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Analysis of Power Switching Losses
Accounting Probe Modeling

Kaiçar Ammous, Hervé Morel, Student Member, IEEE, and Anis Ammous

Abstract—This paper focuses on the errors affecting the esti-
mation of power switching losses in power semiconductor devices
based on integration of the voltage by current product. It is
shown that the measured waveforms are not simply delayed by the
probes, but some overshoots and distortions are due to the probes,
which may not easily be corrected. These effects are the source of
errors, particularly in fast transients. This paper shows analyses
of simulation and measurements, including probe models.

Index Terms—Distortions, losses, measurement, power, probe
modeling.

I. INTRODUCTION

ONE CLASSICAL approach for the estimation of switch-

ing losses in a power semiconductor device is based on

the calculation of the power signal as the product of the current

by the voltage signals. Then, the power signal is integrated. For

medium power range devices, the transients may occur in some

tens of nanoseconds. Recent papers [1], [2] have addressed the

measurement of semiconductor device losses and focused on

the limitations of digital oscilloscopes and their calibration with

respect to high-speed waveforms. Other papers addressed the

power loss measurement in the case of microwave power ampli-

fiers [3], [4], where the power amplifiers are integrated circuits

for which probes cannot be inserted. The present problem of

loss measurements is then different. Current and voltage probes

are inserted inside the circuit and connected to an oscilloscope.

To avoid boundary effect perturbations, a good practice is to

measure signals on a device connected near the ground of the

circuit or any other constant potential of the circuit.

As the frequency bandwidth is a key parameter in such a

measurement system, it is assumed that the current and voltage

probes, as well as the oscilloscope, have a sufficient bandwidth.

Moreover, the probe is considered linear.

Application notes [5]–[8] point out that the instrumentation

system should exceed this bandwidth by a factor of 3.

This paper presents the analysis of probe effects on waveform

measurements of a diode component during fast switching

phases.
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This paper also focuses on probe modeling and compares

simulation results with measurement results on a switching cell.

Following the introduction, this paper is organized in three

additional sections. Section II presents probe and cable length

effects on signal delays in a simple test circuit. Section III

introduces refined models of the probes and describes a test

circuit (a switching cell) that is used to measure the current and

voltage waveforms of a power diode device under test (DUT)

to illustrate how the probes affect the waveform measurements.

Section IV presents results on power diode turnoff.

II. TEST CIRCUIT TO ESTIMATE DELAY

The simple test circuit in Fig. 1 is considered to show the

delay introduced by the current and voltage probes. Capacitor C
is used to supply to transient currents, and the current source

includes a serial self-inductor to avoid transient voltages. VR is

a voltage source, and IF is a current source.

It appears that synchronicity between waveforms is of prime

importance (Figs. 1 and 2). Application notes [8] indicate that

a delay correction is required, which may even be treated by

high-quality oscilloscopes as a simple time skew (namely, the

deskewing process). The delay depends on probe and cable

lengths. A TMS-Research 1.2-GHz shunt [9] was used as

the current probe, and a Tektronix P6139A 500-MHz voltage

probe was considered. In Fig. 1, an IRF740 MOSFET tran-

sistor creates a current step waveform inside a 50-Ω MP930

high-frequency resistor. Fig. 2 shows the current and voltage

waveforms. A 3-ns delay may be estimated for 1 m of cable for

both probes. However, Section III will show that a correction

of the latter delay between current and voltage waveforms is

not sufficient to guarantee an accurate estimation of power

losses.

Fig. 3 shows the current waveforms during switching phases

obtained by different types of current probes at turnoff of a

diode DUT. Each current waveform case corresponds to a shunt

connected with a given type of cable. Two types of cables

were used, namely, coaxial (with two different lengths) and

rigid coaxial copper cables. Measurements show that the copper

cable gives the lowest overshoots and, thus, a more accurate

current waveform.

Interactions also occur, and a good calibration of probes is

required. Fig. 4 shows the classical equivalent circuit represent-

ing the interaction between a voltage probe and an oscilloscope.

The cable is considered as ideal. In the case of semiconductor

devices of medium current range (1–30 A), the OFF-state ca-

pacitance of the DUT is of the same order of magnitude as the

voltage probe input capacitance (Ct ≈ Cs = 8 pF, equivalent
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Fig. 1. Picture and schematic of the circuit used to estimate a delay between a voltage probe and a current probe (using a coaxial wire and a shunt). Capacitor C

is used to supply to transient currents, and the current source includes a serial self-inductor to avoid transient voltages. VR is a voltage source, and IF is a current
source.

Fig. 2. Current and voltage measurement waveforms used in the proposed test circuit (of Fig. 1).

Fig. 3. Diode current measurement waveforms obtained with the different current probes at turnoff.

to the junction capacitance of a power diode). The effects of the

voltage probe capacitance are qualitatively discussed in [10].

Tektronix publishes [10] on how the voltage probe input ca-

pacitance affects the risetime and the delay at the output of

a usefulness circuit (Table I). For another quantification of

probe effects, turnoff switching is simulated with a capacitance
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Fig. 4. Classical equivalent circuit representing the probe and the oscilloscope
input.

TABLE I
MEASUREMENT ERROR INTRODUCED INTO A CIRCUIT OUTPUT

SIGNAL BY THE INPUT CAPACITANCE OF THE PROBE

Fig. 5. Circuit used to simulate the diode under test behavior and the effect of
the probe on current and voltage waveforms.

Fig. 6. Driving signals of the IGBT and the MOSFET used in the proposed
test circuit (of Fig. 5).

connecting in parallel with a diode DUT (Fig. 5). Driving

signals of the insulated gate bipolar transistor (IGBT) and the

MOSFET used in the proposed test circuit (Fig. 5) are shown

in Fig. 6. Capacitor C represents the input capacitance of the

probes device. Fig. 7 pictures how capacitor C affects these

Fig. 7. Effect of the equivalent capacitance of the probe on diode current and
voltage parameters during turnoff.

latter parameters and power loss estimations in the diode. To

enlighten the errors in the estimation of power losses, one idea

is to model the voltage and current probes and include these

devices in the simulation process to improve the pertinence of

the comparison between simulations and measurements. Often,

in circuit simulations, the voltage probe is simply modeled as a

simple equivalent circuit (Fig. 4), or it is not taken into account

at all. Indeed, probe devices are more complex and may be

described by the schematic in Fig. 8. It is well known that the

voltage probe has to be calibrated to ensure a constant ratio

between input and output voltages over a wide frequency range.

Nevertheless, even if adequately calibrated, a voltage or a

current probe introduces distortion on the waveform.

The device simulator ISE [11] was considered with a classi-

cal 1-D p-i-n diode description, using technological parameters

compatible with a 10 A–600 V device, as given in Table II. The

maximum reverse voltage VRM, the maximum reverse current

IRM, and current slopes dIR/dt and dIF /dt are parameters that

characterize diode turnoff (Fig. 9). The following specifications

could be estimated as acceptable for a medium-range power

diode: 0–600 V, 500 MHz, and Cinput = 0.1 pF. Unfortunately,

efficient active voltage probes featuring adequate characteris-

tics for power switching measurements do not exist. Thus, it

is required to use passive voltage probes instead of differential

active probes and to take into account the interaction.

III. SWITCHING CELL MODELING AND MEASUREMENTS

To analyze the effects of the probe models, which are rep-

resented by a capacitance Cprobe in the circuit (Fig. 5), on

power loss estimation, a switching cell is considered both for

experiment and simulation. The power MOSFET transistor is

modeled with the classical level-3 SPICE model [12]. The

MOSFET parameters are given in Table III. A 1-D description

of the p-i-n diode is developed with the device simulator ISE

[11], combining the MOSFET model to simulate a switching

cell. A switching cell wiring model is built using the software

INCA [15] based on the partial-element equivalent circuit
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Fig. 8. Proposed model of the voltage probe: probe head model circuit CtRt, cable modeled by the sequence of line elements (R, L, G, C), probe body
represented by Rbod and variable capacitance Cbod, and scope input impedance model circuit CsRs.

TABLE II
PARAMETER VALUES OBTAINED BY THE EXTRACTION PROCEDURE FOR DIODE AND MOSFET DEVICES

Fig. 9. Simulation waveforms of the voltage and the current evolution during turnoff [diode DUT BYT12PI1000, MOSFET IRF740, Lc = 90 nH (parasitic wire
inductance), IF = 2 A, VR = 150 V, and T = 300 K]. t1 is the time where the current reaches zero, t2 is the time of the maximum current, t3 is the time of the
maximum voltage, and t4 is the time where the voltage reaches VR.

(PEEC) method [14]. The next section describes the circuit

operating the switching cell under controlled conditions. The

most stressing transient phase is definitely when the power p-i-n

diode turns off. The power generated by the diode during

turnoff is taken as an example for discussing the probe behavior

and the interactions between the circuit and the probes.

The experimental setup is given in Fig. 5. It includes a

switching cell (MOSFET transistor and p-i-n diode), voltage

VR, and current IF dc supplies, but the control electronics

is not shown. The MOSFET transistor (IRF740) ensures fast

blocking of the diode current. The IGBT transistor (MUP304),

which is slower but more robust than the MOSFET transistor,
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TABLE III
PARAMETER VALUES OBTAINED BY THE EXTRACTION PROCEDURE FOR VOLTAGE AND CURRENT PROBES

Fig. 10. Used circuit for simulation studies (diode: BYT12PI1000; MOS: IRF740; Lc: equivalent loop wiring; Ldio1 + Ldio2 = Ld: bonding inductor of the
diode; shunt model circuit: Ls, Rs, Cs; ls: bonding inductor of the MOSFET; VR: voltage source; IF : current source).

controls the main current most of the time. It is turned off just

several microseconds to let the switching cell operate (Fig. 6).

Fig. 9 shows the simulation of the diode turnoff transient when

power losses are intended to be estimated. The switching cell

circuit used for the simulations is pictured in Fig. 10. Accu-

rate modeling of all the components of the switching cell is

required. Indeed, modeling of all converter components, includ-

ing wiring elements, is essential for the accurate measurement

of p-i-n diode turnoff behavior. The circuit layout represen-

tation may not be simplified to a simple wiring inductance.

The method applied for wire modeling is based on the PEEC

method [14]. This is a useful concept in power electronics that

enables one to assign an equivalent electrical circuit to each

portion of a conductor. This equivalent circuit is an L-R series

circuit where all the self-inductances are coupled by mutual

inductances. This method has been validated in multiple con-

figurations and for various types of circuit structures [20]. The

electrical equivalent circuit is pictured in Fig. 10. The values

of self- and mutual inductors are estimated using the software

INCA [13].
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Fig. 11. Comparison between measurements and simulations of the diode (top) voltage and (bottom) current waveforms at the probe head and the probe terminal.

The ISE simulator was used to take a fine simulation of

the proposed circuit (Fig. 10). The IGBT is not taken into

account in simulations: during MOSFET switching, the IGBT

has no influence on the switching cell behavior because of the

IGBT wiring outside the printed circuit board cell board. The

reference for the measurement, i.e., the oscilloscope mass, was

on the side of the dc link. To measure the diode voltage VD, two

voltage probes in a differential setup were used: one to sense

the anode voltage, and the other to sense the voltage cathode.

A differential voltage probe based on two Tektronix P6139

products was practically realized, which is now commercialized

under the reference Tektronix P6135A.

Accurate high-frequency current measurements may be

achieved using a magnetic core transformer or a shunt. Among

other techniques, due to high-frequency requirements, a shunt

featuring a large bandwidth (dc to 1 GHz, type TMS Research

SDN_414_025, 0.025 Ω) was selected. The shunt was con-

nected to a 50-Ω oscilloscope input impedance. The shunt is

easy to model because it corresponds to a pure resistor in series

with a wiring parasitic inductance. The voltage across the pure

resistor was measured by the oscilloscope using a rigid coaxial

copper wire of type RG405U. A model of the coaxial wire is

needed to provide good models for voltage and current probes.

A typical measurement is represented in Fig. 11. Classical

waveforms are obtained characterizing hard turnoff of a power

p-i-n diode for a reverse voltage VR = 150 V and for a forward

current IF = 2 A.

IV. PROBE MODEL

Probe models are required to complete the switching cell

model. A classical model of the electrical cable is given by the

line Π-model, including losses in the cable. It corresponds to

a sequence of line elements: The distributed resistance of the

conductors is represented by a series resistor R, an admittance

G representing the insulator leakage, an inductor L due to the

magnetic field around the wires, self-inductance, and a capaci-

tor C representing the capacitance between the two conductors.

Fig. 8 shows the complete model of the voltage probe, including

the oscilloscope input impedance effect (Rs, Cs). The voltage

probe model comprises a probe head, which is represented by

Ct and Rt; a cable, which is represented by the sequence of

line elements (R,L,G,C); and a probe body [15], which is

represented by Rbod and variable capacitance Cbod.

The voltage and current probes have been characterized

using an impedance analyzer (HP4194A up to 40 MHz and

HP8751 up to 500 MHz). Fig. 12 compares the simulated and

experimental transfer functions of the voltage probe. There is

a good agreement between measurements with the impedance

analyzer and simulation results using the probe model in Fig. 8.

The probe model was validated in the frequency domain, but the

linearity of the physical phenomena ruling the probe behavior

enables one to assume the validity of the probe model in the

time domain. In the cable model, the delay depends on the

number m of (R,G,C,L) cells. The delay increases with m
but reaches a limit value.
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Fig. 12. Simulated and measured impedance of the voltage probe versus frequency.

TABLE IV
SWITCHING LOSS ERROR VERSUS APPLIED VOLTAGE VR FOR NO PROBE EFFECT COMPENSATION AND

FOR THE PROBE DELAY PHENOMENON. THESE ERRORS ARE CALCULATED FROM THE

DIFFERENCES OF THE MODELED AND SIMULATED LOSSES AT THE PROBE,
WHICH ARE DEDUCED TO BE THE TRUE SWITCHING LOSSES

Fig. 13. Diode turnoff loss evaluations versus input voltage obtained by the
numerical simulation (diode: BYT12P1000).

According to measurements with the impedance analyzer

HP4194A and some parameters found in the datasheet con-

structor [16], [17], voltage and current probe characteristics are

given in Table IV.

The voltage probe model includes a probe head, a cable

and, a probe body. Fig. 8 also shows the oscilloscope input

impedance model.

The probe and cable models were implemented in ISE,

MATLAB, and SABER simulators.

Fig. 14. Diode dissipated power during turnoff obtained by the numerical
simulation (VR = 150 V, IF = 2 A).

V. RESULTS AND DISCUSSION

Some results are discussed and show that the influence of

probes on the measured waveform is not simply “a gain plus

a delay.” The measurement waveforms represented in Fig. 3

show that a simple cable can introduce an overshot. These

variations influence the estimation of the energy losses during

device transients.

This section presented the test bench considered for analyz-

ing the probe behavior.

Comparisons of measurements and simulations for voltage

and current waveforms before and after the probes are con-

sidered. Fig. 11 compares simulation results to experimental

results for diode current and voltage waveforms during turnoff.
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Fig. 15. Inverse waveform (V′e) obtained by the inverse probe models (I.M.)

Simulations compute waveforms at the probe heads and at the

probe terminals. Then, comparisons with measurements of volt-

age and current waveforms are possible. Simulation waveforms

at the probe output, i.e., the oscilloscope input, are in good

agreement with experimental data and support the accuracy of

our models.

Fig. 11 shows that the voltage probes introduce overshoots

and delays in fast transient responses. The delays may be com-

pensated with an offset; however, the overshoots are obviously

difficult to correct.

Fig. 13 represents the power loss estimation versus the re-

verse voltage applied to the diode during switching. The power

losses are estimated from simulated waveforms at the probe

head and probe terminals, respectively. Power is also estimated

when voltage probe terminal waveforms are corrected from the

cable propagation delay. It may be considered that the “gen-

uine” power losses are estimated at the input of the probe model

(probe head). Considering the current and voltage waveforms

at the probe terminals and integrating the waveform product in-

troduce an important error: this is the classical method from the

experimental point of view. Fig. 13 shows that this latter basic

method introduces 30% (at VR = 50 V) of discrepancy with

regard to the “genuine” power losses at the probe head with

increasing error with turnoff hardness. In addition, correcting

with time delay between the voltage and current waveforms

reduces the error to 6% at VR = 50 V and 15% at VR = 250 V.

In general, the error increases with turnoff hardness. It is

dependent on the different types of semiconductor components,

the reverse voltage, the forward current, and the probe devices.

To obtain the real voltage and current waveforms of the

devices, an inverse model of the probe should be used. In

fact, when the measured electrical waveforms (from the oscil-

loscope) are applied at the input of the inverse model, the real

evolution of these waveforms can be calculated.

Fig. 14 presents the estimation of the diode energy loss

during turnoff (VR = 150 V, IF = 2 A). The simulation results

picture the energy loss with and without a delay correction.

A global correction is necessary, and cable inverse models

are a suitable approach for such a task. For example, the

“traveling-wave” model considers the wave equations inside the

cable. No details are presented in this paper. The reverse model

then comes as

Ve(t) =Vs(t + τ) + Vs(t − τ)

+ Z · [Is(t + τ) − Is(t − τ)] (1)

is(t) = (Ve(t − τ) − Vs(t)) · YZ + ie(t − τ) (2)

ie(t) = (Ve(t) − Vs(t − τ)) · YZ + is(t − τ) (3)

YZ = 1/Z, where Z =
√

L/C is the characteristic im-

pedance of the line, and v = 1/
√

LC is the phase velocity. In

addition. τ = d/ν is the travel time of the wave to get from one

side of the line portion (e) to the other side (s).
Fig. 15 presents the voltage probe inverse-model response

(V′e) to a voltage waveform of a p-i-n diode during turnoff.

The initial signal Ve is applied to the direct model (D.M.), the

output voltage Vs is applied to the inverse model (I.M.), and the

output voltage V′e is similar to the initial voltage Ve.

VI. CONCLUSION

In this paper, we have shown that it is important to model the

current and voltage probes to compare simulation and experi-

mental waveforms in the case of fast measurement switching

phases. Moreover, the influence of a probe is not simply a gain

plus a delay. The introduction of a simple delay correction on

electrical waveforms is not sufficient to achieve an accurate es-

timation of power losses, particularly for fast switching devices.

If the equivalent capacitance value of the DUT is of the same

order of magnitude as the input capacitance value of the probe,

the distortion introduced by the probes is not negligible.

Voltage and current waveforms are often the input data

used to improve device model parameter extraction algorithms.

Indeed, classical identification procedures are based on the

discrepancies between experimental and simulation results.

The precision of the extracted parameter values depends on the

accuracy of the probe model.

A probe reverse model may be considered and applied to

experimental results to produce a correction of the measured

waveforms. Then, the power loss estimation will be more

accurate, particularly in the case of fast semiconductor devices.
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