Probe challenges when using an oscilloscope for
power electronics measurements

Measurements on power Conversion electronic circuits

Probing challenges electronic engineer may face making
measurement on power conversion circuits, particularly
. . Best Practices for
at Power MOS Gate, where higher BW is needed. 48V Power Conversion Testng

| ENERGY STORAGE
Power Electronics & Energy Storage event  EVENT 2022

14 juni 2022 | 1931 Congrescentrum ‘s-Hertogenbosch



)

rf/ pwave satcom ac/dc oscilloscopes  electrical test &
power safety measurement

"\‘ TELEDYNE LECROY

Everywhereyoulook™

Teledyne LeCroy offers a broad range of
oscilloscopes, protocol analyzers and more.

Teledyne LeCroy is distributed in the Benelux
by AR Benelux.
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General application areas

GaN is displacing Silicon in many applications with benefits to designers and
consumers . Thanks to the faster switching time of this active components, we
can reach much higher efficiency as well more complexity in the measurements
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Types of Voltage Probes Commonly Used in Power Electronics

* Low Voltage

1 2 73 4

Passive, Single-ended Q %\\\ _ I K .
Active, Single-ended “FET” %5 N I ',T‘/ hik ld \E
s N ) /] -
Active, Single-ended “Rail” \::\\ N \\ \./// R U T =

Active Differential

PP Series ZS Series RP4030 ZD Series

A N e

Active Differential, 60 V Common-mode

* High Voltage “Isolated”
6. Passive, Single-ended
7.  Active, Single-ended (fiber-optic isolated)

8.  Active, Differential (conventional high
attenuation)

9. Active, Differential Amplifier with
matched probe pair (conventional high
attenuation)

HVD or ADP Series (1-6 kVy,)
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Low Voltage Passive Single-ended Probes

PEORHlpatinpdance it

Bandwidth 500 MHz ’:: il ,
Voltage Range (SE) ~400Vpk el LUl .:\\*\\ Il
Voltage Range (DM) N/A oL LU LU | ,“\\ L
Voltage Range (CM) N/A B 1 A | ,\“f\\,\‘*
Voltage Offset N/A m: ' T T ?\\:\
Loading 10MQ || 10pF A L LI !
Z,,=30Q @500 MHz i ES D EEE RN NN A
Attenuation 10x
CMRR N/A Q
* Rugged, reliable, inexpensive v \\\‘ e
-

* General purpose use
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7 - High Voltage Active Single-ended (Fiber Optic) Probes

Parameter Value

Bandwidth 150 MHz

Voltage Range (SE) 2 to 80V

Voltage Range (DM) N/A

Voltage Range (CM) Virtually Unlimited

Voltage Offset N/A

Loading 1-10MQ | | 34-22pF
Z,,=50kQ@100 kHz

Attenuation 1x to 40x

CMRR 140 dB

* A new topology specifically for measuring
small signals floating on a HV DC bus
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8 - High Voltage Active Differential Probes

Parameter Value

Bandwidth

Voltage Range (SE)
Voltage Range (DM)
Voltage Range (CM)

Voltage Offset
Loading

Attenuation
CMRR

~100 MHz

N/A
2kV to 8kV
1kV to 6kV

1kV to 6kV

10MQ || 2.5pF
Z,=1kQ@100 MHz

50-2000x

85 dB @ 60 Hz
65 dB @ 1 MHz

* Excellent all around choice for many applications, but has its limitations

* Some models/brands perform better than others

G TR gt
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Gate-drive Measurement
Results

Some probes perform better than others in this application, and it is important to
understand what impact the probe might be having on your measurement and why.
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Low-side Gate Drive Measurements - Comparing four different probes

Low Voltage Q
10:1 Passive Single- ey
ended Probe W A\SE

Note: this probe can be safely used to probe the low-side
gate signal provided the board reference can be tied to
oscilloscope ground, BUT this type of probe may be
prohibited in your company’s power electronics lab or
your circuit might not want board reference connected to
ground.

High Voltage Active
Differential Probe

Power Electronics & Energy Storage event
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Low-side Gate Drive Measurements - Comparing four different probes

ar benclux

[ File ¥ Vertical |4+ Timebase | I Trigger | & Display = # Cursors | E] Measure & Math | Analysis

Low-side Gate Low-pass Filtered Lo High-side Gate FFTs of Probe Low-si

6801V

5891V Low_voltage
«av-10:1 Passive Single-
4071V ended PrObe

ERARY

-479mv
-49 ns -39ns -29 ns

7439V

v High-voltage
Active
Differential Probe

5439V
4439V
3439V
2439V
1439V
439mV

-561mv

-492ns -292ns -
M1 M2 M3 M4
Vgs Lo Passive | Vgs Lo HYFO | Vgs Lo HVD VgsLoDL-H

910 mV/div 1.00 Vidiv 1.00 Vidiv 1.00 Vidiv
10.0 nsidiv 10.0 ns/div 10.0 nsidiv 10.0 ns/div |

TELEDYNE LECROY
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X Utiites @ Support Q-Single, Gesture "-"-d{'

High-voltage
Active Single-ended Fiber
Optic Probe

5.832Vv

High Common-mode
4832V ACtIVe
= Differential Probe

23833V
1833V

833mv

T L P S

-1.167V
483ns

| HD [Tbase 0.0 psfTrigger (N LMY

100 psidiv Stop 220V
GSls Edge Positive
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Low-side Gate Drive Measurements - Questions You May Have

Ny is their so much ringing?
ny is their such a pronounced dip?

ny is their overshoot on the rising edge of the signal?
Ny some probes show better signal fidelity?
ny do 2 of those probes have the fastest rise times?

=S ===z =

ny 2 of those have a not flat top and base?

N o U s W NhPE

How does probe loading factor impact the measurements?

Power Electronics & Fnergy Storage event
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Low-side Gate Drive Measurements — related displayed signals

[l File | ¥ Vertical | e Timebase | I Trigger | & Display | # Cursors

[ETETIYETl Low-pass Filtered Lo High-side Gate

6801V

v LOW-voltage

4981V

ended Probe

4071V
3161V
2251V
1341V

431mv
Vas Lo Passiv

mV
-49ns -39ns

7439V

6.439V

High-voltage

5439V

Active
Differential Probe

4439V
3439V
2439V
1439V

439mV —
Vgs LoHVD|

561 mv

-49.2 ns -292ns -92ns
M1 M2 M3 M4
Vgs Lo Passive |Vgs Lo HVFO | Vgs Lo HVD VgsLoDL-H

910 mVidiv 1.00 Vidiv 1.00 V/div 1.00 V/div |
10.0 ns/div 10.0 ns/div 10.0 ns/div 10.0 ns/div |

TELEDYNE LECROY

ar benclux

10:1 Passive Single-

El Measure | B Math | b Analysis = X Utilities = @ Support

Note: this probe can be safely
used to-probe the-low-side gatev
signal provided the board
reference can be tiedto|
oscilloscope ground, BUT th

210 be prohibited imyour tak

4832V
3833V
2833V
1833V

833 mv

Vgs Lo DLHC]

=167 mV e

-1.167 V

High-voltage
Active Single-ended
Fiber Optic Probe

High Common-mode
Active
Differential Probe

"“ TELEDYNE LECROY

Everywhereyoulook

Urdo

| QSingle,  Gesture [

282ns 483 ns

[_HD_JTbase _ 0.00ps
1.00 ps/div Stop 220V
Edge Positive

Why is their so much ringing?
Why is their such a
pronounced dip?

Why is their overshoot on the
rising edge of the signal?
Why some probes show
better signal fidelity?

Why do 2 of those probes
have the fastest rise times?
Why 2 of those have a not
flat top and base?

How does probe loading
factor impact the
measurements?
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§ ENERGY STORAGE
>, EVENT 2022

14 juni 2022 | 1931 escentrum ‘s-Hertogenbosch




Low-side Gate Drive Measurements - Ringing

[l File | § Vertical | ++ Timebase [ Trigger & Display | # Cursors | El Measure | @ Math  [=* Analysis X Utilities @ Support E= Q-Singley  Gesture ugn

Question: Why is their
so much ringing when Low-voltage . High-voltage

using the Passive and | 10:1 Passive Single- | Active Single-ended
High Common-mode ended Probe Fiber Optic Probe
probe?

Low-pass Filtered Lo High-side Gate FFTs of Probe Low-si

Note: this probe can be safely
used to probe the low-side gate
signal provided the board
reference can be tied to
oscilloscope ground, BUT this may
be prohibited in your lab

1341 V]

431 mv|

-479m

-49 ns -39ns -29ns < 21ns 31ns 41ns “149.5ns 169.5 ns 189.5 ns 209.5 ns 2295 ns 249.5ns

High-voltage High Common-mode

Active Active

Differential Probe Differential Probe

4439V 3833V

7439V 6.832 |

2833

1833

833 mv|

-167 my|

-1.167
50.8 ns 282ns 48.3ns

Thase __0.00 yis

| I 12 Bits 1.00 ps/div Stop 220V
1.00 Vidiv 1.00 Vidiv 1.00 Vidiv | | 100 kS 10 GS/s Edge Positive

10.0 ns/div 10.0 ns/div 10.0 ns/div 10.0 ns/div |
TELEDYNE LECROY . 7/15/2021 3:33:43 PM
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Impedance mismatch reflections: low Z source — high Z load Circuit Simulation

ine ine
Vsl L=20mm == L=10mm [
S Ledacsad
- - R3- T e .
. B L2 . - = :
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JUu1=0v - - o © C=12 pF’ 1
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The signal path and local impedance.

When a signal, traveling on a interconnection, sees an instantaneous impedance change, a fraction of the signal
will be reflected back and the rest will continue down the interconnection.

This physical effect is the source of most signal-quality problems on high-speed signals and is now happening in
power conversion circuits using fast switching circuits (GaN Power mos)

Power ElectronicsS & Energy Storage event
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Bl File ¥ Vertical « Timebase I Trigger & Display | # Cursors E Measure & Math 2 Analysis X Utilities ® Support
184V :

. Normal

920 mv

it i 1{“"\, Source: 50hm AFG
Path: 500hm coax cable

| Load: IMohm DSO

-800 ns -600 ns -400 ns -200 ns 5 200 ns 400 ns 600 ns 800 ns

P1:ampl(C1) P4 freq@Iv(C1) P5:per@Iv(C1)
1.0837V 8 33.158 MHz 30.159 ns
1.082899 V 3 h 32.6539 MHz 306259 ns
1.0785V i 32.198 MHz 29761 ns
1.0875V 7% .0 % 33.650 MHz 31.058 ns
1.242 mV d 244 9 kHz 2275ps
7.791e+3 .93 7.740e+3 13. 3 8.851e+3

} JTimebase 0 nsTrigger [} ES
200 ns/div Auto  1.095V
20 kS 10 GS/s Edge Positive

192020 5:01:08 PM

460 mV/div i 5
0.00 mV ofst | 12 Bits.

TELEDYNE LECRO

nergy Storage event
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Ringing

* Question: Why is there so much ringing when using the Passive Probe and
High Common-mode probe?

= High BW probes may not filter the ringing
= passive probe: 500MHz
=  DL-HCM: 1GHz
= HVD and HVO probes < 150 MHz

= The ring frequency is ~350 MHz (~3 ns period, proportional to Gate
driver to Gate-probing point distance)

= Probing Point
= test point to ground reference distance should be as short as possible
= There is a loop formed by the ground connection and signal connection
= The signal also have native ringing (path impedance change)

__ CT R Tt
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Results with 150 MHz Bandwidth filter

B File I Vertical |+ Timebase I Trigger | & Display & Cursors El sure | B Math £ Analysis X Utilities = @ Support EE Lt

QSingle, Gesture | =
e Low-pass Filtersd Lo High-side Gate FFTs

Low-voltage «vHigh-voltage
10:1 Passive Single- e et sufActive-Single-ended-Fiber
ended Probe I“.«“"" ~Optic Probe

Ringing is no longer visible
when BW filter is applied

High-voltage ngh Common-mode
i Active

ACtIVE “."“; e o - e 872V fo t | P b

Differential Probe .«"‘I - ITferential Probe

294 ns 494ns

2ns -292ns 92ns 108ns 308ns 0.8ns R 15 -306ns -106ns 94ns
F1 LplR(Vgs...|F4 LplIR(Vgs... Tbase  0.00 psfTrigger SN LS

12 Bits 1.00 ps/div Stop 220V
910 mV/div 1.00 Vidiv 1.00 Vidiv 1.00 Vidiv ~ 100kS 10GS/s Edge Positive
10.0 ns/div 10.0 ns/div 10.0 ns/div 10.0 ns/div

TELEDYNE LECROY

7/15/2021 3:40:38 PM
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Pronounced Dip Iin Rising Edge

Why is their such a pronounced

i) File | ¥ Vertical = Timebase | P Trigger & Display | # Curs

Low-side Gate

6801V

5891V

Low-voltage
s |10:1 Passive Single-
ended Probe

dip in the rising edge on the

Passive Probe and High
Common-mode probe?

ar benclux

2251V
134V

431mv

s Lo Pasanad

-479mvV
-49ns -39ns

7439V

6439V

High-voltage
5430V Active
«av-- Differential Probe

3439V
2439V
1439V
43!! mv -

\Vigs LoHVD,

-561mv

-49.2 ns -29.2ns 92ns
M1 M2 M3 M4 |
Vgs Lo Passive |Vgs Lo HVFO | Vgs Lo HVD VgsLoDL-H

910 mV/div 1.00 Vidiv 1.00 Vidiv, 1.00 Vidiv
10.0 ns/div 10.0 ns/div 10.0 ns/div, 10.0 ns/div |

TELEDYNE LECROY

"“ TELEDYNE LECROY

Everywhereyoulook

Measure | B Math | Analysis X Utilities

@ Support

6V

High-voltage
Active Single-ended Fiber
Optic Probe

v

Vgs Lo HVFQ) .
U

-1

Y
*149.5 ns 1695 ns

High Common-mode
Active
Differential Probe

19

12 Bits

Urdo

| Q-Single,  Gesture [

1.0
100kS 10 G!

Energy Storage event
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Pronounced Dip in Rising Edge

= Why is their such a pronounced dip in the rising edge on
the Passive Probe and High Common-mode probe?

= Transient pickup from the high-side device switching
moments after the low-side device switches

= Limited probe CMRR of probes
CMRR typically drops with frequency
Better results can be achieved NEW DL-ISO probe (HBW optical
Isolated)

= Well designed test point will minimize this effect

minimize “antennas” created by the probe signal and board
reference test point probe connections.

Coaxial and/or short distance connections are best

| A 4N TELEDYNE LECROY
\® [ “ Everywhereyoulook™
ar benelux

High Performance
Solder-in

/

We would have liked to II
use this solder-in tip with
the DL-HCM High

Common-mode probe 2" Solder-in

But we had to use this tip /
instead due to geometry

of test points

Power Electromcs & Energy Storage event
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Overshoot

Why is there
overshoot on the
rising edge of the
signal?

ar benclux

[ File | T Vertical

++ Timebase I Trigger | & Display = # Cu El Measure & Math | I~ Analysis X Utilities @ Support

Low-voltage
10:1 Passive Single-
ended Probe

ote: this probe can be safely
b J ujsed to probe the low-side gate
signal provided the board
5 reference can be tied to
ns 11ns 21ns 31ns 41ns
oscilloscope ground, BUT this may
be prohibited in your lab

-39ns

High-voltage
Active
Differential Probe

-29.2ns 92

M1 M2 M3 M4
Vgs Lo Passive | Vgs Lo HVFO | Vgs Lo HVD VgsLoDL-H

910 mV/div 1.00 Vidiv 1.00 V/div 1.00 Vidiv
10.0 ns/div 10.0 ns/div 10.0 ns/div 10.0 ns/div

TELEDYNE LECROY

"“ TELEDYNE LECROY

Everywhereyoulook

51ns

BV

5V

4v

3V

1v

Vgs Lo HUFC]
U

High-voltage
Active Single-ended Fiber
Optic Probe

- R S S S

Ay

“1495ns

6.832V

5832V

4.832V

High Common-mode
Active
Differential Probe

oo |Undo
Q-Singley, Gesture | =

282ns

483 ns

| HDJTbase 0.0 |
2 Bits 1.00 psidiv Stop 220V
2B 100ks 10 GS/s Edge
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Overshoot

* Why is there overshoot on the rising edge
of the signal?

* Probes intrinsic peaking

* All probes show a Typical “peaking” effect
near the probe’s BW limit

e 1dB =10% overshoot

* Can happen that signal has intrinsic
overshoot, not in this case

__ CT R Tt
Everywhereyoulook

Gain (dB)

e —
——
10Hz 100Hz 1kHz 10kHz 100kH2z 1MHz 10MHz 100MHz
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This is the same set of signals as before, now overlaid

1 File | § Vertical |+ 5 [ Trigger & Display El s & Math |~ Analysis X Utilities @ Support

Low-side Gate Low-pas Lo High-side Gate

) High-voltage
Active Single-ended
Fiber Optic Probe

Low-voltage
10:1 Passive Single-
ended Probe

High-voltage High Common-mode
Active Active
Differential Probe Differential Probe

12 Bits
10.0 ns/div 10.0 ns/div

TELEDYNE LECROY

Power ElectronicS & Energy Storage event
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150 MHz filter applied

I File | ¥ Vertical ++ Timebase | Trigger | @ Display = # Cursors | [l Measure @ Math | (= Analysis | X Utiliies | @ Support

e Low-pass Filtered Lo

All 4 probes show ~10% overshoot
( consistent with ~1 dB of peaking )

-561

6
ns 5 -2

F1 LplIR(V LplIR{Vgs...| Z2 zoo Z3 zoom(Vgs...

Passive Probe | DL-HCM HVFO108 HVD3106A

910 mV/div 1.00 V/div 1.00 Vidiv 1.00 Vidiv

10.0 nsidiv 10.0 ns/div 10.0 nsidiv 10.0 ns/div

TELEDYNE LECROY
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~oy [ Undo
| Q-Single,,  Gesture [

408ns 508ns
Tbase 0.0 psfTrigger 0 148

5 Bite 100 ps/div Stop 220V
12Bis 100ks  10GSis Edge Postive

3 PM
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Low-side Gate Drive Measurements - Rise Time and Signal Fidelity

Bl File I Vertical = Timebase P Trigger | & Display | # Cursors easure B Math == Analysis X Utilities @ Support

Low-side Gate Low-pass Filtered Lo High-side Gate

Low-voltage " High-voltage

HVD and HVO prObeS Seem ot 10:1 Passive Single- r L S Active Single-ended Fiber
to have the best signal . €nded Probe VT | Optic Probe

fidelity on the rising edge,
and have the fastest rise

times, why?

Because the lower bandwidth
probes filter out signal
content and higher-
bandwidth probes, by design,
have faster rise times.

) 2
12805 00l St
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Top and Base Flatness

i cs S splz Cursors 3 S5 ath  |» SIS 4 5 0 == Ges Urdo’
[l File | § Verical ¢+ Timebase [ Trigger [ Display = # Cursors | El Measure & Math |=* Analysis | N Utilities @ Support Q-Single, Gesture | =

Low-side Gate Low-pass Filtered Lo High-side Gate FFTs of Probe Low-si

6801V

.y LOW-voltage v High-voltage
. 10:1 Passive Single- - . .Active Single-ended Fiber
... ended Probe /! .. Optic Probe

Why HVD and HVO
probes do not have a

2v

very flat top and .- .
base? T e a =

6439V

oltage K . High Common-mode
) i Active
bntial Probe | Differential Probe

3439V
!
2439V | 1833V

1439V / 833mV

B (57 4\ T P —

1167V
282ns 483 ns
|_HD_|
L § - | 12 Bits 1.00 ps/div Smp AZ_U_V
910 mVidiv 1.00 Vidiv 1.00 Vidiv 1.00V/: | 100kS 10 GS/s Edge
10.0 ns/div 10.0 ns/div 10.0 ns/div 10.0 ns/div | !
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Top and Base Flatness

Why do the High Voltage (Active, Single-ended) Fiber Optic Probe and the High Voltage Active

Differential Probe have a not very flat top and base?

» Noise performance of the probes

« Passive (10x attenuation ) probes in general have relative lower noise

« HV Probes have high attenuation, then more noise
« High Voltage Differential Probe — 50x attenuation (in this case)
» High Voltage Fiber Optic (HVFO) Probe — 20x attenuation (in this case)
« DL-HCM - 7.8x attenuation (in this case)

 HVFO Probe has higher inherent noise floor

 DL-HCM probe has very inherent noise floor

« CMRR performance of some probes
 HVD Probes have good CMRR, not as good as the DL-HCM at higher frequencies
« HVFO probe worse noise dominates its low CMRR benefits.

O T e
Everywhereyoulook 27
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Loading

 How does probe loading factor into the measurements?

* We do not see a visible loading effect on this circuit, mainly because of the low source
impendence

We see instead an effect on Miller plateau caused by probe capacitance
* Low Voltage 10:1 Passive Probe (10 MQ // 11 pF)
» High Voltage Fiber Optic Probe (10 MQ // 22 pF for 20x tip)
* High Voltage Differential Probe (10 MQ // 2.5 pF)
* High Common-mode Differential Probe (200 kQ // pF)

Power Electronics & Energy Storage event
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Miller plateau correlation to probe tip capacitance

[l File | ¥ Vertical | ++ Timebase I Trigger

Low-pass Filtered Lo High-side Gate

CE:RY

5891V LOW_VOItage
..., 10:1 Passive Single-
4071V ended PrObe

3161V

~3.3V with 11 pF /c'

134V

431mv
igs Lo Passiv

-479mV
-49ns -39ns

7439V

“=v High-voltage
=av AcCtive
v Differential Probe

3430V

1439V

910 mVidiv 1.00 Vidiv 1.00 V/div 1.00
10.0 ns/div 10.0 ns/div 10.0 ns/div 10.0n

TELEDYNE LECROY

“*'~3 3V with 2.5 pF —

re & Math  |=* Analysis

X Utilities

©® Support

High-voltage
Active Single-ended
Fiber Optic Probe

~4.\/ with 22 pF

= High Common-mode
1832V ACtlve
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High-side Gate Drive Measurements

Low Voltage
10:1 Passive Single-
ended Probe

You must not use these probes on the high-side —
damage to yourself, the probe, the DUT, and the
oscilloscope is possible. Also, don’t “float the
scope” — it’s not safe and measurement quality will
likely degrade.

High Voltage
Active
Differential Probe
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High-side Gate Drive Measurements: same as lower side, but Passive probe can’t be used

[ File | § Vertical = +* Timebase I Trigger & Display = # Cursors =[] Measure | & Math  |»* Analysis X Utiliies @ Support

Low-side Gate LPF Low-side Gate High-side Gate

The High Common-mode (60V) DL-HCM probe is

optimized for the 48V application space

* Low attenuation (low noise)

* High bandwidth (1 GHz)

*—Great CMRR

* 80 Vp-p differential range
Ideal for gate-drive and device switching
measurements

Lower CMRR and
higher noise
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High-side Gate Drive Measurements — Overlaid traces
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Conclusions

* An ideal probe does not exist
* All probes have a BW limit, loading capacitance, connection leads
e Use the one best suited for your circuits and application
 What you see on DSO display is always the signal present on your circuit,
but modified by probe’s BW, input capacitance and loading
* Peaking is an intrinsic effect of any probe, just verify is not > 1dB
* Ringing is often caused by impedance mismatch between Gate driver and Gate
high impedance
* While ringing frequency is proportional to the driver to MOS-Gate distance
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Thanks for your attention

Find us at booth 30

Maurizio Mastrofini Maurizio.Mastrofini@Teledyne.com

Mark Vloemans mvloemans@arworld.us www.arbenelux.com
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