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&d | Overview

* Introduction
» Metrological Challenges for WBG Systems

— Example 1: Voltage measurements

— Example 2: Current measurements

— Example 3: Packaging Impedance measurements
* Look Ahead & Conclusion
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Motivating Example
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W 1200 v
Tyoical A ] (-1} | mi}
(T, = 100°C) | 25 | A

» Optimized for high- = Normally-off operation at
freguency, high-afficency all tamperatres
applcanons

® Ultra-low on-resistance
» Extremely low gate
02Tz charge and output

copacitance

r = Low gate resistance for
Gy high-frequancy switching

s

i . o High-frequency « Motor Drives

o Littalfuse "RaHS" logo = [Rams] e
RoHS conform BPRCH0E * HighVoltage DG/DC

« Littelfuse "HF" logo = HF » Solar Inverters Converters
Halogen Free » Switch Mode Power » Batiery Chargers

o Lineltuse “Ptree” logo = @8 Supcles * Industion Heating
Po-free lead plating = UPS

O Linelhase. bns
2 s e by e bt
B o rhwnd. 10TVT]

1.2 kV SiC MOSFET

LSIC1MO120E0080 1 V N-channel, Enhancement-mode SiC MOSFET HF [rors] &

Iﬁfineon IGW15N120H3

High speed switching series third generation

High speed IGBT in Trench and Fieldstop technology

Features: (]

TRENCHSTOP™ technology offering

* very low turn-off energy

* low Veess

* low EMI

* maximum junction temperature 175°C
~ qualified according to JEDEC for target applications E
« Pb-free lead plating, halogen-free mould compound, RoHS

compliant

» complete product spectrum and PSpice Models:

hitp:/fwww Infineon comiight/

@

Applications:

* uninterruptible power supplies

« welding converters

* converters with high switching frequency

Package pin definition: 1

+Pin 1-gate
* Pin 2 & backside - coliector

- Pin 3 - emiter @

Key Performance and Package Par
[Type [ Vee | fe | Veewst T=25°C | Tuma | Marking |  Package |
lewisnt20d3  [1200v] 14 | 20sv  [175'c| 6151203 | PG-TO247-3 |

1.2 kV “High Speed” Si IGBT
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Y41 | SIC MOSFET vs. Si IGBT: Time Domain
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Lumped Element Analysis
Increasingly Valid

—

Si IGBT Si IGBT
Operation Extended
Frequency Dynamics
Range Range

Power Electronics: Spectral Considerations

“Near RF”
Domain
,, Lumped Element Analysis
2 Increasingly Invalid

10° 10° 10* 10°

WBG

Operation

200 ns Edge TV
Range

« Traditional IGBT-based systems:
» Operation Frequencies to ~50 kHz
» Easily-suppressed extended dynamics
* Lumped circuit analysis works well

* Packaging impedances are not
critically important

3 30 300 3
MHz MHz MHz GHz
\2 i i i
. HF | VHF  UHF
1 10’ 10° 10°
BG
Extgnded
ynamics 10 ns Edge
Range

 WBG-based systems:
» Operation Frequencies to a few MHz
« Extended dynamics to ~100 MHz
* Lumped circuit analysis in question

« Packaging impedances are critically
important in “Near-RF” domain

[1]1 A. Lemmon, R. Cuzner, J. Gafford, R. Hosseini, A. Brovont, M. Mazzola, "Methodology for Characterization of Common-Mode Conducted Electromagnetic Emissions in Wide-
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Fast, High-Voltage Measurements

EXAMPLE 1




Case Study: “Standard” Passive 300V 10x Probe

Probe Cable Scope
VbuT+ Rere Vscore+
o AV 0
C @) @) @) Py,
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_ - o M T - .
' Lrre > B
Vpum o/ Vscope-
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» For DC, attenuation accomplished by Rgcopg & Rpgg
» For AC, attenuation accomplished by (Cprg) & (Capy+CcagletCscope)
» Works (mostly) great, except for Lprg!




Example Probe for Test Case

e Case study based Ioosely on Tektronix P5050B Passive Probe
(10:1)

Tektronix Setup at UA:
— Tek P5050B Probe
» Rpgg: 9 MQ
» Cprg: 12 pF (8 pF)
» Ceoage: 100 pF (~3 meters)
— Tek 4000B Oscope
» Rgcope: 1 MQ
» Cprg: 13 pF
» Cppy: 0-1 pF
— Lpgg Varied 22 nH — 200 nH

— Ground lead inductance is
approximately 20 nH per inch [4]




Effect of Ground Lead Inductance
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: Bandwidth

Problem #1
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» Need for passive probe
compensation is well-known

» Ensures the accuracy of transient
response esp. with fast edge rates
« Common procedures
— Manual comp. with built-in 1 kHz

— Auto-compensation with ASIC-
enabled probes

Credit: [5]
If your probe calibration signal looks like either
of this,

el | Merw
s Cousrg | B L | L wa | From |
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« e B4V Limay L Lo | Paob |
oo .

Compensate your probe!

- Agilont Tochnologies

Problem #2: Probe Compensation Sensitivity

Probe Compensation Example (Simulation)
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Problem #3: Resonances

Fast edge rates of 20-80 V/ns
excite resonances in:

— Application parasitics

— Oscope input impedance

Example at right shows a “slow”
WBG voltage transition (20 V/ns)
with no application parasitics

All visible resonance is the result of
probe resonance, using 10x model
Values of GND lead inductance
considered:

— 22 nH

— 100 nH

— 200 nH

S St S S




A Mitigation of Ground Lead Inductance Effects

« Mitigation methods currently available:
— Probe-tip adapters are available (Tek, Keysight, CalTest)
— Tinned copper can make a reasonable substitute
» However, these methods have limits for WBG power electronics
— Restricted to Ground-referenced probes
— Not designed for measurements above ~200V
— Things get very difficult at MVDC levels

“Paper-clip Trick”

Tek Probe Tip Adapter Keysight N2885A




Ed Tektronix BNC Probe-Tip Adapter

« Tek BNC Probe tip adapter
effectively suppresses (most)
ground-lead effects

* Problem: BNC Connectors are only
rated for 500 V
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High-Bandwidth Current Measurement

EXAMPLE 2




& Current Measurement Requirements - Bandwidth

» Ringing in WBG device currents can reach 50-100 MHz
» Bandwidth requirements specified in the literature as [6]:
— 5x bandwidth over the frequency of interest for magnitude fidelity
- 10x bandwidth over the frequency of interest for phase fidelity
« The high bandwidth requirement eliminates techniques such as hall effect sensors

and Rogowski coils

D.C P 1.Hz 10.HZ 10q Hz 1 IgHZ 10 J(HZ 100.kHz 1 MHZ 10 I.VIHz 100. MHz 1 G.Hz 10 .GHz
| ) Y £ 4 | | | | | | | | | | | | | | | | | ] | ]
Hall Effe“—
Sensor
Necessary
Rogowski Coil > Bandwidth

Current Region

Transformer

Coaxial Shunt

21
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Current Measuring Difficulties - Inductance

» Methods with adequate bandwidth introduce a “choke-point” into the system
« The DC bus must be routed through a small sensor aperture

» The “choke-point” causes an attendant increase in the bus inductance

* The additional parasitic inductance exacerbates undesirable ringing

e - @

[7] C. New, A. Lemmon, and A. Shahabi, "Comparison of Methods for Current Measurement in WBG Systems," in Proc. Workshop on Wide Bandgap Power Devices and

22




¥ | Double-Pulse Testing — Method Comparison

« DPT evaluations at 600 V & a range of currents were performed with this setup

* The bus was designed to allow multiple simultaneous current measurements - two
CTs and one of the three custom PCBs

* The multiple measurements enabled comparisons under identical test conditions

» Before each measurement, the probes were de-skewed to ensure consistent V—I
alignment

Load
Inductor

| 2877CT | B Pearson
TaE "  411CT

25




DPT Results — Coaxial Shunt vs. “Slow” CT

» With the discrete SiC MOSFET, the 20 MHz CT does not accurately track the
device current
— Significant magnitude errors
— Excessive overshoot during ringing
— Phase mismatches
» Conclusion: CT is not sufficient for discrete SiC MOSFET characterization, but

may be used (cautiously) for power module characterization
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Packaging Impedance Measurement

EXAMPLE 3

30



‘ Frequency Dependence of Parasitic Inductance

Inductance Vs Frequency
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Measurement-Based Parasitic Modeling Procedure — Developed at UA

Module Adapter PCB Design Module Adapter Fabrication Frequency-Domain Parasitic
= Measurements

x

T8

Empirical Transiont Validation: Drain-Source Voltage

1200, - T W T
—— Tost Do

e gt Mciel

N ook
g st - 1} 5|
H

v

CPWS.1200-20508_A pprex

MVDC Cap Qver-Current | MVD
4 Bank Pru.tectin ] Module
L 52 v

Transient Comparison / Double-Pulse Testing LTspice modeling
Validation

[9] A. Lemmon, T. Freeborn, A. Shahabi, “Fixturing impacts on high frequency low-resistance, low-inductance impedance measurements,” IET Electronics Letters, vol. 52, no. 21, Oct. 2016.

[10] A. Lemmon, R. Graves, "Characterization and Modeling of 10 kV Silicon Carbide Modules for Naval Applications," accepted to IEEE Journal of Emerging and Special Topics in Power Electronics.

[11] A. Lemmon, R. Graves, "Comprehensive Characterization of 10 kV Silicon Carbide Half-Bridge Modules," IEEE Journal of Emerging and Special Topics in Power Electronics, vol. PP, no. 99, Sep. 2016.

[12] A. Lemmon, R. Graves, “Gate Drive Development and Empirical Analysis of 10 kV SiC MOSFET Modules,” in Proc. Workshop on Wide Bandgap Power Devices and Applications (WiPDA), Nov. 2015.

[13] A. Lemmon, R. Graves, “Parasitic Extraction Procedure for Silicon Carbide Power Modules,” in Proc. International Workshop on Integrated Power Packaging, 2015, pp. 91-94. 33
[14] M. Mazzola, M. Rahmani, J. Gafford, A. Lemmon, R. Graves, “Behavioral Modeling for Stability in Multi-Chip Power Modules,” in Proc. International Workshop on Integrated Power Packaging, 2015, pp. 87-90.

[15] A. Lemmon, R. Graves, and J. Gafford, “Evaluation of 1.2 kV, 100A SiC Modules for High-Frequency, High-Temperature Applications,” in Proc. IEEE Applied Power Electronics Conference and Exposition (APEC), 2015, pp.



‘ ‘ Example SiC Module Parasitic Measurement Fixture

. : Imped M t Adapter - TOP
« Module fixture performs two functions: plittal i tatbelingl ap -l

— Adapts module terminals to VNA
connectors

— Provides a mechanism to extend
calibration plane to module surface
» Measured loop inductance includes

module geometry, with interface
adapter

« Compensation process (ideally)
removes the influence of the fixture

1.2 kV, 120A SiC MOSFET
Module Test Subject

34
[16] A. Lemmon, R. Graves, “Parasitic Extraction Procedure for Silicon Carbide Power Modules,” in Proc. International Workshop on Integrated Power Packaging (IWIPP),



‘| Power Module Fixture PCB Generations

Second Generation

(:ﬂ /

Witar )
)\\ -'E}')\\\.v‘/‘)

First Generation Third Generation

HT3000 [Bus Interfoce
Univarsity of Alsboma, ACES Lab
ov. b, 0-01 -2008 A, Lommon




lﬂ\ Fourth-Generation Measurement Fixture with Flex PCB

Fourth Generation Fixture Fixture Attached to XHV-6 XHV-6 Parasitic Extraction

36



[17] B. Nelson, A. Lemmon, B. Deboi, T. Freeborn, “Modeling and Validation of Fixture Induced Error for Impedance Measurements,” IEEE Transactions on Instrumentation &

Article Published in IEEE TIM Based on These Findings

» UA has performed parasitic

modeling for >25 modules over the
last 3 years

The fixture design process has been

substantially improved during this

time

Key findings have been detailed in

an article published in IEEE

Transactions on Instrumentation

and Measurement

— All fixtures introduce some error into
measurements

— Error increases when the fixture
impedance is on the same order as the
DUT impedance

Very low parasitic modules are

extremely difficult to characterize

properly

What if we could get away without

using a fixture?

IM-18-15569F.

Modeling and Validation of Fixture Induced
Error for Impedance Measurements

Blake W. Nelson, Studenr Member, IEEE. Andrew N. Lemmon, Member, IEEE,
Brian T. DeBoi, Smudent Member, IEEE. and Todd J. Freebom, Member. IEEE

Abstrgcr—Meazuring impedance accurately requires dedicated
Exturing to match the geometry of the device mnder fest o the
ports of the imsorument. These firrares imtrodmce error imre
collected measurements which is rarely scknowledged. Failure to
quantify meatmrement erver can lead o ever—estimasion of
sccuracy, increase the difficalty of measmremest comparizens
tsken with different firmres, and imcrease the rik of
insppropriate Iixrnl' lllﬂnl and clﬂ}nun. 'I.'I: paper
present: 3 meth iring and 2 the ervor
inrreduced inre -pel.u.n data by et E.lllﬂ- Th propozed
method wes direct measuremenis of the opem and short
calibration standard: as well a3 a precizion resiztor to quantify the
tetal error introduced by the firrare. The errer of & commercially
available tese fixrare it srudied and compared spainse it p-n.m
values o validate this methed This validated approach can model
the errer introduced by commercial or cuztom Bxrures.

Index Term:—error amalyzi:, Sreering, impedamce amabysic,
merology

I INTRODUCTION

RIE-\SURL\'G umpedance  allows the electrical
characteristics of device: to be modeled quickly and
succinctly. Improvements in semiconductor tachnologie: have
made accurate measuremsnts of low impedance devices and
packages a necessiy. In the field of power electonics, wide
bandgap (WBG) semiconductors have increased achisvable
switching speads. but thess systems must contend with high
frequency speciral conrent inroduced as a consegquence of tis
behavior [1]-{5]. Such systeems m[emenr ulira-low-parasitic
capal:m:s which require precision measurements for
& chara ion [5]. Additionally. aw.xamn, with
high-edge-rate-capable WEG semiconductors require filter
inductors and other magnetics designed with appropriate high-
frequency magnetic materials and hizh selfresopant
frequencies (SRF), which require accurate high frequency
impedance characrerization [6]. Another field requiring
precizion impadance apalyzis is the desizn of power dismbution
nerworks (PDN's) for digital systems. Increasing gate densiny
and clock speed of ASIC's and FPGA's has led o complex
POWEl TeQUIRmENnts 10 FuAAnm: INeEnry during cument
transients, requiring close attention to impedance both on chip

and off chip [7]H9].
Such tasks demand custom fixmres to measure uniqu
geometries with satisfactory accuracy [10]. [11]. For example,

multichip power modules (MCPM) used in power electronics

\MWHMS 201%: rovized April 11, 2018 Ths
by the U 5. Office of Maval Ressarch mdar award
m\mn (5128441
Al mebon aw with &6 Departmeat of Decwmical & Compusr
mmLumdmmummALLm

can have packaging impedances below 10 nH [12]. Because
these devices are desizmed withouwt RF coaxial terminals,
custom fixtures are required to connect them fo test equipment
with 2 coaxial mterface [10] To determme the qualsy and
understand tha | of 15 in these
and other applications, mumpom:mmmnf\ the error
inmroducad by these fixmures [13] Understanding the dagres to
which these impedances are known is necessary to evaluame he
accuracy of models bl on them

While insoumenmanon vendors such a5 Keysught
Technologies. Inc. publish arror terms for specific msTuments
[14] and fixtures [15]. there is lintle mformation available 1o
support desiners” need to quantify the emor intoduced by
custom: Sxtares [16], This increases the difficulty of improving
the accuracy of measurements made with custom fixmures and
reduces the validity of comparing measurements collected with
different fxtures. The need for emor estimates mandates a

generalized methodology capable of charactenning the emor
inmoduced by frerares,

This work remforces several practical pmdeline: from the
lLeanre on fxmrmng [16] and presems an empincal
methodology for pracutionsrs o quantify the systematic ermor
inmoduced by any fixnure (nod the peneralized uncertaimry
infminsic to impedance measurements as discussed by GUM
[23]). The error-model of a commercially available fixture was
determined using this methodology and compared to the
mapufacrurer provided error to validate this procedure

This werk is orzanized as follows: Section I inmoduces the

theory underiying electrical mnpedance measwements and the
impacts of fixturing on measurement emor, Section I
investigates the published error of an example commercial
impedance amalyzer (ZA) and fixrure: Section IV provides and
validates the empmul method for predicong these emor
models, and Secton V concludes the paper

I AUTO-BALANCING BRIDGE TEEORY

Precision impedance measurement is a mamre field, with
rudimentary impedance analysis tools called “decade bridges™
commercially available as early as 1918 and aute-balancing
bridges available i the 1880's [17]. One example of 2 modemn
precision '_, 1 is Eeysight
Technologies’ E-WQGA [14]. whach can measure impedance
from 20 Hz to 120 MHz. In addition to the pubkshed accuracy

ratings of this device. the manufacturer also details methods of

calculating emror based on the available device semings and
[ (including rime, frequency range.
excitadon stmulus, eic.)

The core functional component of the E4090A is an auto-

37



‘ New Approach - E4990a with 42941a Impedance Probe

* Instead of using a custom fixture
PCB, use a probe designed to

measure PCB impedance E4990a
« Example: 42941a Impedance Impedance
Analyzer
Probe
— Probe jaws can be adjusted to match 42941a
device under test Impedance

— Stand steadies probe and improves Probe

repeatability

— Ideal for measuring modules with
commutation loop inductance less than
5 nH

Minimized
Stray
Inductance

38




Validation of Impedance Analysis Metrology

« How accurately can we measure

inductances lower than 5 nH?

— Measurements are subject to random
+ systematic error

— Qutliers occur due to contact
impedance and other factors

Approach: use a series of reference

cases to determine an appropriate

procedure and establish uncertainty

ranges

Procedure:

— Take mean of 10 measurements and
exclude outliers

— Run two compensations: an
overestimate and an underestimate of
true fixture impedance

— Use the two compensations to
estimate a lower and upper
measurement bound

Five SMT inductors selected for
reference / validation cases:

1nH, 2.5nH, 5nH, 7.5 nH, 10 nH

39



Impedance Analysis Validation: 10 nH

Inductance [nH]
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10°

107

108

40



Impedance Analysis Validation: 7.5 nH

20 7.5 nH SMT Comparison

T
Lower Bound
Upper Bound

= = =Nominal Value

Inductance [nH]

10° 10* 10°
Frequency [Hz]

10° 107 108
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Impedance Analysis Validation: 5 nH

Inductance [nH]

20

5

nH SMT Comparison
T |

15

Lower Bound
Upper Bound
= = =Nominal Value

10*

10°

Frequency [Hz]

10°

107

108
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Impedance Analysis Validation: 2.5 nH

Inductance [nH]

20 2.5 nH SMT Comparison
T T T T T T T T
Lower Bound
Upper Bound
= = =Nominal Value
15— .
V]
_5 Il | 1 | 11 | 1 | 1 |
10° 104 10° 108 107 108
Frequency [Hz]
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‘ Impedance Analysis Validation: 1 nH

20 1 nH SMT Comparison
— — -
Lower Bound
Upper Bound
= = =Nominal Value
15 -
£ 10 -
Q
O
C
©
E
©T 5 -
£
I AR A e e —
_5 1 1 | 1 | 1 1 1 L1 11 | 1 | 1 |
10° 104 10° 108 107 108

Frequency [Hz]
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_ Module Impedance Measurement Considerations

» Using UA’s new technique, uncertainty of £1 nH can be obtained for
inductances down to low single-digit nH values

 This is superior to other techniques described in the literature that involve
measuring through the device capacitances
— Inductance is frequency dependent due to proximity effect
— Known techniques only support inductance estimation beyond the resonant frequency

4 Inductance Extraction of LC Circuit

10% g T T T T T LRI E
S
[}
B 2 ]
Z 107 Inductance }
£y extraction range]
=
[}
Q
£ 10°¢
2, Resonant
g Frequency

102 - -

10 Example of Proximity Effect

; —— —— -

100
) % Inductance decreases
o 80 with frequency
g
S 70+
=
=l
i=
S 6ok

50 -

40

10° 109 107
Frequency [Hz]

10° 10

45
[18] T. Liu, Y. Feng, Y. Zhou, R. Ning, T. T. Y. Wong and Z. J. Shen, "Comparison of Impedance Measurement Techniques for Extracting Parasitic Inductance of SiC
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CONCLUSIONS



Conclusions

WBG application design stands at the junction of power electronics & RF design
Resulting “near-RF” behavior has significant implications for WBG-based systems

Current metrology practices for power electronics are not adequate for
measurement of these circuits

The power electronics community is beginning to realize the implications of fast-
switching for metrology
Better metrology techniques are clearly needed at multiple “layers™:

— Better equipment / probes

— Better sensor attachments

This is likely to be an active area of research for many years to come, particularly
at medium voltage levels
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Index Terms—Double pulse wst (DPT), dynamic charncteriza-
tion. phase-leg configuration wide bandgap.

L Ixmeonucnon

HE double pulse test (I}PT) is a widely accepled method o

assess the dynamic performance of power devices [11-9].
Two pulses are sent to the device under test (DUT) in a clamped
inductive load circuit, as shown in Fig. 1. By regulating the dc
bus voltage and first pulse duration, the DUT’s switching tran-
sients can be capurad under any desired voltage and current
(V-I) conditions at the end of the first pulse and beginning of
the second pulse. Since the DUT switches only twice for each
test. the device junction temperature rise due to the switching
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loss is negligibly small. DPT results quantify the switching per-
formance of the power devices and provide a basis for converter
design, such as switching frequency and dead-time solections,
thermal management, and efficiency estimation [ 1]-[9).

The DPT setup is illustrated in Fig. 2. For the control stage,
the doubla-pulse signals with adjustable pulse widths are sent
from the ller or function which is con-
trolled by a personal computer (PC). The switching waveforms
are measured by an oscilloscope, and then the data are trans-
mitted back to the PC. The PC is responsible for programming
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