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Abstract—Loss  estimation in power semi-conductor
components is an important research topic for a long time with
various methods that have been proposed in the literature.
Although these methods have been implemented and allow
estimating the losses with satisfactory results, the junction
temperature of the component is generally controlled poorly while
it influences the losses. This paper presents a dynamic calorimetric
method used to estimate the losses in power semi-conductor
devices, taking into account their evolution as a function of the
junction temperature. The proposed method is based on the
temperature measurement in a metal block fixed under the
component. Through a thermal model based on the notion of
thermal impedance, the transient temperature measurement in
the block allows determining the losses as well as the junction
temperature of the device. In order to size the test bench,
determine the robustness of this method with respect to
measurement or implementation uncertainties (heat transfer
coefficients, thermal conductivity of materials), thermal
simulations were performed using Flotherm software. Due to the
presence of noise in the measurements, post signal processing is
also necessary. By applying the chosen setting, a corresponding
experiment was conducted to verify the proposed method. This
experiment showed promising results for both loss and junction
temperature determinations.

Index Terms—Calorimetry, junction temperature,
power semi-conductor, thermal impedance.

losses,

I. INTRODUCTION

HE estimation of the losses in power semi-conductor

components is an essential data for estimating the

efficiency of static converters and for choosing the thermal
management system to associate with the converter.

Usually, the switching losses can be estimated by measuring
current and voltage waveforms with the double-pulse method
[1], [2]. However, because of additional parasitic elements
related to the insertion of sensors in the switching cell, and the
high switching speeds of wide band gap semi-conductors, the
electrical measurements become extremely complex to
implement. Huge errors can be generated if the current / voltage
measurements are not carried out perfectly (large bandwidth,
and delay compensation between current and voltage probes).

In order to get rid of electrical measurements during
switching and to avoid the bandwidth requirements and/or the
temporal synchronization between current and voltage

measurements, several studies have focused on electrical
measurements of total losses at the converter level [3] - [5], or
on calorimetric measurements [6] - [14].

On the one hand, the traditional loss measurement method is
to measure the input and output powers of the studied converter.
However, this method requires a power analyser with very high
precision and large bandwidth, and can cause significant errors
for high-efficiency converters. To avoid these difficulties, the
opposition method has been used to estimate the losses by
measuring only the input power on a DC bus [3]. The opposition
method allows also minimizing the power supply that provides
only the total losses in the system and estimating these total
losses for a given operating point. Moreover, the conduction,
turn-on and turn-off losses can be separated by using hard
switching and Zero Voltage Switching (ZVS) at different
frequencies [4], [5]. The losses in semi-conductor devices can
be estimated by subtracting the other losses, such as losses in
passive components or in electrical connections. Unfortunately,
these losses are sometimes difficult to measure and/or estimate.

On the other hand, the heat flux dissipated by the devices can
be estimated to determine the losses. Calorimetric methods
consist of measuring several temperatures and, through a
thermal model, estimating the thermal flux dissipated by the
components.

Conventional calorimetry is based on the estimation of the
heat flux generated by the component in steady state in order to
deduce the total dissipated losses. Several studies have been
already done such as measurement of the temperature increase
of a fluid (air, water) in a calorimetric chamber [6], [7],
temperature measurement in a metal bar on which the
component is placed [8], local temperature measurement using
IR camera [9] or direct measurement by a heat flux sensor[10].
However, since the measurements are carried out under
stationary conditions, the duration of the measurements may be
excessive.

Another method, the dynamic calorimetry, is based on the
transient measurement of the temperature in a thermally
conductive block. Therefore, the measurement time is shorter
in comparison with conventional steady-state calorimetry. This
method has been used for devices with high switching speed
when insertion of current probes was prohibited, for example
for GaN HEMTs [11], for SiC BJT [12] or for SiC MOSFET
and diodes used in soft switching [13]. Moreover, the



conduction, turn-on and turn-off losses can be also estimated
separately by adding a switch in series with the top leg of a half-
bridge circuit and modifying the modulation strategy [13], [14].

Such techniques have been implemented and allow
estimating the losses with satisfactory results. Unfortunately,
while the double-pulse method allows knowing the working
temperature of the device, the opposition method and some
calorimetric methods induce an increase of the junction
temperature during the measurement and do not allow
evaluating the junction temperature at which the losses are
estimated. Under these conditions, these measurement methods
do not allow directly estimating the losses for a given junction
temperature without the use of a specific thermal model.

This article aims to propose and evaluate a method based on
dynamic calorimetry to measure the losses in the components
and especially to present their evolution according to the
junction temperature. In order to evaluate the potentialities of
this method, the experimental tests will be carried out, in a first
step, considering only the conduction losses. Indeed, in these
particular conditions, without having to consider the switching
of transistors and / or diodes, the experimental validation is
simplified because it frees itself from the difficulties of
measurements related to a very constraining electromagnetic
environment. The validation of the proposed method in a
switching environment will be studied in a later work.

The principle of the proposed method is described in section
II. Section III and IV are dedicated to an evaluation of this
method through thermal simulations. Eventually, experimental
measurements and validations are proposed in the last part.

II. PRINCIPLE OF THE PROPOSED METHOD

Basically, the proposed method consists of fixing the device
under test to a metal block and measuring a local temperature
in the block to estimate the device losses and junction
temperature versus time in operation. It is therefore mandatory
to first identify a thermal model of the assembly consisting of
the metal block and the component to be characterized and then
to use this model with an inverse method to simultaneously
estimate the losses and the junction temperature.

A. Thermal model

To illustrate the proposed transient calorimetric method, a
simulation model is implemented using Flotherm software (Fig.
1) with a semi-conductor device mounted on a copper block.
According to the datasheet of the chosen MOSFET (IRF640N),
the case-to-sink thermal resistance Rthc-s is 0.5 K-W™! (with
heatsink compound), and the effective contact area A is 160
mm?. Therefore, the thermal contact resistance between the
component and the block is fixed to 10 K-m>W-'. All the
outer faces of the system are in a first step supposed to be
thermally insulated. The temperature 7; in the metal block is
measured beneath the chip. The distance between the device
and the temperature sensor is 1 mm. 7; is the junction
temperature.
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Fig. 1. Geometry of the simulated system with Flotherm software

This method is based on the notion of thermal impedance,
which links the temperatures within the assembly to the losses.
In the case of a step of dissipated power P, the thermal
impedance Zth; from the location of the 77 measurement to the
ambient, and the thermal impedance Zth; from the component
junction to the ambient are defined respectively by:

T1(8) = T1(0)

Zthy(t) = 5

ey

T;(t) = T;(0)
P

It is necessary to ensure that at the first moment, the system is
in thermal equilibrium, which means that 7;(0) = 7;0), and
these values are considered as the ambient temperature.

In summary, the thermal model is identified by injecting a
known power to the system, measuring the temperature within
the block and the junction temperature of the component.
However, due to the difficulty of directly measuring the
junction temperature in practice, an indirect measurement
technique using a thermo-sensitive electrical parameter (TSEP)
is applied [15]. This measurement will be explained in detail in
section V-C.
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Fig. 2. Temperature evolution as a function of time for P = 100 W

Fig. 2 shows both temperature curves in the time domain for
a 100W power step. For short times (between 0 and 5 s), due to
the thermal contact resistance, the junction temperature of the
component increases very rapidly. Otherwise, over long times,
the temperature curves increase progressively with similar
slopes related to the dissipated power.



B. Estimation of P(T})
In operation, the losses P of a power semi-conductor device

vary with time. In these conditions, equation (3) relates the
power P to the temperature T (7; or T;) [16]:

ftZih(T). P(t —1).dt =T(t) — T(0) = 6(¢t) (3)

where Zth(t) is the derivative of the thermal impedance
Zth(1).

With the time step 6t — 0, the convolution integral can be
numerically calculated with a Riemann sum as follows:

> Zih(@). Pt = .67 = 0) @)
[Zifh(O) 0 w0 ] P(0)
Zth(1)  Zth(0) .. 0 | |P(D] 5.
Zth(N) Zth(N — 1) ...Zth(0)] LP(N)
Zthd P 5)
6(0)
6(1)
o)
]

Zthd is the triangular matrix created based on the derivative
of the thermal impedance (5). The matrix Zthd; and Zthd; are
calculated respectively using thermal impedance Zth; and Zth;
measured with a power step. Applying for the case of junction
temperature increase 6; and temperature increase within the
block 6;, equation (5) can be rewritten as below:

6; = Zthd;.P. 5t (6)
0, = Zthd,.P.5t )

Thus, when the power semi-conductor device is in normal
operation, the losses can be calculated using the temperature
measured in the block and the derivative of the thermal
impedance Zthd; determined previously. This calculated
power is called P... and is obtained by the following equation:

Peqic = inv(Zthd,). 0, /57 (8)

Knowing the power losses Pcu- allows calculating the
junction temperature Tj.cqc-

Tj—calc = Zthdi- Pegic- 6T + T1(0) 9)

Finally, the evolution of power losses as a function of the
junction temperature can be determined.

In order to evaluate the proposed method, thermal
simulations are performed using Flotherm software, which
allows calculating the temperature distribution in the
component-block system based on finite volume method
(FVM). These data are exported in Matlab software for
processing and the proposed method is implemented to
simultaneously estimate the losses and the junction temperature

of the tested device.

III. SIMULATION OF THE METHOD

To clarify the proposed method, the relationship between the
total losses (including the switching losses and the conduction
losses) and the junction temperature P(7j).r of a commercial
component is firstly established theoretically according to its
datasheet. The studied Si MOSFET (IRF640N) presents a
significant variation in the conduction losses versus
temperature. However, the losses calculation from the datasheet
is not depicted because it is out of the scope of this paper [17].

Then, the losses depending on the junction temperature are
applied in the thermal model shown in Fig. 1. The temperature
within the block as well as the junction temperature of the
device are calculated in the time domain with a time step of
0.3s. This time step value is chosen to limit the calculation time
while obtaining relatively accurate results.

In order to limit the temperature increase, copper (Cu) is
chosen as the block material because of its good thermal
conductivity (Ac, = 385 W-m.K! at 0°C). Besides, the
variation of its thermal conductivity with temperature is very
small (0.06 W-m'-K™") and allows the thermal model being
almost independent of the test conditions.

The thermal model described in section II-A is simulated
with a semi-conductor device mounted on a copper block of size
10 cm x 5 cm x 2.5 cm and fixed in the middle of the larger
surface area. The thermal model of the MOSFET incorporates
the copper baseplate, the SnAgSb solder and the silicon chip
which is the power dissipation source.

In the first simulation with constant power, thermal
impedances Zthj, Zth; and their derivatives are calculated based
on simulated temperatures illustrated in Fig. 2. In a second step,
with a dissipated power P, varying with time, the temperature
T; in the block and the chip temperature 7., are calculated
using Flotherm. These values and the related thermal
impedances are then used to solve the inverse problem.

As presented in section II, the proposed method uses the
measurement of 7; and the calculation of Zth; to deduce the
losses P.q. (8). After that, based on this value and the derivative
of Zthj, the junction temperature 7Tj... is determined as a
function of time (9). Besides comparing these values with the
reference losses P, and the reference temperature 7.,
calculated by Flotherm (Fig. 3), the evolution of losses as a
function of junction temperature P(7})ca is also deduced and
compared with the reference P(Tj),.r (Fig. 4).

Fig. 3 shows the similarity between the calculated losses, the
estimated junction temperature and their references.
Nevertheless, it should be noticed that the calculated values are
different from the reference ones at the beginning (from 0 to 5

seconds) as shown in the small figure on the lower right of Fig.
3.
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Fig. 3. Comparison between the calculated total losses, the estimated junction
temperature and their references in the time domain (sample time = 0.3 s)

Fig. 4 depicts the curve of the imposed losses as a function
of the reference junction temperature and the curve of the
estimated losses as a function of the estimated junction
temperature. Simulation results show that the losses are
estimated with high accuracy (less than 1% of errors) at high
temperatures (reached after 5 s). Nevertheless, for low
temperatures, there is a non-negligible error in the calculated
results, which can be explained by the rapid increase of
temperatures at the first moment and which depends on the time
step (4). Indeed, the sample time (0.3 s) is quite significant
compared to the temperature dynamics, especially at the very
beginning of the test when the temperature increases rapidly.
The obtained results can be improved by increasing the
sampling frequency. The effect of sampling frequency on the
accuracy on the results will be detailed in section IV-C.
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Fig. 4. Imposed and estimated dissipated powers as a function of temperature
(sample time = 0.3 s)

Despite the satisfactory results provided by these simulation
results, many practical parameters can introduce errors in the
losses estimation using the proposed method. Some physical
parameters of the system (block material properties, boundary
conditions, thermal contact resistance ...) have a huge influence
on the results. That is why the design of the system (block
dimensions and materials, thermal insulation, thermal interface
material...) must be carried out with care. Furthermore, the
measurement error, the measurement noise, also the sampling
frequency have considerable effects on the results.

The influence of these different parameters will be discussed
below.

IV. ROBUSTNESS OF THE METHOD

A. Thermal contact resistance

The thermal interface resistance value between the
component and the block has a great importance. As can be seen
in Fig. 5, the temperature jump of 7; that follows the power
injection increases with the thermal contact resistance. In this
figure, the value of 10 K-m? W-! corresponds to the thermal
resistance of a good thermal grease which is not electrically
insulating. The other values are related to classical isolating
thermal interface materials like elastomers. Thus, the choice of
the thermal interface material is decisive to extend the
measurement range and a thermal interface material with the
lowest thermal resistance must be chosen.

~— 200

——— Ripe = 107°K'm? /W
Ripe = 107*Km? /W

Junction temperature (°C

100 e Rype = 1.25.107 4 Km? /W
5 /
0 50 100 150 200 250
Time (s)

Fig. 5. Junction temperature as a function of time with different thermal contact
resistances

B. Boundary conditions

This section aims at studying the influence of boundary
conditions on the performance of the proposed method in order
to determine whether it is necessary to thermally isolate the
system. With a non-isolated block, the conditions of thermal
exchange may vary from one test to another. Besides, the heat
transfer coefficient, which depends on the temperature, can also
evolve.

In these simulations, the different faces of the system are
assumed to be no longer isolated: the convection heat transfer
coefficient can be changed in different tests. For example, a
convective heat transfer coefficient of 5 W-m2 K is assigned
during the thermal model identification step and a value of 15
W-m?2-K! is imposed during the losses measurement step.

Fig. 6 presents the results of the loss estimation obtained with
the proposed method using the thermal model determined in the
first step, Pcac, and the reference losses, P which is the
imposed power in the step of losses measurement. As can be
noticed, the losses estimation moves away from the reference
value with a difference of 2% after 140 s. Thus, the
experimental implementation of this method requires a
reasonable control of the boundary conditions, e.g. insulating
layers of very good performances must be fixed around the
block.
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Fig. 6. Estimated and reference losses as a function of time applying different
heat transfer coefficients at the block walls (5 W-m?>K"' during the
characterization step, and 15 W-mK™! during the loss measurement step)

C. Sampling frequency

Increasing the sampling frequency brings benefits to the
proposed method. In an ideal case, by increasing the sampling
frequency, the number of measured data is greater and the
accuracy of the measurements is improved, especially at the
first moment during the fast rise of the junction temperature.
Fig. 7 shows the evolution of the calculated losses as a function
of the junction temperature recovered by the proposed method
for two different time steps. The results obtained with a time
step of 0.01 s allow estimating the losses over a wider
temperature range than those obtained with a greater time step
of 0.3 s.
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Fig. 7. Evolution of the losses as a function of the junction temperature
calculated in an ideal case, with two different time steps

Therefore, to obtain accurate results on a large temperature
range, it is necessary to use a high speed acquisition chain. The
necessary sampling frequency depends on the speed of the
temperature rise in the very first moment. For example, with a
thermal contact resistance Rpue = 10* K-m* W, the chip
temperature increases from 23 to 35°C (an increase of 12°C) in
the first 0.01 seconds. So, in order not to exceed 1°C between
each sample, the data acquisition system should have, a
sampling rate higher than 1200 samples per second.

D. Measurement errors

Systematic and repeated errors have less influence on the
results because they will be identical during thermal model

identification and loss measurement steps. For example, in the
case where the measured temperature value always has the
same offset error due to a problem that persists throughout the
entire experiment, (3) shows that it will not cause any issue on
the result.

On the contrary, it seems that the errors brought by the
instrumentation, which are different during various tests, have
a considerable effect on the results, especially at the very
beginning of the experiment when the temperature is low. For
example, for an error of 1°C in the measurement of the block
temperature, the error of the estimated losses is about 3% in the
first 10 seconds and decreases over time. Consequently, the
determination of junction temperature is flawed, the
temperature estimation error is about 10°C in the first 10
seconds (Fig. 8).
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Fig. 8. Calculated total losses and estimated junction temperature in the time
domain due to measurement error

It is therefore necessary to use an instrumentation chain as
accurate as possible and as independent as possible from
external conditions.

E. Measurement noise

In practice, temperature measurements are noisy. Thus, to
consider this phenomenon, noise is artificially added to the
simulated temperatures. A normal distribution function N (0,
6?) (e.g. o = 0.1, equivalent to a noise of + 0.3°C) is used to
artificially produce measurement noise.

Firstly, the influence of the measurement noise can be
reduced by filtering data of the acquired temperatures: a moving
average filter of length N takes the average of every N
consecutive samples of the waveform (e.g. to average the
samples in 3 seconds, N = 10 for a time step of 0.3 s, or N =300
for a time step of 0.01 s).

However, the results can also be divergent. This phenomenon
can be explained by the calculation of the inverse of the thermal
impedance matrix inv(Zthd) (8) which is carried out by the
direct method (function "inv” in Matlab).

. 1 .

mv(Zthd) = mad] (Zthd) (]O)

=———uadj(Zthd
Zinoy "I D

Indeed, the smaller the Zth(0) on the diagonal of the matrix,



the larger the inv(Zthd). To solve this problem, it is possible
to add artificially a small value ¢ to the diagonal element of the
matrix Zthd [18]. However, this value should be as low as
possible in order to not lead to significant errors in the results.
A compromise is therefore to be found, and the small value ¢ =
0.001 is chosen here to ensure the convergence.

Zthd = Zthd + .1 (11)

This addition is not always necessary but it can solve the
problem of divergence in some cases and improve the results
for other cases.

V. EXPERIMENTAL VALIDATION

A. Experimental setup

To verify the proposed method, an experimental setup is
implemented with a power MOSFET (IRF640N) fixed by
screw onto a copper block having the same dimensions as those
of the model. All the outer faces of the system are isolated with
insulating layers (0.045 W-m!-K"! of thermal conductivity, 4.4
cm of thickness) (Fig. 9). The thermal grease (S606C, t-Global
Technology) with thermal conductivity of 5 W-m-K'!, is
inserted between the component and the block to minimize the
thermal contact resistance. In all cases, the pre-characterization
and measurements must be done under the same conditions.

The temperature 7; in the block is measured by a Pt100 probe
(TC Direct) with 1 mm of diameter placed in a § mm depth hole
inside the block — its position is shown in Fig. 1.

thermal
insulation layers

thermal
insulation layers

Fig. 9. Test bench

In order to avoid self-heating of the Pt100 probe and ensure
the precision of temperature measurement, a low current of 0.1
mA is imposed using a current source (Series 2400 Source
Meter Unit Instruments, Keithley) with an accuracy of =+
(0.031% + 20nA). An instrumentation amplifier (ISL28534,
Intersil) with a gain of 100 is added in order to amplify the
voltage coming from the temperature sensor, because of its
good characteristics: low input offset voltage (0.62 pV), low
gain error (£ 0.3%) and high bandwidth (23 kHz). All measured
values are processed by a portable data recorder (GEN 3i,
GN610 isolated input card, HBM) with a sampling frequency of
10 kHz and an accuracy of 0.075% + 400 pV (full scale).

A pre-calibration of the Pt100 sensor is implemented in order
to increase accuracy of the measurements. To recover an

accurate relation between the temperature and the measured
voltage from the sensor, the calibration uses a precision probe
Pt100 (TC Direct). This high precision probe presents an
accuracy of + 0.06°C at 0°C. It is connected to a digital multi-
meter (34461A, Keysight) with an accuracy of + 0.05°C.

B. Methodology for experimental tests

The experimental verification of the proposed method is
done in three steps. First, a thermo-sensitive -electrical
parameter (TSEP) is calibrated as a function of the junction
temperature of the component. This parameter will be used later
to find the thermal impedance Zth;, also to estimate the chip
temperature which is compared with the estimated temperature
obtained by the proposed method. Then, the thermal model of
the system is identified. Finally, the proposed method is applied
when the component is kept in conduction state and the
imposed power evolves over time. Based on the given constant
drain-source voltage and the controlled current through the
component, the electrical power is easy to measure and can be
compared with the results of the proposed calorimetric method.

C. Calibration of the thermo-sensitive electrical parameter

There are several thermo-sensitive electrical parameters that
can be used for chip temperature estimation. For reasons of
simplicity of implementation, the gate-source voltage Vi in a
linear mode is chosen as TSEP [19].

The electrical circuit shown in Fig. 10 is used for calibration.
It allows measuring the variation of the gate-source voltage Vi
with temperature under constant drain current /; and constant
drain-source voltage Vy (15 V). The regulated current I,
flowing through the component is sequentially implemented
with several values from 0.76 A to 5.15 A by changing the value
of the input voltage Vi,.

Fig. 10. Electrical circuit for experimental tests

The temperature is controlled by a hotplate (PC-600D,
Corning) on which the copper block is mounted. The system is
isolated and the measurement is made at least 30 minutes after
the temperature setting to allow the system to reach its thermal
equilibrium.

TSEP Vi, 1q is measured for each temperature 7; and current
value 1,. But, as the dissipated power in the chip (Vy.ls) induces
an increase of the chip temperature and results in the decrease
of Vg, short current pulses (2 ms) are generated in order to limit



the self-heating of the device.

The value of V4 is determined by calculating the initial
value Vg(0) (f = 0 corresponds to the first moment when the
component is turned on). To measure this value, a linear
extrapolation as a function of the square root of time Vj; o)
can be established [19]. Ten measurements are taken to average
out this value.

Then, by varying the temperature, the gate-source voltage is
deduced as a function of the junction temperature at several
current levels (Fig. 11).
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Fig. 11. Gate-source voltage as a function of the junction temperature Vi, u(7;)
at different current levels

The sensitivity of this thermo-sensitive electrical parameter
depends on the semi-conductor chip. It is in the —4.3 mV/°C
(for 0.76 A) to — 3 mV/°C (for 5.15 A) range for the chosen
device. The set of results was fitted by an interpolation function
allowing, for each value of the current /; and each value of the
voltage Vi, to estimate the junction temperature.

D. Thermal model identification

To identify the thermal model, we set up the component to
operate at constant power for a long period of time (300 s). A
known power P is injected into the system by fixing the voltage
Vis (15 V) and the current I; (4.2 A) flowing through the
component.

As mentioned in section IV.E, a moving average filter of
length N is used after measuring temperature 7; and estimating
junction temperature 7; (Fig. 12) to reduce the influence of the
measurement noise. Moreover, due to the memory limit in
Matlab software, the number of samples should be reduced to
be able to resolve the equation (8) and (9) (time step of 10 ms
instead of 100 ps).
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Fig. 12. Measured temperature 7; and estimated junction temperature 7; as a
function of time for P = 62.8 W (time step of 10 ms)

The thermal impedance from the temperature measuring
point to the ambient, Zth;, and the thermal impedance from the
component junction to the ambient, Zth; are calculated
respectively based on the temperature 7; measured in the block,
and the junction temperature 7; estimated with the thermo-
sensitive electrical parameter. As can be noticed, the derivatives
of these thermal impedances increase quickly in very first
moments, after that, their values decrease and are almost
constant over longer times (2.5-10° K-W'.s"! for Zth; and
2.25-10° K-W-'.s"! for Zth;) (Fig. 13).
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Fig. 13. Derivative of thermal impedance Zth; & Zth, (time step of 10 ms)

E. Method validation with variable power

To validate the proposed method, a dissipated power varying
with time is injected into the transistor. The same circuit shown
in Fig. 10 is applied with a fixed-voltage V. and the current I;
which varies as a function of time (ramp function - Fig. 14).
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Fig. 14. Drain current variation with time (time step of 10 ms)



The temperature 7; in the block is measured to deduce the
power P.uc(t), then Vgy(t) and I4(t) are acquired to calculate
P.(t). The comparison between both quantities in Fig. 15
shows a good agreement. An estimate of the difference between
the two quantities is calculated using (12) and is estimated to be
less than 2% at the beginning and less than 0.5% after a few
seconds.

Pref - Pcalc

Uncertainty = .100%

Pref (12)

0 50 100 150 200 250 300
Time (s)

Fig. 15. Reference and estimated dissipated power as a function of time

Then, the junction temperature 7Tj.c.c is estimated as a
function of time (Fig. 16) using P... and the derivative of the
thermal impedance Zth;. It is also possible to estimate the
junction temperature Tj..y through TSEP V() and the
measured current /,(t). Another value, Tj.,., is deduced by using
the value of P.rand Z i_hj.
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Fig. 16. Calculated and estimated junction temperature as a function of time

The experimental results are acceptable after 1s, with an error
which is lower than + 2°C.

Finally, by measuring the increase of local temperature in a
copper block fixed under the component, in conduction state,
the proposed method allows recovering the dissipated power
and estimating the junction temperature of the device based on
this calculated power.

F. Analysis of estimation errors

The loss and junction temperature estimation errors are due
to two processes that are necessary for the implementation of

the method: electronic measurements (acquisition chain) and
mathematical treatments.

About the acquisition chain, the accuracies of the
measurement tools are given in section V.A. It is thus possible
to estimate the error during the loss measurement (Vu.l4). The
error on Vg is due to the data recorder and is estimated to be
0.1%. The error on I;= V/Rgpu is due to the recorder (0.2%)
and to Ry variation with temperature. Knowing the
temperature coefficient of Ry (100 ppm/°C) and estimating
that the temperature increase of this device is lower than 50°C,
it is estimated that the global error on Ip is less than 0.7%.
Therefore, the error concerning the power estimation is 0.8%.
Note that the main contribution of this error is due to the shunt
resistor and could be easily reduced.

The temperature measurement error is due to the probe and
multi-meter  defects (error less than 0.11°C), the
instrumentation amplifier and the data recorder accuracies. It is
estimated to be 1°C, the main error being due to the gain of the
amplifier.

Since the temperature measurement is made with the same
acquisition chain, the error on #; and 6; (3) should be cancelled.
However, in the worst case, it could be 2°C. Therefore, the
maximum error decreases from 10% to 2%, corresponding to
the temperature variation between 20°C - 100°C. The thermal
impedance measurement ((6), (7)) has the total error of
temperature variation and that of the power estimation in the
range of 0.8% - 10.8%.

The actual losses can be estimated (8) with the error of
approximately 0.8 - 11.6% and the junction temperature is
deducted from (9) with the error between 2°C - 10°C. The
considerable error of junction temperature is also caused by the
variation of shunt resistance value. So, choosing a fixed value
of this resistance and using the same acquisition chain during
experimental tests can reduce these errors.

About the mathematical treatment, the errors are linked to the
chosen sampling frequency (4) and the value of ¢ (11). A
simulation performed with a sampling period of 10 ms and ¢ =
0.001 gives the estimation error of 0.2% for the calculation of
loss and 0.2°C for the junction temperature evaluation (after
1s).

The global estimated losses and temperature are compared
with the reference value, however, which also has the error in
practical measurement. Therefore, the difference between these
parameters is approximately 2% for the power and 3°C for
junction temperature. It confirms the practical errors obtained
during the experimental work.

To complete the analysis, it must be noted that, when using
this method in power converters, the high switching speed of
the component (the value of dV/dt), and the capacitive
couplings between heat sink and power switches can induce
interferences that disturb the temperature measurements. These
problems must be solved to ensure the feasibility of this
method. Furthermore, some signal processing techniques after
collecting data can be used to reduce the noise.

VI. CONCLUSION AND PERSPECTIVES

A new method for estimating losses based on the notion of



thermal impedance has been proposed using transient
temperature measurements. The proposed method inherits and
improves the other calorimetric methods: the measurement time
is shorter than that of steady state conventional calorimetric
methods and the implementation is carried out under simple
measurement conditions. Moreover, this method can evaluate
the junction temperature of the component at which the losses
are estimated, while the junction temperature is generally
controlled poorly in other calorimetric methods. In addition to
the evaluation of this method, thermal simulations with
Flotherm software have made it possible to analyse the
influence of the system's physical parameters and measurement
errors/noises. It is important to minimize contact resistance,
thermally insulate the experimental system, use a high-
precision instrumentation chain and an appropriate sampling
frequency to obtain accurate results. In addition, signal post-
processing also helps to reduce the influence of measurement
noise. By applying these conditions, an experimental approach
was then implemented to verify this method. The results
obtained are extremely promising with an error in the
estimation of power below 2% and that in the determination of
the junction temperature below 2°C. The feasibility of the
proposed method is therefore confirmed. Further work will be
devoted to validate the proposed method with components used
in a switching cell and compare these results with other
methods. The challenge now is the limitation of the
interferences in high switching converters that can affect the
noise and accuracy of measurements. Then, this method will be
evaluated for the measurement of losses in several components
fixed on the same block and/ or in multi-chip modules.
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