.

In addition,it appearghat temperatureestimationis very sensitiveto the forward voltagedrop of
the body diode. A high resolution measurement of this voltage (such as 14-bit A/D conversion) would
be required to increase estimation accuracy.

To provethe systemmeetsits requirementgaccuratenear SOA limits), a global factor of meritis
proposed:

A, r=VAI+AZ (15)

where

A — Xmaasured_ Xstimated (16)

X X

measured

It is plottedonfig. 12. It canbe seenthaton the upperright half of the map,valuescalculatedoy
the estimator have maximal accuracy.

C. Application to thermal impedance measur ement

A laboratoryapplicationof the estimatoris the measuremenof thermalimpedance Assuming
lossedn eachtransistorareknown, aswell asinternalandambienttemperaturegpnecancalculatethe
equivalent thermal resistance of the heatsink-substrate-MOSFET assemblyfighda&n

T chip
Ry = °

P

losses

Lossesmeasuremendre performedon one of the inverterlegs of the bridge, using a calorimetric
method[10]. One of the previouslyusedleg is dippedinto oil, which temperatureise is measured,
while the other is kept out of the calorimeter. The oil tank is placed into a thermally-controlled bath to
ensureenergyexchanges constant.The overall thermal capacitancef the oil tank (including the
bridge leg) is calibratedby dissipatinga known power (using a resistor) and by measuringthe
temperaturerise. The inverse processis performed when measuringlossesof the bridge leg:



©
|

-0,0045

o
|

IS

-0,0045

Drain current from 5 to 85 A RMS
Drain current from 5 to 85 A RMS

-0,036
-0,068

N}

4 6
Temperature from 35 to 170 °C

4 6
Temperature from 35 to 170 °C

fig. 10 Current estimation error map fig. 11 Temperature estimation error map
10
Heat slug Silicon die (active area on top)
Solder.
8 o PCB copper Metal substrate (aluminium)

015 . .
Dielectric

ﬁ; /Thermal grease
mumm |

0,10

./

Current from 5 to 80 Amps
o

Temperature measurement

4 6 8 10
T ature from 35 to 170°C
emperalure from =10 fig. 13 Thermal impedance measurement setup: a D2PAK
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cooled plate
temperaturaise is monitored,thermal capacityis now known, dissipatedenergycan thereforebe

figuredout. As the bridgeoperatedor a preciseamountof time, the measureenergyyieldsto losses
value (power).

Here, we assumethat the only lossesof the leg come from the MOSFETSs,and eachtransistor
dissipatesalf the total power. Symmetriesn the leg layoutaswell asin the transistordrives (using
DC/DC convertersandoptic fiber to achievegoodisolation)allow for the latter assumptionLosses
in connectionsare not takeninto account,althoughthe high load current(up to 150 Amps) makes

them not negligible. This will havea detrimentaleffect on resultaccuracy,and one cannotexpect
better than 10%.

The H-bridgeis then mountedon a water-cooledplate,andthe estimatoris usedto figure out the
internal temperatureof one of the transistors.Water cooling is requiredto ensurethe ambient
temperatureremains constantwhile dissipatedpower varies. This imposessome changesin the
inverterlayout (longerbusbaranddifferent MOSFETto estimator-board¢onnection)andagainhasa
detrimental effect on the accuracy.

Table 1 Calculation of thermal impedance from internal
temperature, ambient temperature and lossesin the transistor.

Supply Voltage 17.6V 19.2v 22V
Total leg losses 45.8W 58.8W 68.8W
Losses per transistor 22.9wW 29.4W 34.4W
Estimated Temperature | 33°C 39°C 47°C
Ambient temperature 17.8°C 17.8°C 18.2°C
Thermal impedance 0.66°C/W 0.72°C/W 0.84°C/W

As expected resultsare strongly affected by the assumptionsve made above. Transistorsare
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obviouslynot the only sourceof losses(all connectiondbecomevery hot, provingin a practicalway
that their losses are not negligible), resulting in 25% dispersion.

6. Further developments and conclusion

The principle of voltage-measuremebtasedestimatorfor currentandtemperaturen MOSFET H-
Bridge is presentedn this paper.It exhibits severaladvantage®ver usual monitoring systems:lt
providesthe temperatureof the active areaof the chip, it is integrablein the driver circuitry, and
avoids the common pitfalls of high-current sensing.

The proposedmethodis implementedinto a small outline microcontrollerboard with a single
analog acquisition path.

Accuracyof the estimationoverfull temperatur@ndcurrentrangeis measuredndanalysederror
mapping). Confidence maps confirm the reliability of the estimator.

An applicationto thermalimpedancaneasuremenis briefly describedusingthe estimatoralong
with a calorimetricmethod.Dispersionof theresultsis relatively high dueto two majorexperimental
difficulties: electrical responsechange becausegeometry of the circuit is altered to suit the
calorimeter,and calorimetric method gives global losseswithout the possibility to remove the
contribution of power conductors and connectors.

Aimed at industrial converter monitoring, the estimatoris however applied to a laboratory
experiment.Driving signals(fixed duty cycle) andload (almostpureinductancewith a low value
with respectto the switching frequency)are adaptedto suit a demonstratiorpurposeonly. A few
adaptationsainly software,would allow the proposednethodto meet“Real World Applications”
particularities.

Thanksto currentandtemperaturgropertieglong time constant/s. switchingfrequency periodic
behaviour,sothermalareas... someassumptiongan be made,allowing the implementationof the
presented technique in operational converter.

As aconclusion|t is confirmedthatthe proposednethod,basedon voltagemeasurementsllows
for the estimationof two key variablesin MOSFET-basecconverters: currentand internal chip
temperature.
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