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Measurement and Characterisation Technique
for Real-Time Die Temperature Prediction of

MOSFET-Based Power Electronics

Jonathan N. Davidson, David A. Stone, Martin P. Foster and Daniel T. Gladwin

Abstract—This paper presents a technique to predict the die
temperature of a MOSFET based on an empirical model derived
following an offline thermal characterisation. First, a method for
the near-simultaneous measurement of die temperature during
controlled power dissipation is presented. The method uses a
linear arbitrary waveform power controller which is momentarily
disconnected at regular intervalsto allow theforward voltage drop
of the MOSFET’s antiparallel diode to be measured. Careful
timing ensures the power dissipation is not significantly affected
by the repeated disconnection of the power controller. Second, a
pseudorandom binary sequence-based system identification
approach is used to deter mine the thermal transfer impedance, or
cross coupling, between the dice of two devices on shared cooling
using the near-simultaneous measurement and control method. A
set of infiniteimpulseresponse (11R) digital filtersarefitted to the
cross coupling characteristics and used to form a temperature
predictor. Experimental verification shows excellent agreement
between measured and predicted temper atur e responsesto power
dissipation. Results confirm the usefulness of the technique for
predicting die temperaturesin real time without the need for on-
diesensors.

Index Terms—Temper ature measur ement, prediction methods,
power control, IR digital filters, power MOSFETSs

I. INTRODUCTION

monitored and controlled within a system. Case temperatures
can only be an approximation to die temperature, and the
relationship between the two varies with packaging, cooling
and input power.

A number of techniqgues to measure or infer the die
temperature are available, several of which are summarised by
Blackburn [8]. For packaged devices, die temperature
measurement is usually achieved by measuring a temperature-
sensitive electrical property, such as threshold voltage [9], or
tunnelling current 10]. However, taking these measurements
usually requires the exclusive use of the semiconductor
component which makes it challenging to take die temperature
readings of an active device in a powered system. If a method
for simultaneous measurement can be implemented, it
necessarily involves complex circuitry, increasing system cost.

As an alternative, this paper develops a technique to predict
the die temperature in real-time without the need for on-system
die temperature measurement circuitry. In previous wbik [
we proposed a computationally efficient predictor of case
temperatures based on an offline characterisation process and
real-time power dissipation data. In this work, we extend the
technique to predict die temperatures in a working system.

The characterisation process is based on offline power
dissipation and temperature measurement (a full description of

NOWLEDGE of device temperatures in a powethe method used is provided in senti#). For die temperature
electronics system is a valuable asset to the desififasurements, however, the measurement process typically

engineer_ However, in many practica| systems, system |oadi@ljil’es exclusive use of the device. Therefore, unless the
and therefore device temperatures can change significantly odlévice is specifically redesigned to incorporate a separate on-
time [1]. Equipped with real-time temperatures, the engineéie temperature sensor, power dissipation and temperature
can take steps to predict mechanical failure [2], manipulate tRasurement cannot occur simultaneously. It is therefore
temperature profile of devices to prevent overheating artgcessary to develop a method for die temperature
reduce thermal cycling [3], and implement intelligent coolingneasurement with simultaneous controlled power dissipation.
control [4]. Design engineers often use the easypeasure Therefore, this paper develops a near-simultaneous temperature
device case temperature for those purposes, and acquire it usiiggsurement and power controller for a MOSFET die, which
discrete temperature sensors, thermocouples or infra-iédsubsequently used in the thermal characterisation of a
sensors. However, the efficacy of these applications would Bwiltiple device system. Following characterisation, a
improved if, instead of relying on case temperature, tHemperature predictor is developed and used to predict the
temperatures of the semiconductor dice were used. In méfperature response of the practical system to power input
cases, it is damage to the die which leads to system failu¥ghout using the temperature measurement circuitry.

through mechanisms including die lift-off,[6], ruptured wire Previous literature has presented methods for temperature
bond to the die [6] and dopant diffusion [7]. Die temperaturgdediction. Musallam et al1p], for example, present a

are therefore the variables which should preferably @&mperature estimator for a single power MOSFET mounted on
a heatsink based on a one-dimensional (1-D) thermal model. By

analysing the heat transfer path from the active region through
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the physical structure of the device, the authors populate a 7th
order Cauer network using published device characteristics.

The paper reports that the network can be reduced to 3rd order
without significant impact on results. Verification is achieved
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using the forward diode voltage drop method (discussed in 1
present paper) to infer die temperature and shows tha
reasonable estimation can be achieved. However, the accul
of the estimate is limited by the 1-D model, which results Up
prediction errors during transients. A more general model, r
limited by model parameterisation, would therefore b
preferable.

Chen et al 13] use an alternative method of temperatur @) (b)
estimation and modelling. A method based on the computati
of the MOSFET’s threshold voltage, which can be measured Fig. 1. Voltages and currents relevant to die tempegagstimation from tt
both in transient and Steady_state Operation, is reported_ USQiode forward voltage drop in (a) a standard dieae, (b) the antiparallel dio
this method, the cooling curve observed at the die is usec” @ MOSFET

parameterise a 3rd order Foster network, which is then used@gtionship is approximately linear. This is due to the

the basis of a real-time temperature predictor. The authors alggperature dependencyigf which is shown in (2)18].
make allowances for the model to be updated to account for

device ageing. Results show good agreement between pdedicte E

results and a real cooling curve. However, the reported system Iy = aT?exp (— ﬁ) 2
considers only the self-heating of a single devige the

multiple device system analysed in the present work, there ar&yhereq is a constant relating to the diode’s construction and
limitations on Foster network accuracg4]. In addition, sierials but not to temperatur, is the band-gap of the

complex circuitry is required to measure the transient threShO%demiconductor and is the Boltzmann constant. This validity

characterisation. A temperature predictor for a multiple devi;:aoef thls_equatlon can be. conﬂrmed by obsgrvmg thats

system based on empirical characterisation is therefo‘?@or_’ortlo_nal to the minority _carrler ccznncentratloqé @rpn) of

developed in the present paper. the junction and therefore, sineg o n{ andp, « nf, it can be
This paper is organised as follows: Section 2 describes t@id that [, < n? [24] where n; is the intrinsic carrier

circuit topology and calibration procedure for die temperatugoncentration. Since; o« T3/2 [24], it can be seen thaf o T3,

measurement with near-simultaneous controlled powes shown in (2). Substituting (2) into (1) and following some

dissipation. Section 3 describes the experimental set-upanipulation yields

Section 4 reports the procedure and results for thermal

characterisation of the system under test. Section 5 presents _ kT 1 U Eg 3)

temperature predictions based on the development of infinite Vp = [n(ﬁ) +k_T]

impulse response (IIR) digital filters.

ip

which is approximately linear with gradienBk/e for large

Il. DIE TEMPERATURE MEASUREMENT WITH NEAR T and constanti. Since working temperatures of power
SIMULTANEOUS CONTROLLED POWER DISSIPATION electronics are in excess of 200 K for almost all applications, it
A Die temperature estimation from the diode forward :isn;/Z:{dAt?melxzséL::’\\::ﬁghnaitstgﬁ/éﬁlie;t%q.shlp betwegrandT is
voltage drop This property has been used practically for many purposes.

One temperature-sensitive property which can be used |§krenovic and Mitic 18], for example, use the voltage-
measure the die temperature is the forward voltage drop ofeanperature relationship to estimate the junction temperature of
conducting diode, measured as shown in Fig. 1. Precker andgdgiode. By applying very short bursts of constant current to
Silva [15] have shown that there is a linear correlation betwegRinimise self-heating effects from the measurement system, the
the voltage drop and the die temperature at a particular bigisde forward voltage drop can be measured. Because short
current. Understanding of this property requires the Shockleyjises cause difficultly in accurate sampling of the voltage, the
diode equation, given in (1), which is the relationship betwegjutput voltage is low-pass filtered and a bespoke technique is
the forward voltage drop and the conduction current ofna papplied for voltage measurement. A quartz crystal oscillator is

junction [18]. used for timing and the number of pulses observed between two
' points along the voltage decay is measured. This gives an
Vo =k—Tln (L_1> 1) estimate ofv, which does not require sampling with an
Iy analogueto-digital converter.

Similar techniques can also be applied to other devices which

Wherevy, is the forward voltage drop,is the conduction contain a p-n junction, such as seen in the work of Yong-Seok
current, T is absolute junction temperaturl, is the reverse and Seung-Ki19]. Here it is noted that IGBTs feature an on-
leaking currentk is the Boltzmann constant aads elementary state voltage dropycecsar), Which varies with both collector
charge. Itis clear from this equation that there is a temperat@i@rent and junction temperature. The relationship is near linear
dependency between voltage and current. In additjds,also  with a typical 5 kelvins (K) maximum error generated by this
temperature dependently, resulting in a complex assumption. An offline characterisation stage is required to
relationship. However, over the range of practical temperaturgspulate physical parameters. These parameters are then used
usually considered for power electronics applications, the
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online to predict the temperature from the collector current a
voltage drop. ; . Fig. 3. Isolated antiparallel diode forward voltageasurement (note t
MOSFET die temperatures can e}lso b.e measured USIIjg upside-down MOSFET, labelled DUT). In this work, #teunt regulator is :
forward voltage drop across the in-built antiparallel diod|m431 providing av,, of 2.5V.
present in those device&(], as shown in Fig. 1(b). In this case, ) .
the gate of the MOSFET is shorted to the source in order 4TeNt inias- A bias of 10 mA is selected for the IRFS10
prevent current flowing through the channel. An additiond//OSFET so that the current does not cause significant power
current source between the MOSFET’s source and drain isused ~ dissipation during measurement (i.e. dissipation is typically less
to supply current to the diode so that a voltage drop is evolvéfan 10 mW during the measurement). A voltmeter is connected
Care must be taken when estimating temperature from tRE0SS the antlparallgl diode to measure the forward voltage
diode voltage drop because the voltage depends on fH@P from which the die temperature is calculated.
excitation current as well as temperature. Unless the effect ofAn arbitrary waveform power controlle2] is connected to
both temperature and current are characterised to calibrate {2 PUT to control the instantaneous power dissipated in the
sensor (increasing the complexity of the techniquefi€Vvice. T_he operation of this controlle_r is described in detall
measurement of the forward voltage drop requires the curréfer in this paper. Under normal operation, the power controller
through the diode to be a known constant. The measuremégtermines the dissipation in the device alone by controlling the
therefore requires the device to be put into constant currérent and voltage. However, in this arrangement a small

mode and hence requires exclusive use of the semiconduddgpportion of the current bypasses the device and flows through
die. theiy;,s current source, resulting in a small reduction in power

Alternative techniques which rely on different pm/sicaplis_sipated. The input Wav_eform to the cpntroller is therefore
properties are available that can be used during typicafiusted to correct for this effect. A switch also allows the
applications, such as through computation of the threshdk@wer controller to be disconnected occasionally to allow the
voltage [L3]. However, these techniques require complegiode voltage drop to be measured. .
circuitry and digital signal processing microelectronics, since The measurement sample intengl,(i.e. the time between
devices in active systems undergo high frequency switchig§ccessive die temperature measurements) is chosen to be much
which leaves only small measurement periods, and may ca@gater than the sample acquisition period so the loss of power
substantial measurement noise. The simplicity of the forwafissipation during acquisition has little effect on overall power

diode voltage technique, which requires only a current souréssipation. This sample interval must also be sufficiently short
and voltage measurement, is therefore attractive. such that bandwidth requirements are met (a sample interval of

t; results in a minimum useful frequencytpf'). For the work
o described here, a sample interval of between 0.1 and 1 s is
B. Proposed circuit practical since most thermal time constants of the system are
For thermal characterisation, it is necessary to measure 8ignificantly longer and enough time is available within the
die temperature while simultaneously dissipating power in theterval for voltage measurement. Very high speed transients,
die. This presents a significant difficulty since it is not practicauch as those caused by multi-kilohertz switching events, are
to measure temperature while using the device in a high powst considered in this work which instead focusses on steady-
dissipation mode. To overcome this, a circuit is developed $tate changes in die temperature. At the beginning of the sample
allow a MOSFET device to be switched between dissipatirigterval, the power controller is disconnected and the power
and measurement modes so that both abilities may be used. Tdss in the device ceases. The source-drain voltage is therefore
is a temporal division approach whereby the device dissipatdstermined by the bias current and antiparallel diode. A short
power for most of the time, with occasional momentargettling time delaytqey,y, (typically 1-2 ms) is allowed and the
interruptions for die temperature measurements. By performiRgitage acquisition then takes place (over an acquisition period,
the switch rapidly and adjusting power dissipation to accoupf . of 20 ms in this work). The power controller may then be
for the non-dissipating periods, power can be controlled witRconnected until the beginning of the next sample interval.
sgfﬂment bandwidth for practical purposes while NéArTiming details are given in Fig. 5. By keeping the total
?Irr:auggr?ceg;tsoﬁ?;ggﬁiﬁsrgi?)?/\tjrﬁrrpgirg <:2an also be achieygd:onnect timetaiscon, SMall (for example, less than 20% of
n e . the sample interval) and increasing power dissipation by the
A current source, connected across the source and drainsgfye proportion, near-simultaneous measurement can be
the device under test (DUT), provides a small forward biag hieved without significantly affecting power dissipation. The
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sample interval and acquisition times are chosen to avoid vZ 4
aliasing by the high frequency die effects, which are present for P=% )
periods below 10 ms 2p].

j‘ A modification is made from the power controller #1]. In

L this version, the gates of both the DUT and the voltage
controlling MOSFET are grounded when the Controller

; Disconnect (CD) signal is applied (i.€D = 1) thereby
providing the grounding function of the switch shown in Fig. 2
the forward voltage drop can then be measured. When power
dissipation is desiredD is not applied and the power controller

I

k) DUT | v,

— & operates normally. Accounting for this effect, the power
E_T dissipated in the circuit is
The two parts of this circuit, the power controller and current 5
source, operate in antiparallel and therefore special control and _ Vin s (1)
. : . ) p=
isolation are required. The schematic of the current source and R

voltage measurement is shown in Fig. 3. The bias current is ) ] ] )
provided by a constant current sink, controlledigy,, and ~ Whered, the duty cycle, is the proportion of time for which
Ryias and transistor ZTX653 which has current gain of ovdhe power controller circuit is selected._ Decoupling capacnor;
150. An analogu¢e-digital converter (ADC) performs the C, _anq C, are added to reduce the noise caused by the rapid
voltage measurement. Because the absolute voltage at $HAChing. o _
cathode of the diode is ill-defined, the ADC is instead The diode voltage monitor is powered from an isolated
referenced to the supply voltage,.. The negative supply POWer supply to allow the DUT voltage to float freely with
voltage for the ADC is achieved using a 7905 negative volta§@erating conditions. A digital S|gna_1l isolator is used to couple
regulator which provies a—5 V supply with respect to,.. The e SPI output of the voltage monitor ADC to the unlsolateq _
ADC performs differential voltage measurement and sends tiflgt@/ogger so that measurements can be recorded. The circuit is
data to a datalogger using the serial peripheral interface (SP erated using a microcontroller which times the operation of
protocol. The ADC is given overvoltage protection to preverftD and the sampling of the voltage, and performs voltage to
damage when the DUT is being used to dissipate and thereffjgPerature  conversions. ~ For  precise  temperature
a large negative voltage would otherwise be applied to tfaeasurement, a high precision ADC is required. For example,
ADC’s inputs. to achieve a precision of 0.1 K (the background_ noise observed
The power controller, shown in Fig. 4, is a modified versiolfl heé measurements for this paper) with a K-type
of the power controller proposed i@1]. It consists of two thermocouple, a precision of at least £39 u_V is required. Using
operational amplifier-MOSFET pairs in voltage follower2 >V ADC, & minimum of 17 bits of resolution is necessary. At
configuration.4, andR form a current source which causes 4NiS level of precision, economically viable ADCs can perform
current of v, /R to pass through the DUT ang. 4, only a few conversions per.secon.d a_nd therefore the accuracy
additionally controls the source voltage of the DUT, ensuring® the conversion technique is important. Sigma-delta
is v;,,. A, controls the drain voltage of the DUT, maintaining jconversion, which uses oversampling to reduce the complexity
at2v,,. As a result, the drain-source voltage;jswith a current of quantisation, is the preferable form of conversion because it

f vin/R, ing that th dissipated in the DUT i is Iess_ ser]s_itive_to_ alias_ing noiQSI._ -
of vin/R, meaning that the power dissipated in the S A simplified timing diagram is given in Fig. For most of

the time, the circuit operates in power dissipation mode with
Vgs = viy @andly = vy, /R. At the beginning of the measurement
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|
Microncontroller E
and UART  Isolation consistent, thei,;,s Will also be consistent.
Fig. 6. Practical implementation of the die tempegataeasurement and The.true power dissipation can be calc_qlated g
dissipation controller whereiy andvyg are accurately measured. Sing@&epends on
the accuracy oR and voltage followeH,, andvys depends on
interval, the power controller is disconnected and thehe tolerance of resistofs, and accuracy of op-ampls and
antiparallel diode determines the voltage. The diode voltagg,, high performance and low tolerance components must be
vp, is measured after a short settling time by activating the AD§zlected in a practical implementation. Power resiBtonust
for a period oft,.,. Once acquisition is complete, the SPI datalso be low tolerance with reduced temperature sensitivity as it
is read and the DUT returns to power dissipation mode. directly affects power dissipation, as shown in (4). The effect
The measurement system was implemented using IRF5dfbtemperature sensitivity can be reduced by maintaiRiaga
power MOSFETSs, ZTX653 bipolar transistors, an LM431 shurionstant temperature. The gain, input offset voltage and slew
regulator and an MCP3553 22-bit, 17 ms ADC. The samptate of the op-amps introduce an offset voltage between the
interval ¢;) was D0 ms and a total disconnect timg;;{.,,) desired and actual output voltage and therefore high
was 20 ms, giving = 0.9. The practical implementation of the performance op-amps are required. The dynamic response of
control circuit is shown in Fig. 6. the circuit can also lead to error if the transient response to the
controller being connected is not sufficiently rapid. For the
implementation used in this paper, based on the LM324
The errors in the design can be divided into two types: erraperational amplifier, the power has a rise time of 11 ps. This
in settingiyi,s, and errors in setting power dissipation. Errors ifs small compared to the period of 200 ms.
ipias @re mainly due to the accuracyRyf,s, vpias @nd the gain
of the current source transistor and therefore low tolerance . .
components should be selected. Additionally, a high gaPr Calibration
transistor should be used to reduce the difference between thBefore the system can be used for measurement, it must be
collector and emitter currents. However, as long as thee@librated to determine the gradient and intercept of the
sources of error are consistent between calibration afelationship between temperature and forward voltage drop. To
characterisation, which is likely if the ambient temperature &chieve this calibration, the DUT is placed in a calorimeter. The

C. Sources of error
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temperature inside of the calorimeter is controlled by a separéthe DFT
heating element (a power resistor) so that the temperature in
the chamber is uniform after the passing of transient effects
thermocouple is attached to the DUT to provide an independ
temperature reading for the calibration. This paper applies
measurement technique to two devices on shared cooling 3R
therefore two power controllers and DUTs are calibrated D atr
parallel, as shown in Fig. 7.
The power controller was used for voltage measurement w{tp

MOSFET power dissipation set to zero. The interior of the

'Fhe thermal transfer impedance, or cross coupling, between
‘these points is equivalent to the Norton shunt impedance. For a
tem with several devices and several points to predict the
perature at, superposition theory may be used. This leads to
construction of a frequency-dependent cross coupling
ix,Zy, (jw), related to temperature and power by (6) and

chamber is heated to a series of temperatures in turn and the 0(w) = Zm(w) - Q(w) ©6)
forward voltage drop of the antiparallel diode and the actual 7 7
chamber temperature is measured at each. A settling time is 7 _( thi=t th',"‘“),
permitted at each new temperature to ensure the die and case th ) ’ ’
Zth»l—»m Zth~n—>m

temperatures of the MOSFET are equal. Fig. 8 shows the ) 0 (7

measured relationship between the case temperature measured 0= 51 . Q= 51

by the thermocouple and the diode voltage drop of device 1. 0 ’ 0
m n

The relationship is highly linear, as suggested by B¢ line
of best fit is shown, which has a correlation coefficiest, of Where ©,(jw) and Q,(jw) are the frequency-domain
X X

1.000, demonstrating this linearity. This relationship Cafbmperature representations of temperature and power
subsequently be used to convert measured voltages to realrgbepectively at point, X, ankly, ,, (j) is the cross coupling

temperatures. between points x and y. Equation (6) can then be used to
calculate the frequency domain temperature response of a
Il EXPERIMENTAL ARRANGEMENT system from the Fourier transform of the input power.
The experimental rig consisting of two MOSFETs mounte .
on shared cooling, which was shown in Fig. 6, was used fo Pseudorandom binary sequences
experimental verification. The rig was removed from the To determine the cross coupling between each pair of
calorimeter and tested in free air with only natural convectiofevices, a pseudorandom binary sequence (PRBS) technique is
This demonstrator system, which has multiple devicdésed. The PR BS is a special signal, produced using linear shift
thermally coupled to each other, is considered because itf¢edback registers, which is notable for its almost uniform
representative of real-world situations. For instance, a powigguency content over its bandwidtt6]. The discrete Fourier
module typically consists of several power devices on tgnsform (DFT) of an 8-bit PRBS is shown in Fig. 10.
common backplate. Power dissipation in one device causesA PRBS can be used as an excitation signal for a form of
heating both in that device (due to the thermal auto couplingnd-limited white noise system identification. By applying the
and in nearby devices (due to cross coupling). PRBS as a power input to a system, measuring the temperature
response and finding the quotient of the two in the frequency
IV. CHARACTERISATION OF THE THERMAL CROSS COUPLING ~ domain, the cross coupling between the input and output points

. . . . . i rmin hown in
Typically, measuring the die temperature in an active systersndete ed as sho )(8

is difficult and involves additional circuitry or sensors. When a
measurement system is implemented, it represents an increased F (ey(t)) 0y (w)
system cost. Instead, this paper develops a method to predict the Zihxoy(@) = T(q (t)) - Q ()
die temperature for real-time power dissipation in a system, X

following initial characterisation of the thermal system. Whered, (t) andq,(t) are the time domain representations
In previous work 11], we used a Norton circuit-based cross Y N

coupling characterisation method to predict device surfa((:)é the temperature at _powtan(_j the power _d|SS|pated at point
respectively andr is the discrete Fourier transform. The

temperatures. This technique is applied here to predict (i/gglid bandwidth of the determined response depends on the

temperatures. The Norton equivalent circuit models th .
; . . ck frequency and length of the PRBS. Fonarit sequence,
relationship between the temperature at some point, y, and al%cked aif,, the valid band is (fromf7)

power dissipation at the junction of device x, as shown in Fi

(8)
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Fig. 11. Cross coupling Bode plots from (a) device 1 and (b) device 2

characteristics of the system.
fe cr< fr ©) Results show that the thermal coupling is highest at the die
=f= 23 under test, with a substantial reduction between die and case.
The device datashee2q] quotes 3.5 K/W as the junctidn-
B. Thermal cross coupling characterisation case thermal resista_nce; the values apparent from Fi_g. 1lare4.2
‘ o ) ard 3.5 K/W for devices 1 and 2 respectively. The discrepancy
The PRBS characterisation was used to determine the cr@gshlights the difference between devices and variations in case
coupling between the devices in the experimental arrangemeglinperature measurement caused by the precise positioning of
described in Section 3. To aChieVe SUffiCient bandWldth, thr%%nsorsy which affects thermal impedance results. The auto
8-bit PRBS power inputs were used in turn, clocked at 0.05 Hgyypling (i.e. the cross coupling between a device and itself)
0.5 Hz and 2.5 Hz respectively. To reduce the effect of noisghows increased impedance compared to thetodiase
several repeats of each sequence were averaged together. dhipling at low frequency and has a reduced roll off at higher
resulted in a valid frequency range of 0.20 mHz to 190 mHz. fequencies. The die temperature is therefore significantly more
the cross coupling case, the upper frequency was reducedsésitive to high power transients, which have high magnitude
24 mHz since noise was a problem above this frequency. Thighigher frequencies, than the case temperature. The extent of
has negligible effect on results because the thermal impedaggg difference between the die and case characteristics
is small above this frequency. highlights the size of error that can be caused by using the case
A microcontroller-based PRBS waveform generator Wagmperature as an indicator of die temperature instead of using
used as an input to the power controller to apply each of the die temperature itself.
signals. Once running, a settling period was allowed for any The cross coupling between the two devices is significantly
transient effects to pass before the measurements were tak§Rer than the dide-case coupling. This is expected because
Temperature results were taken for each device using M cross coupling reduces with distance. The cross coupling
antiparallel diode and also from the attached thermocoupleigs a similar roll off to, but lower corner frequency than, the
measure the surface cross coupling. The results for each cr@sto-case coupling. It therefore has reduced sensitivity to high
coupling were joined together to produce a single characterisfigquency inputs. For example, the thermal coupling between
and noise affected portions of the results were excised. Ti die of device 1 and (i) itself at 160 mHz, (i) the case of
cross coupling results for the experimental arrangement &fgyice 1 atl5 mHz, and (iii) the other device at 1.4 mHz are
shown in Fig. 11. identical at 2.0 K/W. There is therefore an order of magnitude
The curves show the system’s thermal cross coupling difference between the frequency required to cause a given
characteristics. The higher the cross couplifig, the greater perturbation at the die and the frequency required at the case. A
the temperature response to a given amplitude of powgjither order of magnitude is required for the same effect at the
diSSipation at the frequency shown on the horizontal axis. |tdﬁher device. For Systems with h|gh frequency Components in
therefore expected that the closer the point of power dissipatigfair power waveforms, this means that larger temperature
to the point of temperature measurement, the higher the crggsturbations are seen at the die compared to the case. In
coupling will be. For high frequency perturbations, the thermalqdition, the higher DC component in the auto-coupling case
system averages out changes in power and therefore the ci@figsses a higher average temperature. Real-time prediction of

coupling is reduce, while at very low frequencies, the therm@le die temperature is therefore important in cases of rapidly
capacitance is insignificant compared to the thermal resistanggying power dissipation.

and therefore there is little change in cross coupling below a
certain frequency. As the point of temperature measurement V. TEMPERATURE PREDICTION

moves closer to the power source, the cross coupling remain% . he ch o | h fth
does not reduce significantly until progressively higher “SN9 the characterisation results, the temperature of the

frequencies because, in general, the thermal capacita(&YiCeS can be predicted using (6). However, this equation is
reduces relative to the thermal resistance the nearer ﬁ)%sed on frequency domain mathematics. The power

measurement is to the power source. It is the particular sha vefprms must therefore. be converted to the frequency
and properties of these curves which describe the thern%mam before the calculation and the temperature response
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the different frequencies in the minimisation of functitg)( a
logarithmic spread of frequencies is used betwegp, and

Temperature of Wmax, Which are the minimum and maximum angular
the die of device 1 frequencies over whicHy, is defined, as shown in4). w(k)
is the real angular frequency for whigh, (w) is defined ¢ (w)
is the angle the frequency makes in the unit circle in the range
0 < ¢ < m. For bothw andg, negative frequencies are omitted
due to symmetry.

This minimisation strategy uses complex values of the cross
Fig. 12 Method for calculating die temperature predictionsnfrpowe  coupling, as opposed to the magnitude alone, and therefore fits
dissipation data the filter to both phase and magnitude of the characterisation

) . ] results. Vectors of length 4 and 7 were chosenbf@and a
converted back to the time domain. An approach usifg (fsspectively as these values were the smallest that yielded good
requires considerable computational power and is difficult tegyits. Although the characterisation procedure is
embed on a microcontroller for real-time operation. ARomputationally intensive, it is performed offline only once per

Power dissipated

in device 1 IIR filter

Device 1— Die 1

Power dissipated

in device 2 IR filter

Device 2— Die 1

alternative method is therefore required. system. In a previous papetl], we described a similar
A Temperature prediction using infinite impulse response Procedure in detail and successfully demonstrated its
(IIR) filters application for case temperature predictions.

B. Verification of temperature prediction

One computationally efficient method to predict the The characteristics shown in Fig. 11 are converted to IIR
temperatures is to transform (6) into the z-domain, as shownfifers using the above procedure. Two IIR filters are required

(10) and (). to predict each temperature response because there are two
power dissipation sources in the system. Therefore, in order to
Z{0(jw)} = Z{Zy(w)} - Z{Q(w)} (100 predict the temperature at device 1, the contribution from
device 1 (the auto coupling) and the contribution from device 2

0(z) =Zw(2) - Q(2) (11)  (the cross coupling) are calculated separately and added

together to produce the overall response. This arrangement is
Wherez is theZ-operator variable. If the transformation toghown in Fig. 12.
the Z-domain produces,(z) where each element can be To verify the proposed techniques, both devices in the
expressed as a low-order rational functionziit, then the example system are excited with a power waveform based on
calculation of@®(t) can be performed using infinite impulsethe European community’s standard driving cycle waveform
response (IIR) digital filters. The filter can be implemented g9g|. This was selected as the test power waveform for both
a small number of difference equations, allowing th@evices because it contains a wide range of levels of power and
temperature response to be calculated progressively with Igdtes of change. The input power waveform to device 2 was
computational requirements suitable for implementation ondelayed to allow the differences between the auto and cross
microcontroller. coupling responses to be identified. A double speed version of
The conversion fronZy, (jw) to Zy,(2) is carried out using the waveform was also used to highlight the effect of rapid

the MATLAB functioninvfreqz [27], which uses the Gauss- power change. For simplicity, the input power is taken as
Newton iterative method to find vectos and a which proportional to the velocity parameter in the driving cycle.
minimise the mean square error between the measuredrhe power waveforms were applied to the devices and the
frequency response to be fittefj, (jw), and the approximated die temperature of device 1 was measured. Graph (i) of Fig. 13
response of the IIR filter. Vectord and a contain the shows the predicted and measured temperature response of the
polynomial coefficients ofz=! for the numerator and die of device 1, with temperatures expressed relative to
denominator of 4, (2), respectively. The minimisation function ambient. Prediction results show excellent agreement with
is given in (L2). measured temperature as shown by the error in graph (ii). There

is no significant difference in accuracy between the results from

o 55y by exp(—jAg(k)) 2 standard and double rate driving cycle tests shown in Fig. 13(a)
Z Zn(w(k)) — A=g 2 EXPAT) <p (12) and (b) respectively. They have root-mean-square errors
P 1+ Y51 exp(—Mqo(k)) between measured and predicted results of 2.3 K and 1.8 K for

the standard and double rate power inputs, respectively. When
there is a rapid temperature change, errors are greatest due to a

T
k) = Winax w(k) (13) delay in the predictor’s response. For thermal cycling and
lifetime assessment this is not a significant issue because the
O\ correct peak temperatures are calculated meaning calculations
w(k) =wmm( ) ) (14)  of thermal cycling fatigue and similar properties are not
min affected.

Graph (iii) shows the temperature response at the die of
evice 1 due to power dissipation in devices 1 and 2 separately,
illustrating the difference between the auto coupling and cross

where k is the frequency index and is the number of d
samples over whicly, is calculated. For correct weighting of
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Fig. 13. Predicted and practically measured die temperaturensspf device 1 at (a) standard rate; and (b) tet@edard rate. The graphs show: (i) pred
versus measured temperatures, (ii) error between predictetheasured temperatures, (i) the temperature resgaede dissipation in device 1 and devi
separately, and (iv) the power input to the devices.

coupling responses. The results are summed together dissipation in one device will cause a temperature rise ir othe
calculate the prediction in graph (i). The auto-coupling respondevices, particularly the nearest neighbours. This effect is seen
(the response due to device 1) exhibits high amplitude and rapidst clearly for low frequency perturbations in power
reaction to changes in input power. As a result, it dominates ttissipation, such as due to changes in load. This effect is in
shape of the overall prediction; however, the cross-coupliregidition to the perturbation caused by high frequency
response (due to device 2) has a slow-changing but importamtitching. One practical scenario would be a power converter
influence on the prediction. By taking into account botffior an electric vehicle where the load is significantly increased
devices, an accurate overall temperature response candbeng an overtaking manoeuvre.
produced. Analysis of the case temperature is not normallyFor cross coupling effects, there will be no significant
required for thermal, except to act as a reference to the ambidifterence between the resulting temperature rise at the junction
temperature (for the proposed scheme, such a reference mapfbdhe remote device compared to its case temperature.
taken at any characterised point). If required, an approximatiblowever, since the die temperature characteristics are already
of the heatsink temperature can be calculated from theodie-characterised for the thermal auto coupling, there is no
case and device-device characteristics generated in section 4ignificant additional effort requiredto simultaneously
For the tests shown in Fig. 13(b), the root-mean-square-eradraracterise the cross coupling. Therefore, although the die
between predicted and measured case temperatures is 1.8 Ktamperature changes rapidly with device dissipation, the
3.4 K for case 1 and case 2 respectively. As with diemperature of nearby devices also changes more slowly with
temperatures, the error is low. changes in load. Since these steady-state effects impact the die
Overall, the results show that the proposed predictar céeemperature of all devices, they cannot be neglected if accurate
produce accurate die temperature predictions using an offlitemperature predictions are required. This is particularly
empirical cross coupling characterisation. By using a digitakélevant for small systems such as power modules where the
filter-based technique, the predictor can be implemented usiagss coupling is greatest. In addition, the particular placement
spare capacity in the microcontroller. Since a microcontroller & devices on a heatsink impacts on the level of cross coupling
required to monitor the temperature responses of devices, d®iween each pair of devices.
microcontrollers are normally embedded on high-end power In the present work, although the temperature change due to
converters, as demonstrated by recent commercial controllersss coupling is smaller than the auto coupling effect, it
[29, 30], this represents negligible additional system cost.  nevertheless accounts for 9.3%~ 628 s, Fig. 13(b)) of the
total junction temperature at peak temperature, and up to 58%
VI. VALUE OF CONSIDERING CROSS COUPLING EFFECTS (t =464 s, Fig. 13(b)) at lower temperatures. If this

Thermal cross coupling effects are an importantpmperature increase is neglected, the predicted temperature
consideration for engineers when designing a multiple-devidgu!d have a significant error. Neglecting cross coupling would
system. Especially for space-constrained systems, pov\;gﬁrefore represent a significant problem at high temperatures
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where under-prediction could lead to device damage. Although temperature estimationIEEE International Symposium on Industrial
the process of characterising cross-coupling is complex, it js, Electronics, pp.1041-1046 vol. 2, May 2004

. . . . {h%] H. Chen, B. Ji, V. Pickert and W. Cao, ‘Real-Time Temperature
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It therefore represents a modest increase in complexity which is 228, 2014
14
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technique can be used to predict die temperatures in cross IEEE International Symposium on Industrial Electroniop, 574-578
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