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Abstract—Accurate measurement of soft and hard switching
losses is challenging. Electrical methods are prone to errors and
calorimetric measurements most often cannot separate turn-on
and turn-off energies. We present a calorimetric test setup capa-
ble of measuring and separating turn-on and turn-off energies
in soft and hard switching regimes. The resulting loss map can
be used to accurately predict power semiconductor losses, even
when the converter is not fully in the soft-switching regime.

Index Terms—switching loss, calorimetry, power MOSFET,
power transistors, zero voltage switching, soft switching

I. INTRODUCTION

Accurate loss models are crucial when designing a power
converter. With better converter model accuracy we can ob-
tain faster time to market by spending less time on design
iterations.

A crucial part of the loss budget is the switching losses of
power semiconductors. These losses depend on many factors,
such as external gate circuitry, layout of the power switching
loop, and instantaneous junction temperature. Moreover, these
losses are strongly dependent on parameters that have an
inherent spread due to manufacturing issues and lifetime
parameter drift, most notably gate threshold voltage [1].

High-power converters usually try to operate, at least par-
tially, within soft switching regime. That allows the converter
to minimise its switching losses and increase the switching
frequency, and yields additional system benefits. Often, how-
ever, it is not possible to achieve full soft-switching within all
desired operating points. Therefore, a good loss model should
predict semiconductor losses in both hard and soft switching
regimes, including incomplete soft-switching.

Loss models based on analytical equations exist but they are
often complex and strongly depend on assumptions and sim-
plifications [2]. Direct loss measurements are often preferred
to analytical models. These, however, are relatively complex,
prone to methodological errors, and often require changes to
the switching setup (that impact the actual losses).

The golden standard for switching loss measurement is
clamped inductive double pulse test. In this test the current in
the device under test (DUT) is ramped up to a desired value

Faheem Ahmad
AAU Energy
Aalborg University
Aalborg, Denmark
faah @energy.aau.dk

Thore Stig Aunsborg
AAU Energy
Aalborg University
Aalborg, Denmark
tsu@energy.aau.dk

Stig Munk-Nielsen
AAU Energy
Aalborg University
Aalborg, Denmark
smn@energy.aau.dk

and afterwards turn-off and turn-on events are electrically
measured. This setup requires high-bandwidth voltage and
current probes that measure the actual switching waveforms.
These two probes need to be time deskewed not to introduce
errors. The placement and signal fidelity of the current probe
is of utmost importance, therefore a high-bandwidth current
shunt is most commonly used. The switching energies must
then be extracted from the time-domain voltage and current
signals. The exact beginning and end of switching waveform is
arbitrary and may differ between manufacturers and transistor
technologies.

The results of the double pulse test often misattribute a
portion of the measured turn-off energy as turn-off loss, where
in practice, that energy is stored in the Cy [3]. For hard-
switched applications this misattribution may not be important,
as this energy is dissipated in the next turn-on event, so the
sum of F,, and Ey is preserved. Without the C\g correction
these measurements can only accurately predict losses in the
hard-switched converters.

Calorimetric test setups aim to break away from problems
of electrical domain sensing by (in)directly measuring the
losses of the semiconductors. These methods sense the thermal
domain, which means the DUT must be thermally decoupled
from other semiconductors. Separation of Ey, and Eu is often
impossible in these setups [4], which means the results cannot
be generalised. Sometimes changes need to be made to the
commutation loop to facilitate the method [5].

Anderson et al. presented a calorimetric measurement
method capable of differentiating the E,, and E.s energies
and operating in a standard full-bridge configuration [6]. They
use two variations of the same circuit, with two different
inductor values, to extract the switching energies in both hard
and soft switching conditions. Their method uses switching
frequency control as a means of controlling the junction
temperature of the DUT. We believe that their study is the
most comprehensive approach to measuring and separating
the turn-on and turn-off energies using a calorimetric method
applicable to a non-modified commutation loop presented in
the literature.
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Fig. 1. a) Test circuit with the DUT b) Inductor and DUT currents.
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There are, however, possible problems in their study not
sufficiently explained in the methodology section. At low
current levels, when the turn-on event falls in an incomplete
soft switching regime (measured with soft-switching inductor
in the setup), losses in the turn-on may be falsely attributed to
hard turn-off energy. In consequence, hard turn-on data at low
current levels (measured with hard-switching inductor in the
setup) may be overestimated while corresponding hard turn-off
losses at low current levels may be underestimated.

II. PROPOSED METHODOLOGY

Our approach builds on the work of Anderson et al. and
extends it to measure incomplete zero-volt switching (iZVS).
Their approach uses a full bridge circuit where the current
in the inductor controls the switching current magnitudes
(fig.1a). We propose to add a DC component to the inductor
current waveform, similar to the approach by Keuck et. al. [7].
That allows to control the DUT turn-on and turn-off currents
separately (fig.1b). We can then guarantee full ZVS turn-on
of the DUT when estimating the turn-off losses. The added
DC component makes it possible to extend the measurement
into negative turn-on and turn-off currents to explore the
current range corresponding to the incomplete ZVS turn-on.
We achieve all this using a single inductance value. Moreover,
we delegate the junction temperature control to an external
heat exchanger. This allows us to keep the switching frequency
at a level corresponding to the target application and switching
loop layout. The frequency can also be kept constant and at
a low magnitude. With relatively low switching frequency we
do not have a need for a high-bandwidth current sensor.

A. Electrical measurement principle

Generalised power MOSFET switching energies are shown
in fig. 2. Traditionally, only the hard switching regime is shown
in transistor datasheets. This is due to the fact that the soft
switching behaviour is dependent on the deadtime and other
system factors.

In order to measure different components of the losses the
current in the DUT is controlled to achieve turn-on and turn-
off at specific current levels (fig. 3). The experiment is divided
into two measurement sets, focusing on turn-off and turn-on
losses, respectively.

1) Turn-off losses: First a Izys turn-on boundary current
is calculated based on the energy levels stored in the output
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Fig. 2. Qualitative shape of the turn-on and turn-off energies of a power
MOSFET.
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Fig. 3. Switching patterns used to measure: a) turn-off losses and b) turn-on
losses. Note that the turn-off energy denoted with a filled square marker is
used in the turn-on energy sweep.

capacitances of the MOSFETs. Below this current level the
transistor will turn-on lossless.

9 Vbe
Izvs = Iswzvs) = —— Coss(v)dv (D
ta Jo
With the ZVS turn-on boundary established, the turn-on
current is set below the Izys and the turn-off current is swept,
as in fig. 3a. For each [, point we measure the total power
loss P, in the DUT.

Py = (Eon + Econd + Eoff) ’ fsw (2

The conduction energy can be calculated as an integral
of power dissipated in the DUT. The ip(¢) information is
needed. To obtain that, without affecting the switching loop,
we measure the inductor current ir(t), which is equal to ip(t)
when the DUT is on. The drain-to-source voltage is obtained
using the static characteristic of the DUT.

tof
Buna = [ ups(iv, ) - in 3
ton

Knowing the conduction energy and assuming the turn-on
energy is zero (full ZVS turn-on), we can then calculate the
turn-off energies, using eq. 2.

2) Turn-on losses: The first measurement set gives us the
turn-off energies as a function of the turn-off current. With that
knowledge we set the turn-off current, for which we know the
turn-off energy, and we sweep the turn-on current (as shown
in fig. 3b).

Similar to the Eyg extraction, we need to measure the total
losses dissipated in the DUT and subtract the conduction and
turn-off losses to obtain the turn-on losses.
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Fig. 4. Calorimetric measurement fixture cross-section.
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Fig. 5. Simplified thermal model of the fixture.

B. Calorimetric measurement setup

Both the turn-on and turn-off loss extraction require the
measurement of the total losses extracted in the DUT.

The utilised calorimetric measurement fixture, shown in
fig. 4 is a stack with two DBCs and a TEG thermoelectric
heat flux sensor [8]. The sensor is measuring a fixed cross-
section area, therefore a simple scaling is used to measure the
heat passing through it.

A PT100 platinum temperature sensor is placed between the
DBCs in an etched groove in the adjacent copper layers.

The heat flux sensor, during nominal operation, gives an
output in the range of millivolts. To prevent any capacitive
parasitic current flowing through the heat flux sensor the layer
between the DBCs is shorted to the heat exchanger and serves
as an EMI shield.

The heat flux sensor together with a temperature sensor and
a thermal network model (fig. 5) can be used to estimate the
junction temperature and power loss of the DUT.

In practice, not all DUT losses will be measured by the
sensor. Some part of the DUT losses will leak to ambient
through the pins and case of the DUT and some through the
test fixture elements before the heat flux sensor. To minimise
the error connected to this mechanism, authors strongly sug-
gest to operate the circuit in a climate controlled environment.

To calibrate the fixture, static characteristics of the DUT
anti-parallel diode are first measured at various temperatures
ambient. Data should be collected using pulse measurement
to minimise self heating.

Next, we inject a known magnitude of power (using a
Kelvin connection) into the body diode of the DUT. Using
the previously measured static characteristics we can quantify
the junction temperature.

Fig. 6. A full-bridge measurement circuit with calorimetric measurement fixture
mounted on the DUT.

By injecting various power magnitudes at different heat
exchanger temperatures and ambient temperatures, we can
then calibrate the fixture by obtaining the relationship between
the measured {Tpgc, Ta, ®ux} and {Ppuyr, T;}. Once this
relationship is known, we can use the set of {Ippc, T,
dpx} to estimate the power dissipated in the DUT and its
junction temperature while the DUT is operated in the full-
bridge circuit.

III. MEASUREMENTS

The calorimetric measurement fixture (fig. 4) was attached
to the DUT in a full-bridge converter (fig. 6). For proof-
of-concept operation the converter was operated at 20kHz at
50V DC-link voltage and 300ns deadtime. The IPW65R125C7
CooIMOS was used as the DUT. For these parameters the Izys
value is calculated, according to eq. 1, as —1.5A. The DC link
voltage is well below the nominal operating range for this
transistor, therefore the results do not represent the nominal
performance of that transistor. It is, however, sufficient to
demonstrate the applicability of the measurement method.

The presented results are measured with the test fixture and
the converter placed inside a climate control chamber with T,
set to 25°C and with heat exchanger temperature Tyx also set
to 25°C. The sensor was calibrated with power dissipated in
the body diode and the resulting calibration curve was then
used to convert sensor readings to the actual dissipated loss.
The junction temperature was not controlled in the experiment
but the estimated junction temperature for the operating points
was not exceeding 30°C. Therefore, the biggest source of error
for the presented data, was the estimation of ups.

The total switching energy broken down into corresponding
Fon, Eofr and Eopq for both turn-off and turn-on measurement
sets is presented in figures 7 and 8, respectively. The turn-on
and turn-off energies are extracted from the two measurement
sets and shown in fig. 9.
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Fig. 7. Results of turn-off losses measurement set. Turn-on current level is set
at —2A (less than Izys) for all measured points, therefore, no Eo, component
is present in the breakdown.
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Fig. 8. Results of turn-on losses measurement set. Turn-off current level is set
at +2A for all measured points. Note zero E,, component at currents less than
Izys = —1.5A.
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Fig. 9. Eon and E energies extracted from the experimental data shown in
figures 7 and 8.

The turn-on energy plot shows a nearly linear behaviour in
the hard-switching domain (for Isw > 0). Full soft switching
is achieved around —1.5A turn-on current. There is a soft
transition in the iZVS area. This is due to the low DC
voltage used in the experiment. Owing to the nonlinear Clg
capacitance, if a higher DC voltage was used, the Fo,(lon)
function would tend towards almost a piecewise linear function
with a step around Izys/2 value. It stems from the fact that the
iy, current needs to recharge the output capacitances of both
top and bottom devices in the converter leg. As the voltage
on one device falls, it raises on the complementary device
with the sum of voltages equal to Upc. At the point where the
drain-to-source voltages are equal on both devices the output
current sees the smallest total capacitance and the change in
mid-point voltage is the steepest.

The turn-off energy shape shows a small positive slope at
positive turn-off currents. This is a behaviour that is commonly
seen in datasheets.

The turn-off energy also shows unexpected behaviour with
negative currents, where Fo changes linearly, but with much
higher slope than with positive current. Granted, a turn-off
at negative current is rarely used in practice. Nonetheless,
the behaviour is unexpected. At negative drain currents the
turn-off of the channel should be lossless because the current
will be commutated to the body diode of the DUT. The
complementary device would then hard switch. The body
diode of the DUT will experience some loss due to reverse
recovery phenomena. This loss should be current dependent.
Moreover, the conduction of the current through the body
diode during the deadtime will be seen as a switching loss
in this method. All this could explain the slope of the turn-off
losses at negative switch currents.

In figure 9 the turn-off losses change the slope at +0.75A.
The authors have confirmed that this point corresponds to
—Izvs/2 value (note the Izys is negative). When the deadtime
was increased by 50% the kink in the Eo(Isw) characteristics
shifted accordingly. What is not obvious is the loss mechanism
in the 0...— Izys/2 range. As the body diode is not activated
during the deadtime for positive Igw current, the only loss
mechanism in the DUT is the product of ip and upg during
the deadtime period.

To explain the shape of the Eyx(Ilsw) function, in the
0...—Izys/2 range, we should examine what happens with the
DUT’s complementary switch. For small positive I} currents,
the complementary device is in the iZVS range. That means
the value of ups at turn-off instant of the DUT depends on
Isw. DUT’s Eq losses comprise of two components: the
integral of product of upg and ip during the deadtime, and hard
switch losses when the transistor switches with the voltage
remaining at upg at the end of the deadtime period. For low
Isw values both these components are significant and are
current dependent. This mechanism was not observed in the
data presented by Anderson et al.



IV. CONCLUSIONS

Using the presented method we have shown that extraction
of E,, and E can be done for both positive and negative
switch currents. This allows us to investigate both the hard-
and soft-switching regimes.

Quantifying the incomplete soft-switching losses will allow
the designers to accurately predict losses in the transistors.
Currently many designs rely on the ZVS boundary as the limit
of operation. Moving the boundary to the actual thermal limit
of the converter, by exploiting the iZVS range, will allow more
optimised power converter designs.

Prior studies into transistor losses mostly use an indirect
power loss measurement. The heat flux sensor gives us access
to a more direct, compact sensing unit.

The calorimetric fixture, as a whole, has proven to be
difficult to use in practice. Multiple calibration steps are
necessary to make accurate measurements. First, the DUT’s
static characteristics need to be characterised in first and
third quadrants. This calibration needs to be performed at the
expected junction temperature range. Next, a fixture calibration
needs to be performed covering possible ambient temperatures,
heat exchanger temperatures and possible dissipated powers.
Due to the slow thermal time constants this calibration is time
consuming. Any change to the physical setup invalidates the
calibration.

Hence, for the measurements presented here, the authors
have decided to simplify the measurement, minimise the
possible error sources and measure with constant 7, and
Tux at low power levels. Obviously, if the losses were more
significant, the 7 control would be necessary. Keeping the
measurement circuit inside the climate controlled chamber re-
moves the ambient temperature from the equation and shortens
the required calibration times.

The method operates using a standard full-bridge converter
and the DUT operates in an unmodified converter leg, therefore
real world switching dynamic is preserved. No upg voltage
sensor is necessary for the operation of the method. This
means the capacitance of the half-bridge midpoint is preserved.
The method can therefore measure the impact of any parasitic
capacitance added to the switching node.
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