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Abstract

We propose a stray inductance extraction method on power modules of the few-kilo-

volts/several-hundred-amperes class using only low voltages and low currents. The

method incorporates a double-pulse generator, a level shifter, a switching device, and

a load inductor. The conventional approach generally requires a high voltage of more

than half the power module’s rated voltage and a high current of around half the

rated current. In contrast, the proposed method requires a low voltage and low cur-

rent environment regardless of the power module’s rated voltage because the module

is measured in a turn-off state. Both theoretical and experimental results are pro-

vided. A physical circuit board was fabricated, and the method was applied to three

commercial power modules with EconoDUAL3 cases. The obtained stray inductance

values differed from the manufacturer-provided values by less than 1.65 nH, thus

demonstrating the method’s accuracy. The greatest advantage of the proposed

approach is that high voltages or high currents are not required.
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1 | INTRODUCTION

Power modules that combine switches and fast recovery
diodes are commonly used to handle high currents and
high blocking voltages in outdoor power generation sys-
tems and high-power industrial supplies.

The stray inductance of a power module results in
semiconductor breakdown caused by the overshoot volt-
age on turn-off transitions, which greatly affects both the
system’s safety and reliability and its efficiency due to
the increase in switching energy loss [1–6]. A voltage
drop causes the overvoltage that occurs when the module

switch turns off via the diode, the bond wires that make
up the module, the metal patterns on the double-bonded
copper solders for the chip, and the terminal bonding.
Figure 1 shows simplified views of the circuit and the
turn-off transition waveforms conventionally used to
extract the stray inductance of a power module. The close
relation between the stray inductance in a power module
and its breakdown voltage and turn-off energy loss is
determined by (1) and (2), respectively.

VDS peakð Þ ¼VDSþLS� di
dt
, ð1Þ
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Eoff ¼
ð
VDS tð Þ � IDS tð Þ �dt: ð2Þ

Various technologies have been proposed to reduce
the stray inductance of a power module, including special
layouts for chip positioning on a ceramic substrate layout
[3,4,7,8], three-dimensional (3D) vertical structures with
planar bonds, and double-side cooling [9,10], wide area
bonding using flexible circuit boards, and silver diffusion
sintering joints [11,12].

Meanwhile, there are two basic approaches for
extracting the stray inductance of a power module, the
first of which relies on using a 3D simulator and is, there-
fore, based on calculations [5,7,8,10,11]. The attendant
methods’ accuracy can vary depending on the model’s
accuracy and the attendant information. The second
approach relies on the use of various measuring methods.
Here, the stray inductance can be extracted by measuring
only the substrate and bond wires rather than the metal-
oxide-semiconductor field-effect transistors (MOSFETs)

and diodes [3,13]. However, this method does not accu-
rately reflect the characteristics of the actual module.

There are reports of various methods for more
accurate stray inductance extraction, including an extrac-
tion method based on transient switching waveform mea-
surement and the relationships among voltage, current,
and inductance, as given by (1) [4,12], extraction using
the junction capacitance of a device and ringing fre-
quency of the turn-off waveforms [9], and using two-port
S-parameter measurements [14].

This paper proposes a method that allows for
extracting the stray inductance from turn-off transitions
with a low current and a relatively low voltage. The
remainder of the paper is organized as follows. Section 2
introduces the theoretical and experimental analyses of
the proposed stray inductance extraction method before
Section 3 discusses the obtained experimental results,
and Section 4 concludes the paper.

2 | PROPOSED STRAY
INDUCTANCE EXTRACTION
METHOD

Figure 2 shows a block diagram of the test board used to
extract the stray inductance of a power module using the
proposed method [15]. A double-pulse generator and
level shifter drive the conventional silicon low voltage
power MOSFET (Q1). The power module to be measured
connects to the source of Q1. Both the high-side and low-
side of the power module maintain an off state during
the procedure. The conventional method (Figure 1) gen-
erally requires a high voltage of more than half the rated
voltage of the module and a high current of around half
the rated current [1–5,7,9,10]. However, the proposed
method (Figure 2) has the great advantage of allowing for

F I GURE 1 (A) Block diagram of the conventional circuit and

(B) turn-off transition waveforms used for extraction of the stray

inductance of a power module

F I GURE 2 Block diagram of the test board used to extract

the stray inductance of a power module using the proposed

method [15]
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extracting the stray inductance in a low voltage and low
current environment regardless of the rated voltage of
the module because the module is measured in a turn-off
state.

Figure 3 shows the equivalent circuit of the proposed
stray inductance extraction circuit. When both the high-
and low-side gates of the power module are negative, the
power module can be represented by a diode (Deq) and
stray inductor (LS). When Q1 is in the on state, the load
current (IL) flows through the circuit VDD–Q1–LLoad, as
shown in Figure 3A, and the node voltages become

VR ¼VDD ¼VL, ð3Þ

VDS Q1�ONð Þ ¼ 0, ð4Þ

where VR is the voltage drop across the LS and Deq.
When Q1 is in the off state, the reverse current (IR)

flows through LLoad–Deq–LS, as shown in Figure 3B, and
the node voltages become

VR ¼ΔV ¼� VF þVLsð Þ¼�VL, ð5Þ

VDS Q1�OFFð Þ ¼VDDþVL ¼VDDþ VF þVLsð Þ¼VDD�ΔV ,
ð6Þ

where VF is the forward voltage drop of Deq and VLs is
the voltage drop across the LS, whereas ΔV is the voltage
drop via the LS and Deq when Q1 is in the turn-off state
(Figure 3B) and denotes the voltage between the mod-
ule’s high-side drain and the low-side source when the
power module switches off.

Figure 4 shows the pre-test environment and wave-
forms used to validate the proposed stray inductance
extraction method. Here, the stray inductance is extracted
from the measurements obtained while Q1 is in the turn-
off state. At that point, a voltage drop (ΔV) appears across
the power module, and the current derivative di/dt

created by the stray inductance is constant. The stray
inductance of the module should be considered in terms
of the VLS and VF owing to the current flowing through
the diode when the module switches off. Therefore, the
stray inductance can be calculated according to (7):

LS nH½ � ¼ΔV
di
dt

� � : ð7Þ

Figure 5 shows the same waveforms for several values
of the stray inductance (LS) (see Figure 3). The different
LS values were obtained by adjusting the length of the
jumper (with 1.5-cm steps) applied to the board, with
the waveforms for each inductance thus generated. As
the figure shows, the ΔV was directly proportional, and
the di/dt slope was inversely proportional to the stray
inductance.

3 | EXPERIMENTAL RESULTS

Figure 6 shows a photo of the proposed stray inductance
extraction circuit, which corresponds to a hardware
implementation of the block diagram shown in Figure 2.
The points OUTPM, DPM-HS, and SPM-LS, shown in
Figure 6, are connected to the output, high-side drain,
and low-side source of the power module.

Figure 7A shows simplified block diagrams of both
the double-pulse generator and the level-shifter circuits.
Here, a single 12-V supply operated the active circuit
blocks. The double-pulse generator consisted of a trigger,
three timers, and two diodes, with a trigger circuit block
used to trigger Timer I, whereas Timer II and Timer III
were triggered by the falling edges of the Timer I and
Timer II outputs, respectively. Meanwhile, the capacitors
C1, C2, and C3 are associated with the timers’ charge and
discharge through resistors R1, R2, and R3, respectively.
When the output of a timer is “HIGH,” its respective
capacitor charges through the corresponding resistor,

F I GURE 3 Equivalent circuit and

operating principle of the proposed parasitic

inductance extraction circuit in (A) the on state

and (B) the off state
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whereas when the output is “LOW,” it discharges
through the same resistor. Meanwhile, D1 and D2 are
used to prevent any injection of Timers I and III outputs
into the other timer, thus allowing the combination of
both output signals into a single signal. These three resis-
tors and three capacitors form a feedback network associ-
ated with the output of each timer and allow for
controlling the pulse widths of two successive pulses and
the time interval between these two pulses.

Figure 7B shows the output waveforms (T1, T2, and
T3) of the three individual timers and the final output

waveform (T4) of the double-pulse generator. Because the
on-state voltage of T4 was approximately 2 V, it was nec-
essary to increase the voltage up to 15 V (or more) to drive
the Si MOSFET (Q1). A level shifter was connected to the
output of the double-pulse generator and was used to
drive Q1. The level shifter consisted of a step-up DC–DC

F I GURE 4 (A) Pre-test environment and (B) measured

waveforms used to validate the proposed stray inductance

extraction method

F I GURE 5 Measured waveforms of (A) VR and (B) IR
(showing the di/dt slope) during the turn-off transition

F I GURE 6 The physical board implemented to test the

proposed stray inductance extraction method
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converter and an isolated gate driver. Figure 7C shows
the output waveforms of both the double-pulse generator
and the level shifter. Here, while the on-state voltage of
T4 was approximately 2 V, it was increased to approxi-
mately 16 V (VGS, Q1) by the level shifter. Table 1 shows
the design parameters used in the feedback network and
the measured pulse widths obtained via the three timers.

Figure 8 shows the setup used for stray inductance
extraction of a power module with an EconoDUAL3 case.
The greatest advantage of the proposed method is that it
does not require a high voltage or a high current because
the device is measured in the turn-off state. Here, we
used a VCC of 12 V for both the double-pulse generator
and the level shifter. The drain voltage of Q1 (VDD) was
10 V, at which point the reverse current flowing on the
module (IR) was 3.5 A.

F I GURE 9 Waveforms obtained using the proposed method

for three different power modules: (A) FF600R12ME4 (an IGBT

module from Infineon), (B) SEMiX453GB12E4Ip (an IGBT module

from SEMIKRON), and (C) BSM250D17PE004 (a SiC module from

ROHM)

F I GURE 7 (A) Simplified block diagram of the proposed

double-pulse generator and level-shifter circuits; waveforms

measured at the output of (B) the double-pulse generator and

(C) the level shifter

TAB L E 1 Design parameters of the feedback network (@

VCC = 12 V)

R1 (Ω) R2 (Ω) R3 (Ω)

750 500 500

C1 (nF) C2 (nF) C3 (nF)

10 10 10

Measured pulse width

tw,1 (μs) tw,2 (μs) tw,3 (μs)

13.5 7.7 7.2

F I GURE 8 Measurement setup for the power module stray

inductance extraction test
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Figure 9 shows the (measured) waveforms obtained
using the proposed method for three different commer-
cial power modules. Figure 9A shows the double-pulse
waveforms of a 1200 V/600 A IGBT power module from
Infineon. Here, the measured values of di, dt, and ΔV
were 3.96 A, 62.58 ns, and 1.34 V, respectively. Using
these results, along with (7), we obtained a value of
21.17 nH for the stray inductance. Meanwhile,
Figure 9B shows the waveforms obtained for a
1200 V/450 A IGBT power module from SEMIKRON.
Here, the measured values of di, dt, and ΔV were
3.44 A, 53.98 ns, and 1.38 V, respectively, resulting in a
stray inductance of 21.65 nH. Finally, Figure 9C shows
the corresponding waveforms for a 1700 V/250 A SiC
module from Rohm, with the measured di, dt, and ΔV
found to be 2.72 A, 40.98 ns, and 0.89 V, respectively,
leading to a stray inductance of 13.41 nH. These values
were extremely similar to the stray inductance values
provided on the datasheets of each manufacturer (see
Table 2), which demonstrated that the proposed method

is advantageous since it provides high accuracy while
simultaneously avoiding the need for the use of high
voltages and currents in the measurements.

F I GURE 9 (Continued)

TAB L E 2 Comparison of extracted stray inductance of

commercial products

Reference Product

LS (nH)

@datasheet

Proposed method

ΔV
(V)

di

(A)

dt

(ns)

LS

(nH)

Infineon

Technologies

[16]

FF600R12ME4 20.0 1.34 3.96 62.58 21.17

SEMIKRON

[17]

SEMiX453GB12E4Ip 20.0 1.38 3.44 53.98 21.65

ROHM Co.,

Ltd. [18]

BSM250D17PE004 13.3 0.89 2.72 40.98 13.41

Note: FF600R12ME4: 1200 V/600 A IGBT power module from Infineon.

SEMiX453GB12E4Ip: 1200 V/450 A IGBT power module from SEMIKRON.

BSM250D17P2E004: 1700 V/250 A SiC power module from ROHM.
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4 | CONCLUSION

In this paper, we proposed a method for extracting the
stray inductance of power modules of the few-kilovolts/
several-hundred-amperes class using a low voltage (10
V and 12 V) and low current (less than 10 A). The pro-
posed approach was analyzed both theoretically and
experimentally using a simple pre-test. Using a circuit
that minimized the parasitic components of the mea-
surement setup, the proposed method was applied to
three power modules from different vendors, with the
obtained results compared with the stray inductance
values provided by each manufacturer. This proposed
approach provides high accuracy. The greatest advan-
tage of the proposed method lies in the fact that high
voltages (typically a few kilovolts) or high currents (typ-
ically several hundred amperes) are not required to
extract the stray inductance of power modules designed
for high-power applications.
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