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Abbreviations

DPT
DUT
AWG
IGBT
MOSFET
ESR

ESL

Double Pulse Test

Device Under Test

Arbitrary Waveform Generator

Insulated Gate Bipolar Transistor

Metal Oxide Semiconductor Field Effect Transistor
Equivalent Series Resistance

Equivalent Series Inductance
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List of Nomenclatures

Cg Capacitance of the capacitor bank

Cop Parasitic capacitance of freewheeling diode
Cps Drain-source capacitance of DUT

Cep Gate-drain capacitance of DUT

Cgs Gate-source capacitance of DUT

Ec Energy of capacitor bank

E. Energy of load inductor

Eon Turn-on energy loss

Eos Turn-off energy loss

E. Reverse recovery energy

ip Drain current

iload Load current

Ipr Reverse recovery current

Itest Test current

Al Current drop

Lpys, Parasitic inductance of bus bar / PCB connecting the capacitors with the DUT
Lp Parasitic drain inductance

Lg Gate inductance

Lioad Inductance of the load inductor

Lg Parasitic source inductance

Lsense Parasitic inductance of the measurement device
Rg Gate resistance

Rg Parasitic series resistance of load inductance
td(on) Turn-on delay time

tacofr) Turn-off delay time

te Fall time

t, Rise time

ter Total reverse recovery time

Vbe DC-link voltage (Test voltage)

Ve Diode forward-voltage

Ups Drain-source voltage

AVpc DC-link voltage drop

T, Duration of first pulse
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Threak Duration of pulse break

T, Duration of second pulse
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1 Overview

In modern societies, a substantial amount of electrical energy is required for the operation of electronic
circuits or controlled electrical drives. The requirement of electrical energy for these applications is fulfilled by
power electronic converters. Power semiconductors (IGBT or MOSFET) are controlled devices, which are
used to realize these converters. Even though the semiconductor industry has made a significant progress in
the development of powerful and efficient components, power losses still occur in these components and
cause them to heat up.

The junction temperature of a semiconductor has to be kept below a maximum permissible limit.
Furthermore, heating up and cooling down have a strong influence on the lifetime of a semiconductor device.
This so-called “thermal cycling” is another important aspect for the design of a cooling system. In order to
design an effective cooling system, it is necessary to know the power losses occurring during the operation of
a circuit as precisely as possible. These losses are composed of conduction and switching losses. While the
conduction losses can be measured relatively easily, this is not so easy for switching losses.

Figure 1 depicts one phase of a typical two-level converter. During a fundamental cycle, the operation of the
converter changes between buck and boost mode, depending on the direction of current flow. The switching
operation of the converter creates commutation events from switch to diode or vice versa in each mode. If
the converter operates in buck mode, S1 and D1 are active. In boost mode, the current commutates between
S2 and D2. Consequently, a setup is required which allows the measurement of switching losses and
switching times for all aforementioned commutations. Here the double pulse test comes into play.

Buck Boost Boost Buck Boost

51 N D, -l T
- |
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DC M " [‘

A Dy S \ vz h

Figure 1: Two level converter and its operation modes.

This application note describes the basic concept of double pulse testing, the necessary measurement setup
and gives an overview of the parameters influencing the measurement. Furthermore, practical tips for
carrying out the measurement are presented. At this point, the reader is referred to the software application
included in the application note, which allows to easily perform double pulse tests with Rohde & Schwarz
instruments.
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2 Double Pulse Test

The knowledge of the switching behavior of power semiconductor devices is crucial when it comes to the
design of power converters. Double pulse tests are carried out to determine the switching times and
switching losses as well as to ensure a proper switching behavior. For testing all converter states, the basic
circuitry of the two-level converter is kept (DC-Link, switches and load inductor) but the load voltage

source v, in Figure 1 needs to be replaced by a short circuit. For testing the switching events in the buck
mode of the converter, the short circuit connects the load inductor between the mid-point (load terminal) and
the minus rail (depicted in Figure 2). For the boost mode, the load inductor is connected to the plus rail.
Figure 3 shows the basic circuit diagram for double pulse testing. The blue arrows between active and
freewheeling state mark the commutations happening between these two states by each switching event. In
the following, turn-on refers to the turn-on event of the switch (S; or S,) which results in a commutation of the
current from the diode to the switch (freewheeling to active state). Accordingly, turn-off refers to the turn-off of
the switch and results in a commutation of the current from the switch to the diode (active to freewheeling).

Depending on the design of the DUT, measurements are to be performed on the high-side or low side-side
device. S; or D, are the high-side devices while D, or S, are low-side. In a half-bridge module, for example,
the current paths in the upper and lower part of the module are not necessarily symmetrical. In this case, the
switching behavior of the two semiconductors deviates from each other. Therefore, measurements must be
performed for both devices. The different causes for the deviation will be described in section 2.3

In a Double Pulse Test (DPT), the DUT can either be the switch or the diode. Additionally, the switch can
either be a MOSFET or an IGBT. In this document, the test is performed using a MOSFET, however, if an
IGBT is used, the drain and source in a MOSFET can be treated analogously to emitter and collector of
IGBT.

Buck Boost
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.2 —"III YL
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Freewheeling

Figure 2: Overview of the double pulse test circuit-configuration for buck- and boost-mode test

Rohde & Schwarz | Application Note Tips & Tricks on Double Pulse testing 7



A typical double pulse test setup consists of the following hardware components:
Device under test (DUT)

» Freewheeling diode (D)

» DC supply

» DC link capacitor bank (Cg)

» Load inductor (Ligaq)

» Gate driver circuit

» Arbitrary Waveform Generator (AWG)

» Oscilloscope

» Measuring sensors for current

» Measuring probes for voltage

» Heating element

The basic setup including many of the components above can be found in Figure 3. It should be noted that
the measuring circuit shown is at floating potential. This increases the flexibility of the measurement, but is
not possible with all setups.
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Figure 3: Circuit diagram of double pulse test

2.1 Test Procedure

In order to carry out the test, initially, the capacitor bank is charged to the desired test voltage via the power
supply. The actual voltage has to be somewhat higher than the test voltage since the energy required to
magnetize the inductive load must also be stored in the capacitor bank, resulting in some voltage drop during
the first pulse. When the required voltage value is reached, the power supply is disconnected from the
capacitor bank. The measurement circuit is now at a floating potential. The voltage reference is defined by
the utilized measurement setup. This has the advantage that passive probes can be used for high-side
measurements.
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For the double pulse test, the necessary pulse sequence is calculated beforehand and is stored in the signal
generator. The test consists of three phases, which can be seen in Figure 4. The phases are as following:

» first pulse with the duration 7,
» the pulse break with a duration Ty eax
» the second pulse with duration t,

The corresponding voltage and current characteristics are depicted in Figure 4 as well. For each phase of the
test, the current carrying components are marked inside the circuit diagram.

The first pulse turns on the DUT and thus, a closed loop circuit consisting of the capacitor bank, load
inductance and parasitic series resistance (Ry) is formed (situation during t,). The pulse length is chosen
such that the desired load current (test current) is reached. We note that it can be beneficial to use more than
one pulse to reach the required test current [1]. The duration of the first pulse is defined according to the
equation for the inductance,

— diload
Vload = Lload T de (1)

with the initial condition v,,4 = Vpc. After integrating equation 1, substituting i;,,qwith the is the desired test
current Ipest (f10aq = Itest) l€@ds to the pulse duration ( t,) for the first pulse (the parasitic series resistance Rg
is neglected):

_ ITest
71 = Lload ' V;SC . (2)

During the pulse break tg...x, the DUT is turned off and the current flows through the freewheeling diode.
Due to the parasitic series resistances Rg, the inductor current drops slightly. By applying Kirchhoff's voltage
law to the closed loop circuit, we get:

. di
Ve = —(Rs * ligad + Lioad %) 3)

where v¢ is the forward voltage of the diode, which can be obtained from the data sheet. The duration of the
first pulse is significantly longer than the duration of the break, in which the switch is off, and then the
duration of the second pulse, in which the current through the inductance rises again. The length of the pulse
break must be chosen such that the switching process starting the pulse break has decayed before the
second pulse.

With the second pulse ( t,), the DUT is turned on again, and energy is transferred from the capacitor bank to
the load inductor. As a result, the voltage drops and the current continues to rise. The duration of the second
pulse should be chosen so that the current through the DUT does not reach an impermissibly high value. The
peak overshoot in the current observed in Figure 4 (top) is caused by the reverse recovery of freewheeling
diode. Here, the stored charges of the diode add an additional current component which has to be taken by
the switch. We note that both, turn-on and turn-off waveforms of the device under test, can be measured
over the complete test period.
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Figure 4: Voltages and currents in the three different phases of the double pulse test
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2.2 Measurement Parameters

Figure 5 represent the standards to measure turn-on and turn-off times and switching energies for a
MOSFET. Further information can be found in IEC 60747-8. If the switching behavior of an IGBT needs to be
characterized, refer to IEC 60747-9.

Pulse Width l Eqn Eq
90 % v
50 % 50 % DS___
V6s k10 9% —
(7)) p—
0o 90 % 90 %
td( ) 10 % L 10 %
01 ) ==
t . 0
Ly DICYFORN I N 0% 0%
ton toff

Figure 5: Turn-on and turn-off characteristics and switching energies of MOSFETSs according to IEC 60747-8

2.2.1 Switching Times (tq4, t., t;)

They are defined as follows,

taon) :  Turn-on delay time is the time interval between 10% of the rising vs and 90% of the dropping vps

t.: Rise time (due to the rising current) is the time interval between 10% and 90% of the vpg.

taorr:  Turn-off delay time is the time interval between 90% of the dropping vgs and 90% of the rising vpg

t: Fall time (due to the falling current) is the time interval between 10% and 90% of vpg.

2.2.2 Switching Energy (E,u, Eoff)

The switching energy is the integral of the power dissipated during turn-on and turn-off of a semiconductor.

E,n: The energy loss for turn-on is assessed in the time interval between 10% of I and 10% of V. and can
be evaluated by:

Eon = [YPC10 upo(£) - ip(t) dt 4)
Utestio

E - The energy loss for turn-off is assessed in the time interval between 10% of Vp and 10% of I, and
can be evaluated by:

t .
Eott = Jyies0 ups(8) - in(t) dt ®)
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2.2.3 Reverse Recovery Characteristics of Freewheeling Diode (t,, E.;)

iFA

T1q

Figure 6: Current of freewheeling diode during double pulse test including reverse recovery

The freewheeling diode operates in forward conduction mode during Tk, hOWever, at t,, when the switch
is turned on again, the freewheeling diode enters into a reverse blocking mode [2]. To be able to withstand
the DC-link voltage, the charges stored in the diode have to be removed. During this removal, the current
through the diode i; gets negative for a short period of time — the reverse recovery time t,.. Figure 6 gives an
overview of the diode current during the double pulse test. The current I, is the peak current during the
reverse recovery time interval.

t... The reverse recovery time is the time interval between the zero crossing of the diode current i and the
point in time the current has decayed to 25 % of ...

E..: The energy loss for reverse recovery is assessed in the time interval between 10% of V¢ and 2% of I,
and can be evaluated by:

Ew = [ wi(t) - ig(t) dt (6)

Vbcio

where v is the forward voltage and i; is the diode current.

2.3 Effect of Parasitic Components

For power semiconductors, the parasitic components of the connected circuitry have an important impact on
the switching behavior of the DUT. Figure 7 shows the equivalent circuit of the double pulse test with the
parasitic components impacting the device’s switching behavior. The parasitic components present in the
power loop include the equivalent series inductance (ESL) of the capacitor bank, the parasitic inductance of
the bus/PCB Lg,s, the parasitic inductances of the drain and the source terminals of the device L and Lg, the
parasitic capacitance of free-wheeling diode Cpp, the equivalent parallel capacitance of the load inductor
(EPC) and the parasitic inductance of the measurement device L.,s.. FOr the sake of simplicity, the parasitic
inductances Lgg;., Lgyus, Lp, Ls, and Leepse are summarized by L, in the following. The gate loop includes the
parasitic inductance of the gate L and the parasitic inductance of the source terminal Lg. The capacitances
Ceps Cgs and Cpg are the devices internal inter-terminal capacitances governing the devices switching
behavior.
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Figure 7: Equivalent circuit diagram of double pulse test setup with parasitics

To understand the impact of parasitics on semiconductors’ switching behavior, a detailed view on the
waveforms is necessary. Figure 8 shows the drain current iy, the drain-source voltage vpg and the gate-
source voltage vgg of a turn-on and turn-off event of a MOSFET. The switching can be sub-divided into ten
phases starting with the events ¢, to t,. Before t,, the MOSFET is turned off.

Turn-on

t,y: Driver turns on and charges the gate-source capacitance Cgg through the gate resistor R. The gate-
source voltage vgg increases.

t,: The gate-source voltage reaches the threshold voltage of the device which starts to conduct. Afterwards,
the drain current i, and the gate-source voltage are further increasing. At this phase, the first parasitic effect
with a strong impact on the switching losses comes into play. The rising current in the power loop causes a
voltage drop across the parasitic inductances (see Figure 9). This voltage drop decreases the voltage vpg as
given in

N
vps = Vpc — Lo " 37 @)

t,: The drain current reaches the load current for the first time. At this time instance, the load current is fully
commutated to the MOSFET. Since then, the stored charges of the freewheeling diode are extracted. It is
referred to as reverse recovery until the drain current reaches the load current again. In an ideal switching
event, t, is the time instance when the drain-source voltage of the MOSFETS starts to decrease (depicted in
Figure 10). The drain current keeps rising. The same applies for the gate-source voltage.

t3: The drain current reaches its maximum and starts to decrease to the test current. The gate-source
voltage no longer increases and the drain-source voltage starts to collapse. While the drain-source voltage
collapses, the voltage across the capacitance C;p, which corresponds to the feedback capacitance C,¢ given
in the datasheet, changes accordingly. The capacitance Cgp is voltage dependent with an increasing value
for lower voltages. This keeps gate-source voltage constant at the so called Miller plateau. Due to this effect
the feedback capacitance is called the Miller capacitance.
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t,: The drain current reaches the test current in an ideal case. However, depending on circuit resonances
(even from the used measurement equipment), oscillations may be observed. For finding the root cause, a
detailed analysis is required. The drain-source voltage further decreases but the rate of voltage change is
slowed down. This limits the change of the feedback capacitance and therefore the gate-source voltage
starts rising.

ts: The gate-source voltage reaches its on-value and the drain-source voltage is in on-state.
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Figure 9: Impact of an increasing stray inductance during turn-on
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Figure 10: Impact of the parasitic capacitances of diode and load inductor on turn-on of a MOSFET
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Turn-off

t,: At this time instance, the driver circuit starts to discharge the input capacitance Ci, which is the parallel
connection of the gate-source capacitance C;g and the gate-drain capacitance Cgp. The gate-source voltage
starts decreasing according to the time constant given by R, - Cis. The drain-source voltage starts rising
slightly. The drain current remains unchanged.

t;: The gate source voltage reaches the Miller plateau. The increase in drain-source voltage accelerates but
the drain current is still constant.

tg: Now the drain-source voltage reaches V. The drain current starts to decrease. The same effect which
generated the voltage dip in vpg during the turn-on event is now generating a voltage overshoot. The
decreasing current leads to an additional voltage component across the stray inductance summing up with
the DC-link voltage and stressing the DUT. The impact of an increased stray inductance is shown in Figure
11. The gate-source voltage reaches the end of the Miller plateau and further decreases.

to: The drain current and the drain-source voltage reach the off-state. The gate-source voltage further
decreases.

t10: The gate-source voltage reaches the off-state.

The parasitic components cause voltage spikes and ringing, electromagnetic interference and reliability
problems. The parasitic components Ly and Lg are inherent properties of the DUT and have a significant
impact on the switching performance. The common source inductance Lg provides a negative feedback path

between the power loop and gate loop during the switching transient % and increases the switching losses.

Because of the initial stored charges, the parasitic inductance L, acts as a current source during the turn-on,
pushing the device to turn-on quickly. However, on the other hand, it is not beneficial for the turn-off period
because it delays the device’s turn-off [3]. This behavior especially becomes important if the device is facing
a short circuit and has to be turned off quickly.

The parasitic components depicted in Figure 7 only covers the most important parasitic components. In
practice, there are several other parasitic components arising from the setup and different measuring
equipment in uses.

' Vbs

v

Figure 11: Impact of increasing stray inductance on the turn-off event
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2.4 Design of Circuit Parameters

In the design of the circuit parameters, load inductor and the capacitor bank are given highest priority. For
manufacturers, the performance of a component to be achieved is the main focus when preparing data
sheets. Thus, optimized test setups are used as far as possible. However, the performance hardly
corresponds to the values to be expected in practice for a converter to be produced in series.

Unfortunately, data sheets for power semiconductors still lack values, which makes it very difficult for a user
to relate values from different manufacturers for comparisons on common grounds. Furthermore, series
applications are systematically optimized for cost, mass, volume, etc., which leads to completely different
designs. Additionally, the measuring circuit surrounding the DUT has a massive influence on the expected
switching losses and switching times, which is why manufacturers of power electronic systems often
compare components in an application-oriented design during the design phase.

Before the double pulse test is carried out, the boundary conditions to be covered by the design need to be
defined. Here, the following points are of importance:

Maximum voltage to be turned off
Maximum test current
Maximum rate of current and voltage change

Permissible self-heating of semiconductor device

vV v.v .Yy

Test temperature
Possibility to perform a short circuit test on the setup

Based on the specifications, the necessary load inductor and the capacitor bank must first be dimensioned.

2.4.1 Dimensioning the Load Inductor

The load inductor is responsible to maintain the current as constant as possible between two switching
events of the double pulse test. The turn-off and turn-on event should be measured close to the desired test
current. Referring to the standards IEC-60747-8 and -9, a constant current is required for the test, demanding
for a large load inductance. This in turn requires long durations of the first pulse to achieve the desired test
current. On the other hand, a large pulse duration leads to self-heating of the semiconductor device.
Therefore, both aforementioned criterions should be considered while designing the load inductor.

» Duration of the first and second pulse

The duration of the pulse and the value of test current I,.; depends on the load inductor. Higher values
of load inductance result in a slower increase of currents. The operation of the semiconductor devices is
highly dependent on the test temperature. Therefore, the duration of the first pulse 7, should not exceed
100 ps to avoid self-heating of the semiconductor [4]. Consequently, the higher limit to design the load
inductor is given as:

I

T1 = Ligad - ;;Sg €)]
Vpc

Lload <t 2 (9)

Itest

» Constant current during pulse break
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As mentioned previously, a constant current is desired during the pause. However, there is a decrease
in the current due to the losses occurring in the parasitic resistance of the load and the free-wheeling
diode. During the pause, this drop-in current Al can be kept small by using higher values for the load
inductance. But as mentioned in criterion 1, higher values of load inductor might lead to self-heating of
the semiconductor device. To guarantee that a certain limit is not exceeded, a minimum value of the
inductance can be calculated.

I
vFlng

LLoad

Figure 12: Direction of current during the pause

Figure 12 gives us the equivalent circuit valid for the pulse pause. To determine the current i,,,4 during
that period, the following equation is true:

R Rs

-8 ¢ — -t
load(t) = lrest - @ Moad” + 2%+ (e Hoad ™ —1) (10)
S

The drop in current during the pause Al can be calculated by:
v RS reak
. rea
Al = i15a4 (Toreak) — ltest = ([test + R_];) : (e Hoad - 1) (11)

Reshaping and taking the natural logarithm on both sides gives the required inductance whereas Al is
specified by the designer. Typical values are 1 to 5 % of the rated load current:

1
Lload = - Rs “Toreak " | =7\ (12)
1n< Al +1>

VF
Itest+p-
testTRg

Therefore, the minimum required inductance depends on the desired test current, parasitic resistance of
the load, the pause duration and the forward voltage of the freewheeling diode. The forward voltage of
the diode is mentioned in the data sheet and can be used for estimation.

The dimensioning of the inductance is based on the above-mentioned criteria and needs to be a tradeoff
in order to have both, an optimum pulse duration 7; and a constant current during the pause. In double
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pulse test, the impact of the parasitic parallel capacitance of the inductor increases with an increase of
the rate of voltage change. Generally, there is a choice between an iron core and an air core inductor,
which can either have a toroidal or a cylindrical shape. For the setup used in this application note, a
cylindrical air core inductor was used. Advantage of using a cylindrical air core inductor is that the
absence of capacitances to the core makes the parasitic capacitance smaller compared to an iron core
inductor. The disadvantage in comparison to iron core inductor is that due to absence of the field
reinforcing effect, a comparably larger size is required.

2.4.2 Dimensioning the Capacitor Bank

During the first pulse, the electrical energy is taken from the capacitor bank and then converted into magnetic
energy in the load inductor. The voltage during this period should remain as constant as possible and the
minimum required capacitance can be obtained by considering energy balance in between capacitor and the
load inductor. The electrical energy stored in the capacitor bank is given by:

1
Ec= > Cg - Vpc? (13)
whereas the magnetic energy in the load inductor is given by:
1
E, = 3" Ligaq - Itzest (14)

The energy drop of the capacitor AE; is the difference in energy stored in the capacitor bank between the
beginning and the end of the pulse. It represents the DC link voltage drop AV and is given by:

AEc = % Cs - Ve’ — % - Cg * (Vpc — AVpc)? (15)
The relation E;, = AE. leads to:

%' Lioaq * Ifest = % Cp- VDC2 - % Cs - (Vpc — AVpc)? (16)
Therefore, the capacitance Cy has to fulfil the following criterion to limit the voltage drop AVp:

Lioad T&
CB > load ‘test 5 (17)
2-Vpc-AVpc—AVhc

This DC-link capacitance requirement increases with the increase in the test current. For smaller
intermediate circuit voltage, a significant large capacitance is required. For the double pulse test, a
capacitance in a range of yF to a few mF is required. Most importantly, the DC link should be designed in
such a way that it has a very low parasitic inductance. Generally, the choice is between the available types,
electrolytic, film and ceramic capacitors. Its features and suitability are listed in Table 1.
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Table 1: Different types of capacitors

Capacitor types Features

Electrolytic capacitors +High operating temperature range
-High ESR and ESL
Film capacitors +Low ESR and ESL

+High ripple current density
+Available in prismatic shapes
- Low operating temperature range

Instead of using a single capacitor with a large value, multiple units with smaller capacitance should be used

in parallel to achieve the total capacitance in order to have a low stray inductance design as shown in Figure
13.

e

Figure 13: Low ESL design of capacitor bank
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3 Voltage and Current Measurement

For the estimation of all the devices’ switching characteristics, both voltages and currents have to be
measured. The first challenge of the double pulse test setup is to obtain comparably large values with a large
rate of change (vps and ip). To tackle this, it is of importance that the applied probes have adequate
bandwidth and a wide range of linearity to record the rising and falling edges of the switching waveforms [5].
The second challenge is that comparably small voltages have to be measured in the presence of large
common mode voltages (vgs VS. vpg). Therefore, a large common mode rejection ratio over a wide bandwidth
is required.

The test setup on a floating potential increases the flexibility of the measurements. Passive probes can be
used to measure quantities even on the high-side. Care must be taken when inserting the probes, as the
reference potential of the setup is defined by them.

Figure 14 depicts typical measurement setups (floating potential and grounded). The features of each of
these measurement techniques are listed in Table 2.

Figure 14: Different measurement setups. Left: floating setup and passive probe. Right: grounded setup with differential probes

Table 2: Features of different measurement setups

Setup Features

Floating setup and passive probes No direct connection to the ground
Bandwidth up to 500 MHz
Simple and inexpensive probing solution

High-Voltage differential Probe Able to precisely measure small differential voltages in presence of large common
mode voltages.

Suitable for prototype setups where grounding of the DUT cannot be avoided
Minimizes loading and measurement errors due to high input impedance

Bandwidth limited to 200MHz.

No direct connection to the ground
Excellent DC and lower frequency CMRR
Bandwidth up to 500 MHz

Isolated probes are not truely differential

Isolated channel oscilloscope

VYVVVYVY VVVYY

The frequency range in which a measurement system provides reliable and accurate results is determined by
its bandwidth. Thus, the rise and fall-time correspond to a spectrum which should be measured undamped.
Therefore, bandwidth of the measurement system should be at least five times larger than the highest
frequency component to be measured [5]. Referring to Figure 15, the switching edge with a rise time of 10 ns
accurately corresponds to the edge of a sinusoidal signal of 35 MHz initially. However, when the required
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DC-link voltage is reached, oscillations can follow which need to be measured as well. If the signal is
measured using a probe and an oscilloscope, the rise time of the measured signal results in:

tr,meas ~ \/tzr,sig + tzr,probe + tzr,osc (18)

900
800
700
600
500
400
300

200 —— Sine (f= 35 MHz)
100 ; Vps (7= 10 ns)

Voltage (V)

7

0.88 09 092 094 096 098 1
t (ps)

Figure 15: Sinusoidal signal with f = 35 MHz and drain to source voltage with t,= 10 ns.

3.1.1 Voltage Measurement Probes

In order to measure the voltage for double pulse test, there are different types of voltage probes from Rohde
& Schwarz available [6] [7]. Voltage probes should facilitate requirements such as high accuracy and high
bandwidth. There are basically two categories of voltage probes, active differential probes and passive
probes. Active differential voltage probes allow voltage measurement to be carried out independent of the
oscilloscope’s ground. Therefore, it can be flexibly used in the test setup as long as the maximum input
voltage is not exceeded.

Passive probes on the other hand are robust and have no active components and do therefore not require a
power supply. Figure 16 shows the passive voltage measurement probes R&S ® RT-ZI10 and R&S ® RT-
ZH10. On the left, the probe with a longer ground lead is depicted which forms a comparably large
inductance loop between the probe and the ground lead. Through this loop, parasitic coupling can occur. To
minimize the coupling, the ground lead should be wrapped around the probe as can be seen in Figure 16
(center). Another counter measure to overcome unintended coupling to the probe is the usage of a ground
spring, which can be attached to the sleeve of the probe. In that case, typically, a probe holder is required to
position the probe.

As a general statement, it should be noted that long leads and pins increases the parasitic inductance which
increases a parasitic coupling into the voltage signal. This causes ringing and overshoots in the pulse, which
might not be part of the original signal. Therefore, it is of importance to apply counter measures. Different
probes from Rohde & Schwarz along with their features are listed in Table 3.
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Figure 16: DPT voltage measurement with passive probes with large loop(left) and counter measures (center) and (right)

For differential probes, the same unintended coupling can occur if long leads are attached to the amplifier.
Figure 17 gives an overview for a Rohde & Schwarz differential probe used with large loop inductance on the
left and the twisted leads as counter measure on the right.

Table 3: Different types of voltage probes [7]

Probe type Model Features
Active R&S ® RT-ZHDO7 »  R&S ® RT-ZHDxx high-voltage differential probes with up to 200 MHz
differential R&S ® RT-ZHD15/-ZHD16 bandwidth, up to 6 kV input voltage range
probe R&S ® RT-ZHD 60 »  R&S ® RT-ZD10/20 broadband differential probes with up to 2 GHz bandwidth
R&S ® RT-ZD10 for up 50 V input voltage range (with external 10:1 attenuator), very low input
R&S ® RT-ZD20 capacity / high input impedance
»  Low added noise
Passive probes R&S ® RT-ZI10 »  Bandwidth up to 500 MHz
R&S ® RT-Z110C »  High linearity and low added noise
R&S ® RT-ZI11 »  Note: R&S ® RT-ZIxx probes are for usage with the isolated channel
R&S ® RT-ZH10 oscilloscope R&S ® Scope Rider (RTH), only
R&S ® RT-ZH11
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Figure 17: Ways to use differential probes. Using twisted leads provides usually the best measurement result as unintended noise
coupling is minimized.

3.1.2 Current Measurement

Current sensors are used to measure the current of the DUT. There are various methods available to
measure the current. The most suitable ones for DPTs are presented as follows

Coaxial Shunts: This method uses low ohmic resistances in the circuit where the current is to be
measured and relies on the Ohm's law. For an ideal resistance, the current is proportional to the
measured voltage. Therefore, measurement results can be obtained with the help of the voltage drop
across these resistors. A limiting factor for measurement of current with coaxial shunt is the parasitic
inductance Lgy,n: Of the measurement setup. This causes the current measurement to become
frequency dependent and thus limits the bandwidth to:

Rsh
few(shuny) = #:}::m ”
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Current Transformer: This sensor consists of a transformer with a ferromagnetic toroidal core which
has the secondary-side winding mounted on it. The wire, whose current is to be measured, leads
through the core of the transformer and represents the primary winding. The magnetic field surrounding
the conductor magnetizes the transformer core, thereby inducing a current in the secondary winding
proportional to the conductor current. A burden resistor completes the circuit on the secondary side. The
voltage drop across the burden is proportional to the primary side current and can be measured by an
oscilloscope [8].

Rogowski Coil: A Rogowski coil has similar operation principle as a current transformer. However, the
main difference is that it is wound on an air core (non-magnetic) instead of an iron core. A Rogowski coll
encloses the current carrying conductor of which the current is to be measured. This method is based on
the principle that the voltage induced in the Rogowski coil is proportional to the rate of change of current
in the conductor. The voltage that is induced in the coil must be integrated in order to get the output
voltage that is proportional to current in the conductor and in most cases magnified to meet
oscilloscopes sensitivity requirements. This coil has a linear behavior as there is no saturation effect due
to the absence of magnetic material.

Table 4 gives an overview about the different current measurement techniques with its features. Figure
18 shows the connection arrangement of different types of current measurement methods with the DUT.

DC

DC &/

Ko No

N

i"CD\j Rogowski Coil
p 7 or Current
Transformer

Figure 18: Arrangement of different current measurement techniques

Table 4: Different current measurement techniques for double-pulse testing applications

Current measurement [Maximum Suitability Features
achievable
bandwidth
Coaxial Shunt 2 GHz AC/DC + High bandwidth and accuracy
- no galvanic isolation, large in size, additional loop
inductance
Current Transformer 200 MHz AC + isolated measurement
- large in size, saturation effect, additional loop inductance
Rogowski Coil 100 MHz AC + Isolated measurements, no saturation effect

- Additional integrator required, low bandwidth
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3.2 De-skew

Using different types of measurement instruments leads to different signal propagation times, e.g. between
voltage and current measurement. As can be seen in Figure 19 (left), a signal measured by two different
probes shows different shapes and a different delay in time. This is caused by different probing properties,
which can lead to incorrect measurements. Figure 19 gives an overview on the theoretical ways to align
signals measured with different probes. A first option is to align the measured signals right at the beginning of
the pulses, while a second option is to align at the ends of the pulses. Both options are marked in Figure 19
(left). Depending on the signal it might be hard to obtain the beginning or the end of the slope. A third option
is to align the two signals at the 50 % value of its rising or falling edge (Figure 19 right).

—— Signal Probe 1
= == Signal Probe 2

Align at the center

—— — — — — - ——

Figure 19: Voltage and current probe signals: Before de-skew (left) and after de-skew (right)

It is very important to note that the de-skew options described above can only be applied in case that two
measured signals are of similar shape, e.g. voltage and current measured over a resistive load or two
identical voltage signals. With the help of a configuration providing such signals, the de-skew can be
performed before the measurement. The de-skew can also be performed directly with the DPT measurement
setup if the setup is well known. Following are some of the methods which can be used for correct V-I
misalignment.

Note that the signal propagation delays can even be slightly different for probes of same model type. Hence,
whenever the probe is changed, the channels of oscilloscopes should be de-skewed. A time delay of 1 ns
can lead to an error of 80 % with rise and fall times in the region of 20 to 40 ns by calculating switching
energies, therefore the voltage and current signals must be de-skewed accurately [3].

» The V-l time misalignment can be eliminated with the help of a power de-skew fixture. One such
example is R&S ® RT-ZF20 power de-skew fixture which can be used with the voltage and current
probes from Rohde & Schwarz. The R&S ® RT-ZF20 generates pulses with different voltage swings,
current swings and transit times. In order to align two probes, the delay time of the measurement signals
is calibrated until it aligns the pulses on oscilloscopes display. For the usage of the de-skew fixture, the
aforementioned methods for alignment can be applied. Further information about R&S ® RT-ZF20 can
be found in [9]. It needs to be stated that de-skew fixtures are available for limited current and voltages
only. In some cases, these can become insufficient.

» The characteristics of the DUT can directly be used for de-skew [10]. During the turn-on of the switch,
the rise of the current leads to a voltage drop across the stray inductances according to v = Lg -%. This

voltage drop can be observed as a dip in vpg (see Figure 20). At the end of the current rise, the rate of
change of current decreases and gets zero before the current starts to decrease. Hence, the voltage dip
of vpg gets a local maximum at the current peak value. Afterwards, the drain-source voltage collapses.
Now, there are two ways to align voltage and current signals. Either the maximum of the current during
turn-on can be aligned to the local maximum of the voltage vpg or at the starts of voltage decay vpg from
Vpc and current rise (Figure 21). However, finding the right points in time for noisy signals might be quite
troublesome. If the de-skew is set properly, it can be proved by further measurements [3].
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Figure 20: Graphical VI alignment using calculated voltage drop

Aligning falling edge of vpg with
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Figure 21: Manual de-skew of voltage and current probes

» The current and voltage probes can be de-skewed by removing the inductor and replacing the
freewheeling diode with a resistor having low inductance [3] [11]. For ideal resistors, the voltage is
proportional to the current and there is no phase shift between both signals. Utilizing this in practice, a
parasitic series inductance of the resistor is unavoidable. Now, there are two ways: the series
inductance can either be kept small and is neglected or the characteristics of the resistor are known and
the phase shift can be determined. The maximum input voltage is dependent on the value of resistor
and is usually in a range of several hundred volts. During the de-skew process, it should be ensured that
the drain voltage is set below the maximum pulse rating of the resistor.

3.3 Common Mode Rejection Ratio (CMRR)

In order to make differential measurements (e.g. gate-source voltage on the high-side), it is important to
eliminate the common mode voltage from the output since only the differential voltage is of interest. As can
be seen in Figure 22, the voltage at node P is fluctuating between V¢ and zero if the minus rail is taken as
reference. In case of differential probes, a differential amplifier is located between the oscilloscope and the
probes as depicted in Figure 22. This differential amplifier is capable to attenuate the common mode voltage
and thus, the ability to reject common mode voltage is referred to as Common Mode Rejection Ratio
(CMRR). The CMRR is strongly dependent on frequency - as the signal frequency rises, the CMRR
deteriorates.

Using two single-ended probes for differential measurements is cannot be recommended. Each probe differs
slightly in frequency response, which would translate into reduced CMRR. Furthermore, the dynamic range of
the measurement would be severely limited, as each oscilloscope channel would see the full common-mode
signal.
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Figure 22: High-side gate measurement with a high-voltage differential probe. The switch node voltage swing is suppressed by the
common mode rejection ratio of the probe.

The CMRR is decreasing over frequency. Hence, the rise/fall time of a pulse determines the bandwidth of the
resulting spectrum and become the key parameter to be considered for an appropriate selection of the
voltage probe. Figure 23 gives an overview about a typical CMRR performance of high voltage differential
probes.
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Figure 23: Typical CMRR performance of high voltage differential probes
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4 Measurement Setup and Results

This chapter discusses the actual measurement setup and the results captured from the double pulse test. It
also gives practical hints to obtain results from DPT.

For generating the gate drive ARB signal, it makes sense to use software tools as the one Rohde & Schwarz
provides to avoid errors and make it easier to setup the test instruments. The Rohde & Schwarz GFM347
double pulse test tool guides the user from circuit parameters like the DC link voltage, inductor current and
the load inductor to the necessary pulse lengths. Furthermore, a direct upload of the generated ARB signal to
the generator is available. This is in particular useful since double-pulse testing is often an iterative approach,
where the pulses have to be adapted many times. The double-pulse test tool is based on the LabView
runtime environment and runs on Microsoft Windows.

GFM347 Double Pulse Test
ROHDE &SCHWARZ

Measurement Overview = Parameters | Waveform Generation | Instrument Setup

e Circuit Parameters

DC link voltage (Voc) kv | =
Parameters Inductor current (iL) 3042
Load inductor (Licad) 125uH | =
Waveform Generation
; A
71 Livad Vi - & L= TILﬂ
Instrument Setup DC load

Time Duration Parameters 9
Duration pulse #1 (T1) 3,T5us| 2
Duration pulse #2 (12) Tus| 2
Duration of pulse break (Tobreak) Sus| 2

E Generate Waveform

Figure 24: Parameter tab of the Rohde & Schwarz GFM347 Double-Pulse Test Tool to enter the main circuit parameters for generating a
double-pulse test ARB waveform

4.1 Details of Measurement Setup

A SiC MOSFET is used as DUT. It provides a comparably fast switching time. The applied gate resistance of
14 Q lets the device turn-on and off within 20 ns. This is a little bit slower than the 10 ns pulse shown in
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Figure 15. The whole setup was chosen in a way that the 30 MHz bandwidth of the slowest current probe in
use can still be applied. With a further decreasing switching time, the current probe becomes a limiting factor.
The probes used for current and voltage measurement in addition to other equipment are listed in Table 5.
As mentioned in the introduction of Section 3, a double pulse setup on floating potential is more flexible.
Therefore, a floating setup was in use to create the following measurements.

Table 5: Probes and equipment used in the test setup

No. Probes and Model Specification
Equipment
1 Oscilloscope R&S ® RTO2044 4 GHz, 20 GSals
2 Programmable Power R&S ® HMP4040 4 Channel, 348 W
Supply
3 Isolated Passive Probe R&S ® RTZI10 1 kV, 500MHz
4 High Voltage R&S ® RT-ZHD 07 750 Vek Diff 200 MHz
Differential Probe
5 Coaxial Shunt T&M SSDN-414-10 0.1Q,2GHz
6 Rogowski Coil PEM CWT Mini 50 HF 120 A, 8 A/ns, 50 MHz
06
7 Rogowski Coil PEM CWT Ultra-mini 120A, 8 A/ns, 30 MHz
06
8 DC Power Supply FUG MCP 1400-2000 2000V, 600mA

4.2 Test Results

4.2.1 Switching Transients

Figure 25 depicts the waveform of the gate-source voltage, drain-source voltage and device current resulting
from the double pulse test. Figure 26 and Figure 27 show the enlarged view of the turn-off and the turn-on
instants. These instants are used to determine the switching energies, voltage and current overshoots, rise
time, fall time and delay times. The current measurement is performed using a Rogowski coil (PEM CWT [12]
Ultra-mini [13]) while the voltage measurement is performed using the high voltage differential probe

R&S ® RT-ZHDO7. As discussed earlier, the overshoots and voltage dip caused by parasitics can be
observed on the drain-source voltage and on the drain current. Besides that, at the drain current shows some
ringing during the turn-off event shown in the overview on Figure 25. This ringing is typical for an unintended
coupling into the current probe. Be careful with the placement of the probes inside your circuit.
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Figure 27: Turn-on transient
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41.1 Current Measurement

Figure 28 gives an overview on the drain source voltage and the drain current measured with three different
current probes. The applied probes are the ones listed in Table 5. On the left side of Figure 28, the measured
currents are shown without a de-skew. The blue signal is the coaxial shunt which is the current probe with
the highest bandwidth. The green signal on channel two is a PEM UK CWT mini HF Rogowski coil [14] while
the third one is a PEM UK CWT ultra mini Rogowski colil. It can be seen that all sensors have a different
group delay and a de-skew is required. After the de-skew shown on the right side of Figure 28, all probes
deliver a comparable result.

Figure 28: Measurement results of different current probes before (left) and after (right) de-skew. blue: Coaxial shunt of T&M, green:
PEMUK CWT Mini HF, orange: PEMUK CWT ultra mini

4.1.2 Voltage Measurement

As mentioned previously in the document, long leads and pins add to the parasitic components which cause
ringing and overshoots in the resulting waveforms. Therefore, the probe leads are twisted. This measure
increases the capacitive loading by a few pF which is negligible for most devices. Figure 29 shows the drain-
source voltages of a turn-on event and a turn-off event measured with two different probes. On channel 2
(green), an R&S ® RT-ZH10 passive probe was used and kept as the reference. In addition, an
R&S ® RT-ZHDO7 differential probe was connected to channel 3 (orange). For comparability reasons, the
probes were connected to the same pin heads close to the device under test. For the turn-on event, it can be
seen that both probes deliver comparable results after a de-skew was made with 1.5 ns on the differential
probe (both signals were aligned at its 50 % value). For the turn-off, both signals follow the same behavior.
However, the differential probe shows a higher magnitude of the resulting ringing of the signal. The ringing of
the voltage can be kept as true. This resonance is caused by the stray inductance of the circuit, which forms
a resonance circuit with the device’s capacitances.
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Figure 29: Turn-on (left) and turn-off (right) measurements of vpg with different probes
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4.1.3 Switching Energy Calculations and Switching Behavior

In order to determine the switching losses and the switching energy, the math functions of the oscilloscope
can be used. As the power is determined by P(t) = vps(t) - ip(t), it can be displayed by an additional math-
trace showing the product of the corresponding channels. Note that the ratio of the probes needs to be set
correctly in order to get proper results.

For the total energy dissipated during the switching process, Esyitching = fOTP(t)dt holds and thus, it can be

calculated by a second math channel integrating the first one. The settings for both channels are displayed in
Figure 30, where the current i, and the voltage vpg are measured on C1 and C3.

Setup FFT Setup FFT Overlap FFT Gating FFT Y-Units FFT Coupling Math («)BJ ) (x) Ml 'Setup Frrsetup FFTOverlap FFT Gating FFT Y-Units FFT Coupling
Enable math signal Arithmetic Enable math signal Arithmetic
d (1
o® Basic * Advanced ! Advanced

Source 1 Qpera(or Mode Mode

Source 2 Reset mode Reset mode
t

.
L

&

Envelope wfm selection | Envelope wfm selection
I — ‘
- | Waveforms
m Vertical scale b m Vertical scale
5 Vertical scale o) Vertical scale
Manual Manual 75 uW=s/div

E. Abto Vertical offset ‘@.J ik Vertical offset
— 1.5 kW \

Figure 30: Setting up the math channels for the evaluation of the switching power (left) and the switching energy (right).

The resulting measurement curves can be seen in Figure 31 for the turn-on event.
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Figure 31: Screenshot of the turn-on event measured by the R&S ® RTO2000. In addition to the drain-source voltage (yellow) and the
source current (red), the switching power (blue) and energy (green) evaluated by the math functions of the instrument are displayed (see
section 4.1.3).

As explained in Section 2.2.2, the energy is evaluated between certain characteristic values only. For the
turn-on process, the energy is to be evaluated between the 10 % value of the source current and the 10 %
value of the drain-source voltage. With the oscilloscope, this can precisely be done using the cursor
functionality (further explained in the next chapter). Here, a first cursor pair was used to determine the 10 %
values of the drain-source voltage and the source current. Afterwards, a second cursor pair was aligned with
the first pair to determine the difference in energy. For the measurement shown in Figure 31, 237 yWs were
determined with the cursors, resulting in a deviation of 5.9 % from the total integral over the switching losses
(251 pws).

4.1.4 Actual De-skew Procedure

The screenshot in Figure 31 shows the turn-on measured low-side by an RTO oscilloscope without any de-
skew measures. It will be shown that even this small misalignment between both curves does have a visible
influence on the evaluated switching losses. A de-skew is performed in the following to show the process
using an RTO and to show the influence on the evaluated switching performance. For the de-skew the device
characteristics are used as described in Section 0.

In order to see the actual time offset between measured voltage and current, a horizontal zoom in
combination with the cursor function can be used as shown in Figure 33. Here, cursor Cu,1 is placed at the
current maximum while cursor Ci,2 is matched to the local minimum caused by the voltage across parasitic
inductance Ly (as shown in Figure 21).

For the cursors, a combined cursor (horizontal and vertical) with two sources (one for the voltage and one for
the current signal) is used with “Track waveform” enabled (see Figure 32).
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Figure 32: Cursor settings to evaluate the time offset between drain-source voltage and source current.
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Figure 33: Resulting screen for the de-skew between drain-source voltage and the drain current. The cursors are placed on the current
maximum and the local voltage maximum, caused by the parasitic inductances, making use of the oscilloscopes measure functions.

To find the exact cursor positions, the measure functions of the RTO were used. As the current peak is
the global maximum during the turn-on, it can be determined by the Max-measurement (Meas > Meas
Group - Category: Amp/Time. Active Measurements: Max). For the voltage, the local maximum needs
to be measured. This can be achieved by “Measurement gating”. Using a new measurement group,
“Max” needs to be chosen. In addition, the gating needs to be enabled (Meas = Gate/Display > Use
Gate). The position of the gate can either be adjusted using the “Gate definition” in the “Gate/Display”
menu (see right side of Figure 34) or by using the Touch-screen afterwards. To display the
corresponding values, “Group result dialogs” needs to be enabled in the “Gate/Display” menu as well.
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Figure 34: Measurement settings for maximum / minimum measurements (left) and the additional settings for the gating for the local
voltage minimum (right).
Afterwards, the cursors can be adjusted until the evaluated current maximum and voltage minimum are
met. The required time offset is now displayed as the Ax-value between both cursors, in our case 7.7 ns.

Knowing the time offset, the de-skew functionality of the oscilloscope can be used (Select Channel (ip-
channel) - Probe Setup = De-skew).

AUX OUT Reference clock ' Skew Horizontal AccuracyE] G] @

Showichannal Probe skew offset
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additional skew
User skew offset Probe skew offset offset (active
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Probe skew not User skew offset
Skew offset selected.
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Probe Setup [»

Figure 35: Correcting the time offset with the integrated de-skew function of the oscilloscope.

Figure 36 shows the resulting measurement after the de-skew. We note the time de-skew of 7.7 ns
corrects the switching energy from 320 pWs to 221 pWs, corresponding to a deviation of almost 45 %
from the de-skewed value.
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Figure 36: Turn-on energy measurement after de-skew

5 Conclusions

Double Pulse testing is a standard-testing method with many different use cases in power electronics design.
In particular for device characterization, it is important to carefully design the test setup to avoid
measurements errors due to excessive parasitics and ensure safe operation. Selecting the right probing
solution and carefully considering de-skew are other elements essential for accurate measurements. Even
small errors in de-skew can lead to large deviations in switching loss measurements leading to wrong
conclusions. Since double-pulse testing is often done iteratively, it makes sense to use SW tools for

generating the gate drive ARB signal as the one R&S provides.
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