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In this paper, a measurement technique of losses in the switching cell, based on calorimetric technique is presented. A special calo-
rimeter was designed to be able to access the heat generated by an operating converter. Power component losses are studied accord-
ing to the cyclic ratio and to operating frequency and an extraction method of the different terms of these losses, using calorimetric

measurements, is presented.

An accurate expression of the switching losses in the power semiconductors devices is proposed.
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Introduction

The industry of converters has the tendency to manufac-
ture converters more and more compact. With this type
of integrated power, the design prototypes become in-
creasingly difficult. For this reason, it is more and more
often necessary to refers to the simulation of converters
including their thermal part [1] or the EMC pollution
[1]. Unfortunately the cost of this long time-range simu-
lation is too high for CAE if accurate semiconductor de-
vice models are used [2]. Practically the switching
power device constrain the integration time-step to a
small value [3]. A classical simplification is possible
when using ideal switches instead of semiconductor de-
vice models. The simulation cost is only slightly re-
duced while it does no longer include the semiconductor
device effects and non linearity. Another level of simpli-
fication is to use an averaged model of the converter in-
cluding the semiconductor devices non linearity [1, 4].
The losses measurement or estimation is an essentially
part of the design and conception.

The reliability of power converters implies that the
operating temperature of the semiconductor devices is
accurately monitored during the operation of the con-
verter. In fact the monitoring is not implemented and a
largely over-designed thermal system is the only insur-
ance for the converter reliability. An effective device
temperature is estimated only for security purpose in
case of critical operations of the converter (overload,
short-circuit...). The direct estimation of a device junc-
tion temperature is not yet a mature technique. So the
estimation of the device temperature is related to the es-
timation of the device losses, and an accurate knowl-
edge of the thermal path.
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On one hand during the design of the converter
thermal path, the design engineer needs an accurate
but affordable model of the converter that estimates
the converter losses [1] under various operating con-
ditions [1]. On the other hand the improvement of the
converter prototype requires the device losses to be
measured accurately [5-7].

The indirect estimation of power losses of a
power semiconductor device during transients re-
quires the measurement of the current and voltage
waveforms. The multiplication of the two waveforms
is then integrated over the transient time interval.

Experimentally, the technique uses voltage and
current probes. Unfortunately these last deform mea-
surement waveforms.

It is shown that the measured waveforms are not
simply a delay between voltage and current wave-
forms, but overshoots and distortions are introduced
by the probes, that may not be corrected easily [3].
Another method is to measure directly and then with
accuracy the converter losses under test to be able to
validate the diagrams of correction.

So a correction has to be applied to the integra-
tion result. Confidence in the latter correction is re-
lated to the possibility to compare the numerical re-
sults to accurate experimental results. It is then an im-
portant issue to be able to measure directly and accu-
rately the losses of a converter under operation [6—8].

Experimental results on the losses of a power
converter are key data for the validation of the con-
verter models used for the design of the converter
thermal system.

The paper presents the design of a calorimetric
system for the direct measurement of power converter
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losses. The cost of a calorimetric system renders the
prototyping approach unaffordable.

In the first part of the paper we have presented
the principal and the characteristics of the realized of
the calorimeter prototype. In the second part, an ex-
perimental technique using the calorimeter is used to
the evacuated energy by a DC-DC converter.
The chosen converter is based on a switching cell in-
cluding a power Mosfet and a diode. The proposed
technique allowes the evolution of the total losses of
the total switching cell. In the third part of the paper
analytics study’s and experimental measurement are
used to identify the dissipated power in conduction
states of each components as a function of the switch-
ing period and the duty ratio. Switching losses evolu-
tion as function of direct magnitude and for a given
applied voltage and duty ratio is deduced too.

Prototype description

We need to perform heat flow measurement on a real
operating converter, that means a large volume. It is
then impossible to ensure strict adiabatic conditions.
Wires to supply the converter represent unavoidable
thermal losses that degrade the system adiabat-
icity [4]. It has been necessary to adapt an isothermal
calorimeter [6—8], and adapt a measurement tech-
nique. Figure 1 depicts the principle of our calorime-
ter. A sufficiently insulated pot contains the converter

(the device under test), a calibration resistance and a
temperature sensor. The pot is filled with a liquid to
distribute heat and adjust a thermal capacitance. For
dielectric insulation purpose, the pot is filled with oil.
The pot is placed inside an isothermal water tub. The
volume of the tub is over-sized compared to the pot,
in order to achieve the isothermal assumption, at least
during the measurements. A waterproof cover seals
the pot, but manages enough space for the connecting
wires to the converter, the calibration resistance and
the temperature sensor. It is assumed that the gener-
ated heat is distributed uniformly and instantaneously
inside the pot: a mechanical agitator will be required
that is not represented in Fig. 1.

To have a good thermal homogeneity, the pot is
filled by oil (thermal driver and electrical insulator).
The quantity of oil defines the value of the capacity of
the pot Cp. Thermal resistance Rieral represents the
interface between the pot and the bucket.

* The pot is a cylinder made of Pyrex glass. It is
sealed with a teflon cover.

» The pot is located inside a cylindrical metal can.
The purpose of the can is two folds. First, with a
sufficiently large diameter, a space filled with air is
managed around the pot, that procures thermal in-
sulation. The can diameter defines the thermal re-
sistance Riaera, in Fig. 2. Second, the metal can sup-
ports the mechanical agitator and its motor, while

agitator

converter:
switching cell

wires

shaft wires

. metal cover

metal can._
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temp. sensor .

~— with join
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cal. resistance

\
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Fig. 1 Technological description of the calorimeter prototype
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Fig. 2 The calorimeter model adapted to a switching cell

insuring waterproofness for the pot. The agitator
performs the fast diffusion of heat inside the pot.

o The temperature sensor is a semiconductor
thermistance. Though non-linear, it is one of the
most sensitive thermal devices. A 5 kQ therm-
istance features a sensitivity of more than
100 Q K" in (300, 400 K) range. A 4-wire configu-
ration enables to detect 0.001 K. An accurate cali-
bration gives the evolution of the device resistance
vs. temperature.

* The pot s filled with oil. The quantity of oil defines
at first order the value of the capacitance Cpy in
Fig. 2. The order of magnitude of energy lost by the
converter under test imposes a range of value for
Cpor With respect to the Dickinson method. As the
volume of the converter imposes the minimal diam-
eter of the pot, the geometrical parameters of the
pot are then clearly defined. The volume of air that
remains over the oil under the cover is an important
part of the thermal resistance, R qver, With regard to
the ambient temperature in Fig. 2.

* The calibration resistance is made of two-paral-
leled 10 Q/50 W devices in TO-220 packages. The
package offers a large heat dissipation surface for a
small volume. The resistance power has been cho-
sen quite small, as we want first to test the calorim-
eter sensitivity, with an efficient test converter (low
losses).

» The test converter (switching cell) is described be-
low. It is located in the pot. Many wires connect the
different parts inside the pot, to power supplies or
measurement instruments (Figs 2 and 3).

* Ta and Ty represent respectively the ambient and
water tube (in cylindrical metal) temperature.

* P represents the power losses evacuated by the
switching converter.

Experimental investigations for a converter
energy losses evaluation

It is supposed that produced heat is distributed uni-
formly inside the pot: a mechanical agitator is in-
stalled. The chosen DC-DC converter is buck con-
verter based on a simple switching cell [9, 10].
A MOSFET and diode are used to represents the
switching cell (Fig. 3). The converter is located in the
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Fig. 3 Electrical circuit: switching cell

oil pot. Vx and I are respectively the supply voltage
and direct current.

Before switching cell losses measurements, a cali-
bration phase, of the calorimeter is necessary. The used
calibration technique is based on a resistance losses
measurement. Both the value of the resistance and the
magnitude of the current flowing on it are known.

When heat is created by the operation of the con-
verter, or the calibration resistance, it is expected
[11-13] a response of the temperature sensor as pic-
tured in Fig. 4a. The temperature inside the pot is ini-
tially 75b<Tp. Due to the tub higher temperature, the
pot temperature, 7, increases quite linearly if the ca-
pacitance C, is large enough but not too much. The
heat generation (either converter or calibration resis-
tance) creates a brutal increase in the temperature 7.
When the heat generation stops, the pot temperature,
T, increases linearly again. If several operating condi-
tions that are discussed later, are respected, then the
temperature variation, AT, due to the converter or the
calibration resistance, is related to the generated heat
flow, O, by Eq. (1)

O=CAT (1)

where C is the global effective capacitance of the pot,
seen by the temperature sensor.

This effective thermal capacitance is related to
the geometrical parameters of the pot, the arrange-
ment of the parts inside the pot, and the key tempera-
tures T, Ty and T,. The measurement of the loss en-
ergy, O, is a 2-step process:

* A controlled energy, Q) is created through the cali-
bration resistance with a monitored current and a
defined duration.

A variation, AT, is sensed, and Eq. (1) gives C.

e

NG )

The converter is then operated, and the response
of the temperature sensor gives the temperature varia-
tion, AT,. The loss energy, O, is computed as

0,=CAT, (3)
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Fig. 4 Typical response of the a — temperature sensor inside the pot, b — Dickinson graphical method
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Fig. 5 Experimental losses function of a — direct current and b — duty ratio

The temperature variation, AT, is determined us-
ing the Regnault-Pfoundier equations [11, 12] based on
the First and Second Law Thermodynamics. For practi-
cal reason, we preferred the Dickinson graphical
method [12, 14]. The converter or the calibration resis-
tance, creates heat that is detected as the temperature
variation

AT=T,-T,-AT,

cor (4)
where 75 and 77, are the temperatures determined as in
Fig. 4b, and AT, is a correction accounting for all the
phenomena injecting heat along with the device under

test. Basically the temperature, 7, is evaluated as
T,+T,
2

The straight lines D; and D, are extrapolated
from the temperature gradient over [#, t,] and [7,, %]
respectively. At time 7, the device under test is oper-
ated. By time ¢, the effects of heat generation by the
device are no more visible. The line Dy, (crossing 7,
and Ts) is the shortest line between D and D, that
crosses the point of temperature 77,,. The temperature
variation, AT, is then evaluated as

AT=T,T,

T,= )

(6)
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The efficiency of the Dickinson method is re-
lated to two main assumptions. First the heat genera-
tion must be short compared to the overall experience
duration, i.e. [#, t3] in Fig. 4b. Second the temperature
gradients over [#, ¢,] and [#,, ;] must be small but sig-
nificant compared to the heat flow generated by the
converter or the calibration resistance. The tempera-
ture gradients depend on the pot thermal insulation,
and the temperatures 75 and 7;. Finally temperature
gradients and temperature variation, A7, are directly
dependent on the pot capacitance, C in Fig. 2.

Experimental results are registered with a
switching cell composed with a MOSFET (IRF740)
and a diode (BYT12PI1600).

Figure 5a shows the evolution of the energy
evacuated by the converter as a function of the direct
current magnitude for different ratio (p) values. This
evolution seems to be proportional to the square of
the current /.

Figure 5b shows the evacuated energy evolution
as function of the duty ratio (p) for a different period
(z.) values.

The evolution of the cell losses as a function of
period duration ¢, for different duty ratio value and di-
rect current magnitude are shown in Fig. 6a and b re-
spectively. These evolutions are quite linear.

J. Therm. Anal. Cal., 90, 2007
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Fig. 6 Measurement losses according to the period 7, and for a — different duty ratio and b — different current value

Losses analysis

In this section we have to develop the expression of
the total losses I, of the switching cell, as a function
of the duty ratio, the period ., the dissipated power in
‘on’ and ‘off” states and the losses during the switch-
ing phases Ws,. Using this expression and the charac-
teristics shown in Fig. 5, we can deduce the different
losses (Pon, Posrand W, ) used in this expression.
Figure 7 shows the evolution of the dissipated

Command

A
Pt
— tc
t.
Lt} Lsdon [ t
jon t,, ﬂ oot Lo don 1
/L i
Ty U P, W Py
swon .
=0 swol

power in the active device when the MOSFET is  Fig. 7 Mosfet driving command and the power evolution dis-

driven by a periodic signal. The energy loss W, mos 1s
expressed during the period ..

Table 1 The used parameters and their signification

sipated in the device component

Symbols  Signification (Fig. 7)

Dependence with

Vr Ir p t
Vmos Component voltage (MOSFET) *
iMos Current through the component (MOSFET) *
ip Current through the component (diode) *
Vb Component voltage (diode) * *
P Power losses in the component * * * *
t Cyclic period *
tdon Delay according to the ‘off” state to the ‘on’ state * *
tswon Switching time according to ‘off” state to the ‘on’ state * *
ton The on state time duration * *
taoff Delay according to the ‘off” state to the ‘on’ state * *
tswoff Delay according to the ‘on’ state to the ‘off” state * *
tofr The ‘off” state time duration * *
Wewon The provided losses during zon * *
Wewott The provided losses during zofr * *
P, Power losses during ‘on’ state *
P Power losses during ‘off” state *
W, Losses during a period #, W, =]§ p(t)dt * * * *
W;V The sum of the losses providedoduring the switching times fyor and fswon (Wiont Whotr) * *

J. Therm. Anal. Cal., 90, 2007
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Table 1 shows the different parameters and vari-
ables used to develop the expression of losses W,

The dependences of these variables as function of
the controls parameters (Vy, If, p, ) are indicated too.

The energy W, mos during the period ¢, is given
by the integral of the dissipated power in the
MOSFET during this period as following:

tC

W10 =]°p<r)dr= [isos Wos (D2 (D)

0

Using the evolution of the dissipated in the
MOSFET shown in the Fig. 7 and the defined variables
listed in Table 1, the energy W, can be written as:

W m0s =Waon TPonnos fon YW oworr Potemos Lot (8a)

p swon swoff o]

We define le, =Wswont Wsworr S0, the Eq. (8a)
gives:

1
W,Mos :Pon,MOS Loy +P0FF,MOS Lo Wy, (8b)

p

In the last expression we can see the sum of the
three terms corresponding to the energy evacuated
during the on state (%,,), the off state (#,¢) and during
switching phases.

In order to use the characteristics evolution
shown in Fig. 5 and corresponding to the total energy
losses evacuated by the switching cell, both MOSFET
and diode evacuated energy should be expressed as a
function of the duty ratio and the operating period ¢..

We define ¢, as:

Law =lovon oot (€]
Lon, =avon Taon ~Laoft (10)
So the on state duration is given by:
fon Pl —lon, (11
and the off state duration is given by:
Loy =(1=p)t .+, —1,, (12)
We define Wy as:
Wo =W =Pasioston, *Ponios[lon, ~10 1 (13)

The last equation shows that the evacuated en-
ergy W, is different from the evacuated energy W,
which is the sum of the switching losses during con-
duction and blocking phases (Wwon™ Wswott)-

Using Eqs 11, 12 and 13 the expression given in
Eq. 8b can be written as following:

Wp,Mos =Pon,Mos (i )pT,
+Pinios Ve AT AW, nios (e Vi)

We notice that the evacuated energy during
switching phases Wy, can be written as:

(14)
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Wewnos (e Ve )=[ j(i(t)v(t)_Pon,MOS )dr 1
Ldon

Prldott +lswotr

[ JGEOVO~Pios Wi

Prlofr
(tdon _tdoff )(P off, MOS —P, on,Mos)

The last Eq. (15) allows the real switching losses
evaluation from experimental measurement.

(15)

How to identify the different losses part using the
measurement of W, vos as a function of t. and p?

From Eq. (14), W, can be written as W, mos=At:+B,
where 4 and B are constant.
W
__ " p.MOS —
P - t Pon,MOS e p+

¢ (16)

Wsw,Mos (i V)

P f£.MOS R (1—p)+

0
C

At a given duty ratio p and for different switch-
ing period values 7, and 7, Eq. (14) can be written as
following:

sz,MOS _WplqMOS — Wsw.Mos _Wsw,Mos W [ 1 1 J

t t

€2 €

— " sw.MOS -
l‘CZ l‘CI tcz ZC]

So the switching losses can be deduced from ex-
perimental characteristics as:
1

7t(tc, W;zz MOS _tc2 VVp1 .MOS )

W, MOS —

SW.

(17)

€2 €

For a constant switching period ¢, and for two
data ratio py, p», the dissipated power in the ON state
phase can be written as:

/4 W
Pyvios {“’M‘“t noe J(l/(pl—pz» (18)

We notice that the dissipated power in OFF state
phase (P,s) is neglected.

The last study can be applied to the diode in or-
der to determine the different device losses.

Switching cell losses analysis

In this section we have to determine the global losses
expression in the case of the switching cell. As it is
precise in the last section, Eq. (14) can be written for
any active devices and diode in the switching cell
(MOSFET and diode in our case).

In Table 2 we have listed the different energy
and power symbols, for a given device X.

J. Therm. Anal. Cal., 90, 2007
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Table 2 Different energy and power symbols for a given device X

Symbols Significations

Wyx Energies lost during a period in the component X
Wonx Energies lost on the On state in the component X
Wotex Energies lost on the Off state in the component X'
Wewx Energies lost during switching in the component X
Ponx The losses during the On state for in component X
Poix The losses during the Off state in the component X

Using Eq. (14), the diode losses is given by:
I/VP,Diode :Pon,Diode *(l_p)tc + (1 9)
P off.Diode *p)*e, +(Vsz,Diode )

The total loss in the switching cell can be written
as:

WP = I/I/;’,MOS +VVP,Diodc :[Pon,MOS (p)+Pon,Di0dc (1_p)+
P inos (I-p)+P, off,Diode () +[Wsw,Diode +Wsw,Mos ]

We pose:

20)

VVSW = I/VSW,MOS +VVSW,Diode (2' 1)

The ON and the OFF states losses of the diode
and the MOSFET are given by the following expres-
sions, respectively.

VVon =[Pon,Di0de (l_p)+Pon,MOS (p)]tc (22)

I/Voff =[Pon,MOS (l_p)+Pon,Diode (p)]tc (23)

Using Eqgs (21)—(23), the total switching cell is
given by:

Wo =Woy (i )A W Ve )AW, (e Vi) (24)

When the duty ratio value is near 1, the active
device operates much longer than the diode, so the
OFF and the ON states dissipated power in the diode
can be neglected. When replacing p by 1 in the
Eq. (20) we obtain:

We (p=100%)=W,; vios + (W, biode T Waymios )= (25)

Pon,MOS tc +(WSW,MOS +VVSW,Diode )

In the same manner when the duty ratio value is
near 0, the active device operates much longer than
the diode, so the OFF and the ON states dissipated
power in the MOSFET can be neglected. When re-
placing p by 0 in the Eq. (20) we obtain:

VVP = (p :0%) = (WP,Diode +Wsw,Diode ) =
=P t +(WS +W. MOS )

4 on,Diode “c w,Diode SW.

(26)

The waveform in the Fig. 5b can be interpolated
by a linear strait as Wp=Ap+B5.

We appropriate the two particular points of the
strait for p=1 and for p=0. The found values are repre-
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Table 3 Deduced losses ¥, for three switching period

Period We(p=0%) Wp(p=100%)
t=150 ps 0.424 mJ 0.928 mJ
=200 ps 0.526 mJ 1.4m]
t=1000 ps 2.48 mJ 6.4 mJ

sented at the Table 3 for different values of period ¢,
(voltage Vr=150 V and direct current /p=5 A).

To determine the dissipated power in the switching
cell, characteristics in Fig. 5b can be used in fact. The
evolution in the total losses 1), of the switching cell as a
function of the duty ratio p is approximatively linear.
The interpolation of the different linear function at p=0
and p=1 allows the determination of the dissipated
power in MOSFET and diode at a different switching
period f.. Table 3 resumes the deduced losses W, for
three switching period values.

Equations (25) and (26) and Table 3 allows the
determination of the dissipated power in the two de-
vices. For example, for a load current /¢ equal to 5 A
and a DC voltage V'zR=250 V, we deduce the dissipated
power and the switching energy losses in the diode
and MOSFET given in Eqs (17) and (18).

Replacing the last parameters values in the
Eq. (2) leads to obtain the expression of the total
losses of the switching cell as a function of the
switching period 7. and the duty ratio p.

Figure 8 shows the deduced evolution of these
losses as a function of the period ¢, for different duty
ratio p.

20 m 4
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Measurement, p=50% _.o-'.-
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14m ] | —=— Caleulated, p ‘?:J"-n ._.'
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ts
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Fig. 8 Comparison of the total losses I}, obtained by measure-
ment and calculation (/g=5 A, V=150 V)
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These deduced evolutions are compared with
those obtained by experiment. We note a good con-
cordance between the two types of evolution.

Really the switching losses in the diode and the
MOSFET are inseparable but theoretically it is possi-
ble to separate them while prolonging the line in
Fig. 5b at the top and at the bottom to have the rate cy-
clic p values 1 and 0, respectively.

From Table 3 and Eqs (25), (26), we can deduct the
values of Poymos(ir) and Py piode(ir) for a voltage and
current V=150 V and /=5 A functionnement. So,

Pon,Diode (lF )=485(J S71 )5 VVS =3802 (MJ) (27)

sw,Diode
P,vios (i )=1270(1 871), W, 05 =5018 (1) (28)

From the last study and using the experimental
characteristics shown in Fig. 6, the evolution of the
switching losses as a function of a direct current and
at a given applied voltage and duty ratio can be de-
duced, this evolution is shown in Fig. 9.

230

220 p 4
V=150 V, (p)=50% R
210 p ] p- 150V, (p)=50% -

Nomenclature

A: effective area

n: electron density

ND: doping density

p: hole density

q: electronic charge

Ohp: charge (for n,p-type semiconductor)
Wy: base width

xy: depletion layer width in an n-type semiconductor
p: charge density per unit volume

T, electron lifetime

Tp: hole lifetime

¢: dielectric constant of the semiconductor
ut: thermal voltage

SCR: space charge region

I': the net doping concentration
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Conclusions
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