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Challenges in Power Circuit Design

1171

High switching frequency along
with high frequency components in
waveform causes unexpected EMI

Prototype circuit explosion due
to unexpected surge

KEYSIGHT

TECHNOLOGIES

High switching frequency and associated
surge/ringing causes malfunction

0 i

Lack of power circuit simulation tool.
Conventional tool may work for low frequency
circuit but not for WBG device circuit




Traditional Low Speed Design Approach

PRE-LAYOUT SPICE, THEN “CUT AND TRY”

Pre-layout schematic First prototype has some excess ringing. Cut-and-try until “best case” approached
SPICE simulation: _ |

“Best Case” performance

e

Image courtesy of ST Microelectronics
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Traditional Design Approach Applied to High Speed

PRE-LAYOUT SPICE, THEN “CUT AND TRY”

Pre-layout schematic First prototype has destructive failure.
SPICE simulation:

“Best Case” performance
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Wgs!_Last_N_Cycles

Wgs2_Last_MN_Cycles

A New Approach for High Speed Design: ST Case Study

Pre-layout schematic New step Post-layout = Integrated EM-circuit co-sim  First pass success
SPICE simulation: First “virtual” prototype has some excess ringing.
"Best Case” performance  «white box” — probe anywhere - data display — 3D visualization

Explore design space until “best case” approached

‘ 1-5 hours
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Device selection

Unreliable vendor datasheets

YDMOS
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Device model

produce trustable simulation

Circuit simulation

Cheap & inaccurate SIM tool

Prototyping / Modification

Circuit functional test

Completion
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Device selection

Device model

4

Circuit simulation

Keysight instruments

Sure selection & accurate data
extraction for model creation

Measurement
driven polynomial
model based on a
math model

Keysight ADS/EMPro/Momentum

Prototyping / Modification

Circuit functional test

Completion

Reliable time
domain & EM
simulation based
on reliable model




Keysight Solutions for Power Electronics

PD1000A software .

(" Test solutions \ ( Measurement data |
-V ¢2) Keysight
B1506A mathematical model
Circuit/EM simulation with
significantly improved accuracy
5300 #0050\ 500 W8598BP/BT
b e Simple-use ADS / EMPro / Momentum
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Physical Parasitic Effects

CAUSES, IMPACT, REMEDIES

KEYSIGHT
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Skin Effect

WHAT IS IT?

Definition: The characteristic of AC current such that the
current density within a conductor is largest near the
surface of a conductor, and decreases with greater

conductor depth

\ N
Cause: Induced counter ( >

EMF which produces eddy {\ 1
currents (le) that oppose AWEA \ .
current flow - \ AW AW \i

Magnetic field (H) 7
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Skin Effect

Current Density Skin Depth Calculation
Current density J Skin depth is highly dependent
decrease_s exponer_ltlally on the angular frequency Skin Depth vs Frequency
gy thhe/ I’E.tlodof p:]]¥s'cal H Frequency microns mils
ept S In ept rom t e This part ~1 for o < 1/(pe) i.e. all cases we are concerned with 10 KHZ 654 256
surface current density Js A
[ | 100 KHz 207 8.15
2p ‘/ ; 1 MHz 65 2.56
— cﬁ:\X— 1+ (pwe)” + puwe
J=Jse wit V 10 MHz 21 0.82
100 MHz 7 0.26
630/0 Of current (I) ﬂOWS 2 = resistivity of the conductor

L = angular frequency of curment = 21 x frequency
Hy = relative magnetic permeability of the conductor

within the skin depth

Mg = the permeability of free space
M= Hrflo

€, = relative permittivity of the material
£ = the permittivity of free space

KEYSIGHT € =€
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Current Loops: Layout View

{Pre-layout “fiction”

When does the layout of the switched

loop become important?
- 13 H 1] — * 1
Post-layout “reality Vspike = Lparasitic di/dt
2 — *
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2 .
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Keysight’s Unique Capability: Circuit Excitation

* Like other tools, Keysight's solution shows you - ...but unlike other tools we show you how to
have a problem... fix it. We have a unique feature called “Circuit
excitation” that pinpoints the root cause.

Switch node with probe
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Q: How to Make a Trace Less Inductive?

1. Shorten it

2. Lower the inductance per unit length...

KEYSIGHT

EEEEEEEEEEEE



Q: How to Make a Trace Less Inductive Per Unit Length?

A: MAKE IT MORE LIKE A CAPACITOR!

« Fundamental reciprocal relationship between L

and C for any trace (transmission line theory):
1

ZC L R R R Rl R LS EEEl L LRLER R ERE R RERERRERERESE.]
v l - .
L

...where v is the (fixed) propagation speed, v:
C

vV =—
VEr

...where c is the speed of light in vacuum

« =»|f you increase C, L has to come down

* It is easier to think what to do to make a bigger
parallel plate capacitance C = % = SO‘ZW than it

IS to think what to do to make a smaller
iInductance

KEYSIGHT
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Q: How to Make a Trace Less Inductive Per Unit Length?

A: MAKE IT MORE LIKE A CAPACITOR!

eandering return path far from tr

C  Eg&W

 Think of a parallel plate capacitor C = 7=

Make w big: Make a skinny trace fatter

_ _ Applying RF/hig ed design techniques
Make d small: Current flows in loops. Bring the

return path closer. Under, over, co-planar or all
three.

Close-coupled return path

Grounded co-planar waveguide structure
KEYSIGHT
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di/dt Voltage Spike Remedy

RC SNUBBERS - USED AS A LAST RESORT

Definition: A circuit which reduces spike voltage and parasitic
oscillations. Parasitic oscillations occur when the surge voltage impulse

excites an LC circuit.

Snubbing circuits are usually placed across high dv/dt switching nodes

POV\;?I’ Device Switching Voltage and Input Current (cycle view Switching current
5 / R C
30 ‘ ! DC current . . R15 C2
oo 25 — ) - C=1000 pF
=838 5 High dv/dt node R=1 Ohm P
=N
>::,§‘ ZOWM DC current
Sl 15 | zz — — T —
g5 —
-éwl_\ 10— | r_ —>
288 I zz
P
ok __ L
W —e
5 I L

-5
199.0 199.1 199.2 199.3 199.4 199.5 199.6 199.7 199.8 199.9 200.0

time, usec

RC snubbers always decrease efficiency.
* Rsnub dissipates heat directly
« Csnub stores energy= %2 x C,,, X V2 which is dissipated every cycle
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di/dt Voltage Spike Remedy

Frequency ringing method: Choose R, ,, determine frequency
of ringing, back solve for C, .

Csnub =3 X Trlng/Rsnub

T.ing Can be found by simutaﬂ'on./Use results determined from EM Co-simulation!

g

Power Device Switching Voltage (cycle view)

i

EM Co-simulation

Note: There many papers on snubber design
e.g. William McMurray, OPTIMUM SNUBBERS
FOR POWER SEMICONDUCTORS, IEEE IAS
transactions, Vol. IA-8, No. 5, Sept/Oct 1972, pp.

593-600 N /
'10%YT[TYYT[TYYT‘TYYT‘TTTY‘TTTY‘TTTY[YVTY
495 199.500 199.505 199.510 199.515 199.520 199.525 199.530 199.535
T time, usec

rng

Vds2_Last_N_Cycles
Vds1_Last N_Cycles
=
|

A more accurate result
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di/dt Voltage Spike Remedy

APPLYING THE RING FREQUENCY DESIGN METHOD

Power Device Switching Voltage (cycle view) Power Device Switching Voltage (cycle view)
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di/dt Voltage Spike Remedy Summary

TRACE LAYOUT, SNUBBING

Trace layout:

Lower L di/dt by widening
traces, shrinking route length,
Increasing capacitance,
careful via placement

Vsdraf2
[l ol Lo Lol Lol
jnil
i

Loading/snubbing: ) _ .
Resistive/capacitive loads and % R14 o . c2

|

R15 | ¢
snubbing circuits can be used to R=100hm —_ C=100pF R=10hm -~ C=1000 pF
control surge voltage, but sacrifices
efficiency

&-®
®

KEYSIGHT
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Don’t Add a Snubber Until the Layout is
as Good as it Can Be

Bad layout
No snubber =
Bad spiking

Bad layout Good layout
Large snubber = Small snubber =
Poor efficiency Good efficiency
Big bill-of-materials Small bill-of-materials

KEYSIGHT Insight 2019
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The “Ground” Myth “Ground is a place where potatoes and carrots thrive!”
Dr. Bruce Archambeault,
IBM Distinguished Engineer
IEEE Fellow
http://web.mst.edu/~jfan/slides/Archambeault2.pdf
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Input_GND, V

Forget ground, think “return path”

Don’t place multiple ground symbols

« Place one and only one “chassis ground”
symbol at the point that makes most sense
(usually the ground ref. of the input power port)

 In the substrate editor, use a conceptual
“‘cover” layer as “chassis ground” reference for
the EM extraction

v

LUz right mouse context menus to add or delete substrate items.

Select items on the substrate and view their properties below.

Shortouts in the Edit menu can be used to guickly edit the next substrate item.
time, usec Interface

T AR () Strip plane

- M #(7 25 FR 4 are(48) [] 377 Ohm Termination
- ok oo ™ Material | PERFECT_CONDUCTOR ¥ (|
0 micron| /AIR -
T Ttond? S T 10 millimeer Thicknese |':l micron -
O 1 1o o
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The Impact on Noise Immunity

GAINING INSIGHTS INTO THE DESIGN

* When the grounds of a logic gate contain noise, the noise immunity of the gate decreases.

 The logic gate sees the signal appearing at its input pin with respect to its local ground.

5V
High T 35y
Low 15V
oV

KEYSIGHT
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oV

Input_GND, V

time, usec

1

1V

-

Noise margin = 1.5V — 1V



Ground Mismatch Example

VOLTAGE VARIANCE ACROSS A GROUND PLANE

Y. LMY, LS Y TS

“w — U 0.2valts/ 0.3 valts/ 0.5 volts/ -
. rectgnd © gyalts

58olts 8é_\2glts =

& capgnd
0.5 volts/
150 voltS

A SO B

=W WUl s
AC \wltdge. (red)

w.le

Each point on a power plane or trace has:
* IR drop (DC component)
e di/dt (AC component)

« Different amplitude

* Not necessarily coherent

Each point is different!

KEYSIGHT
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Vs3ref Vs2ref capgndref

Vs4ref

Ground Point V Referenced to "rectgnd”

time, msec

I Y S T
HU] Hl‘ LnELe Rla llllrln'l Tr T ulvmlwl
E RRImR AR MAWM
L L
= [ T [
36.3 36.4 36.5 36.6 36.7

25




Ground Mismatch Example

EVERYTHING IS RELATIVE!

 Itis important to understand the relative voltages around a component.
« Signals going into or out of a device are referenced to the local ground
* Noise levels are different across a ground plane and not necessarily coherent

MOSFET,
Gate ]

KEYSIGHT
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\/g2Bdriveref

VD2 te Gate Drive Chain
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Ennnnnr
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Schematic only

—_

EM Co-simulation

__These signals

are relative to
local gate
driver ground

PWM signal
relative to local
PWM ground



Ground Mismatches:

EM CO-SIMULATION HELPED WITH DIAGNOSIS

1) Gate driver grounds
2) Ground plane connecting the power transistors
3) PWM ground

Root cause: Excessive ground path from the PWM to
the gate drivers, grounds are mismatched along path

KEYSIGHT Controlling Parasitic Effects

TECHNOLOGIES
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Ground Mismatch Reduction

PHYSICAL LAYOUT REMEDIES

Trace layout: B f\

Reduce IR drop & di/dt by
widening traces, shrinking
route length. Reduce high
current loops

Vsdref2

Vsdref2

Ground tying: .
Adjust routing to balance ’
ground between critical
nodes (V1 & V2)

[l B B |
5 <
o r
o
RN
® =
c
3%@
NI
| &
«Q
ge]
o.
35 O
-+ 35
=,
@
NI I

Low ESL capacitors:
Add where large switching

. Switching :
transients are generated and device
between critical components =

KEYSIGHT Controlling Parasitic Effects
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Suppressing Voltage Spikes

Consider a 2.2 uF, 600V poly film low ESR capacitor
¢« 33 mOhm ESR
« 18 nH lead inductance!

Observations:
« Higher voltage capacitors have more lead inductance >
» Fast switching glitches: rise times are only a few nS! H

« Lead inductance may prevent the capacitor from
functioning properly

KEYSIGHT

TECHNOLOGIES

B326T1Z ... B32673Z

Power Factor Correction

Technical data

£TDK

=

May. operating temperature

Topamax +125 °C
Dissipation factor tan & (in 10°% Cr < 0.1 Uk 0.1 pF< Cy
at 20 °C (upper limit values) [at 1 kHz |<1 (typically 0.6) 10

100 kHz —
Insulation resistance Ry >30 000 MQ (Cp =033 pF)
ortime constantt=Cg - R [>100005  (Cp>0.33 pF)

at 20 °C, rel. humidity < 85%
(minimum as-delivered values)

Total self-inductance L
(lead length = 3mm)

LS 15 mm 10 nH
Ls225mm 18 nH

DC test voltage

16%Vp, 2

s

Category voltage Vc
(continuous operation with
Vpg OF Ve at f < 1 kHz)

Tal7C)

DC voltage derating

AC voltage derating

T.<85
85<T,<110

Vo= Va
Vg = Vg - (165-T,)/80

VC s = VWS
Ve rme=Vrws - (165-T,)/80

Operating voltage V,, for
short operating periods
(Vo OF Vo at T < 1 kHz)

Tal°C)

DC voltage (max. hours)

AC voltage (max. hours)

Ta<100
100<T,<12

5

V= 1.25 - Vg (2000 h)
V,, = 1.5 - Vg (1000 h)

Vo= 1.0 - Vo (2000 )
V= 1.0 - Vopus (1000 h)

10

o]
6]
.
6]
5]
4]
5]

1—
0

1 Spike voltage no

t suppressed

-1 LI B
70 72 74

76

78

time, usec

80

T ‘ T ‘ T ‘ T

84 86 88 90



Suppressing Voltage Spikes

2.2 uF 470 uF
-
| |

SwitchV
SWITCHV4

Switching . | owest ESL * LowESL .
node « Lowest ESR « LowESR * Higher ESL
- Lowest value « Low value E!gﬂer IIESR
capacitor capacitor Ign value

capacitor

Low ESL capacitors:
Stagger capacitor types between the switching node and the
output with lowest ESL capacitors nearest the switching node

KEYSIGHT Controlling Parasitic Effects
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Application of HV, Low ESR Capacitors

EDS 10 _ EOS 10 _
9—_ 9—
8—_ 8__
7— T 7—
5] Switching|trace, no o] Apply 2.2 uF, 33
= 5 bypass capacitor g mOhm capacitor. No
- = 4 lead inductance
3—_ @ 3__
2— o
1__ _— e 2 spike
. ! _—/\/\/\————/V\/\———— L e l _I_81
0 — Viow=0 V Lz C=22uF
. 07 Vhigh=10V =5V
-1 4 _ R=20 mChm
L L L L L L L L L B -1 1 T 1 "1 "1 "1 17 ™17 ™17 717 [E}g‘a!":lonsec
0 72 74 76 78 80 82 84 86 8 90 70 72 74 76 78 80 8 84 8 88 90 = el (1 =
i Fall=10 nsec =18 nH
time, usec time, usec Width=25 nsec R=
ADS 10 i ADS 10 n Period=9 usec =
%7 7] -
8— ]
- Apply 2.2 uF, 33 mOhm j_- Apply 0.56 uF, 33
6] capacitor. 18 nH lead 6] mOhm capacitor. 10 nH -
gy inductance > 5 lead inductance
5 4] 5
3—_ 3—]
2—_ 2__
1—_ 1__
0 0— /\ANV\,__
1 T I T I T I T I T I T I T I T I T I T -1 - T | T | T | T | T | T | T | T | T | T
70 72 74 76 78 8 82 8 86 8 90 70 72 74 76 78 80 8 84 86 88 90
time, usec time, usec
KEYSIGHT
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Don’t Add Decaps Until the Layout is
as Good as it Can Be

Bad layout
No decaps =>
Bad ground
bounce

Bad layout Good layout
Large decaps =» Small decaps =>»
Big bill-of- Small bill-of-
materials materials

KEYSIGHT Insight 2019
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Troubleshooting Parasitic Effects

TOOLS, TECHNIQUES, POST PROCESSING

KEYSIGHT
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Tools — Time for a Demo?

USING ADS

FOR EM CO-SIMULATION

B Circut_Teansient sim [PCB_Design i Circut_Transient_simclayout] (Layout)d
VEHE XY ND +E§ORL0 - MRS (RS v IERE
T NS EEE O L \wowenw S [HPDEOA e CEFwM SN OE DD
FTFPICAIAX RS (G
@ ®B - H

TV PCB_Design EbxCircut_Transient sim:emSetup (EM Setup for cosimulation)

LIS IR~ §7 4

ooooo

 EM technologies can be applied to
the layout

 Method of Moments EM provides
the best balance of speed and
accuracy for planar designs

* EM Co-simulation is covered in detail as a separate topic
KEYSIGHT

TECHNOLOGIES

Layout and
. schematic are |-
tied together

oaet

fo 12t

‘ -v
| o] 30 1o v 30| e e e 5 £

1 EH& Y XIUD +E§PPP

i
i

<chematic] (Schematic}&

AHI RS BE

LM\ @V RMERN v 1) o 5 e - [S5 o bimtorSmton

in - & *
-l &
ax

et the Herarchy Polcy detarmen which view 1o use: —

Q

Simulation can be switched
between a schematic and EM co-
sim view

EM is utilized with transient or
harmonic balance circuit simulation



Probing areas of Interest

PROBES ARE EASILY PLACED IN THE LAYOUT

Insert ports by clicking here

37 Circuit_Transient_emcosim_top_level [PCB_Design_lib:Cigfuit Transient emcosim_top_level:schematic] (Schematic):6
File Edit Select View Insert Options Tools out Simulate  Window DynamicLink DesignGuide Add-Ons EM Help

@ pees HHREH BE
WN\E @Y RMER vif o

« Probes can be placed at any critical <=« 2

PCB Design b~

voltage node (like FET gate, drain, .= ==
gate driver inputs, gnd, etc.) e e
« Probes can also be placed alonga == %
trace plane at different spots to gain == =7
di/dt insights = =

KEYSIGHT Controlling Parasitic Effects 35
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Post Processing in ADS

DATA DISPLAY

IS A POWERFUL TOOL

Multiple measurements
can be conveniently
displayed at once.

This can include: switching
waveforms, ground
bounce, EMI, di/dt trace

drop etc.

KEYSIGHT

TECHNOLOGIES
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Ground Bounce Under Power Devoe

Ground Bounce On Gate Driver GND Pin

Trace W Difierence Between Power Devces

Trace VW Difierence Between Power Devces.
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ost Processing Flexibility

% Circuit_Transient_emcosim_top_level [Data Results]:2

CUSTOM MEASUREMENTS NEH& L X I 4688 [0 E

(e o s =) 1] [« [ (][> 1) 5 6] R @

T A e AW X LS
Switch node with probe
ADS 80A
0 o s N
£ oo @ = &
: il Z 507 R e e
« ADS provides flexibility to 3% 40 "
measure just about anything £5 %0
2 Measured vs
« Embedded measurements g 107 .
o - - simulated result e
* |ndividual measurement of R NN DS S S NS NI SSN. -
. 9190 9195 9200 9205 9210 9215 9220 9225 92.30 = Lo ]
layout probe points time, uses

e Custom scripted
measurements

« Measured vs simulated results

B Tstart_Last_N_Cycles=maxitim&}-N/Clock_freq[0]
find_index(tim e, Tstart_Last_N_Cycles)
sweep_size(time)1

[EhlVioad_Last_ N_Cycles_interp=interp(Vioad_Last_N_Cycles)
E@llvioad_Ripple_P2P=maxiVioad_Last_N_Cycles}min(Vioad_Last_N_Cycles)
Ellvioad_mean=mean(Vioad_Last_N_Cycles)

@BY_load_Last_N_Cycles=|_load i[Tstart_index:Tstap_index]

@I load_Last N_Cycles_intemp=interp(l_load_Last_N_Cycles)
@llPIoad_Last_N_Cycles=mean(Vicad_Last_N_Cycles_interp*|_load_Last_N_Cycles_interp)
EllTrace_Loss=Vs1-vd2

.
E\Vgs2_Last_N_Cycles=Vg2[Tstart_index: Tstop_index]-Vs2[Tstart_index: Tstop_index]
)
M. is2_Last N_Cycles=Vd2{Tstar_index-Tstop_index]-Vs2[Tstart_index: Totop_index] m e aS u re I l l e n tS
O L=R7i

BY_in_Last_N_Cycles=|_in i[Tstart_index:Tstop_index]

@B _in_Last_N_Cycles_intem=interp(_in_Last_N_Cycles)
Bvin_Last_N_Cycles=Vin[Tstart_index:Tstop_index]
@Vin_Last_N_Cycles_interp=interp(Vin_Last_N_Cycles)
EJPin_Last_N_Cycles=mean(Vin_Last_N_Cycles_interp*I_in_Last_N_Cycles_interp)

EEmciency=100"Pload_Last N_Cycles/Pin_Last_N_Cycles
The interp() function with default parameters is used on several waveforms.

This gives data that is uniformly-spaced in the time domain, which is necessary
for obtaining an accurate mean calculation when the waveform is "spikey."
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Measurement Precision

USING DATA DISPLAY MARKERS
m4

- - v ¥ = ime=199.1
f ’JJ\J %“‘ VAV "lw(‘ 5I=: ‘[ \_/? J‘/” \t/IEjnse1_Last_ul\?_e(C)ycles=9.411
Vds2 Last N_Cycles=8.898

_in_Last N_Cycles=10.621| Line marker (m4)
Marker palette Breakdown V [imit=30.000

m3

time=199.3usec
Vds1 Last N Gycles=51.500 & cak marker(ms3)

« Markers make it easier to measure data _Power Device Switching Voltage

60 10.85

« Markers are inserted to measure points : m3

50— —10.80

Of intereSt ) —10.75

S/ -

! UU b
e

—10.50

N_Cycles
ycles

« Markers can be used to measure the
period of ringing, rise times, or
differential timing

30

Vds2 Last N _C
Vds1 Last N C

20—

Breakdown V limit

10—

0_

-10 N T 1 T T T T T~ 1 T T 1 7T 10.45
199.0 199.1 199.2 199.3 199.4 199.5 199.6 199.7 199.8 199.9 200.0

time, usec
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Troubleshooting Using ADS

GROUND BOUNCE EXAMPLES

ADIS

Vs2,V

1.0

Ground Bounce Under Power Device

o

L L L L DL DL L L L
20 40 60 80 100 120 140 160 180 200

time, usec

Ground bounce reduces converter
efficiency, produces common mode

noise, and degrades noise immunity.

This

performance is good
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Ground Bounce On Gate Driver GND Pin

ADS

Vref, mV

Bt L L S S L S BN WL
0 20 40 60 80 100 120 140 160 180 200

time, usec

Ground bounce near a voltage reference or
gate driver can degrade noise performance.

This performance is good



Troubleshooting Using ADS

di/dT EXAMPLE - VOLTAGE DROP ACROSS A TRACE

Trace V Difference Between Power Devices

Trace V Difference Between Power Devices
10

EDS

BI3S

Trace_Loss
[
|
Trace_Loss
o
|

-10

-15—]

—ZOAx‘x‘x‘x[x[x{x[x[x{x[ —ZGAx‘x‘x‘x‘x{r‘x‘x‘x{x
0 20 40 60 80 100 120 140 160 180 200 140.0 140.1 140.2 140.3 140.4 140.5 140.6 140.7 140.8 140.9 141.0

time, usec time, usec

Probes placed along traces can be subtracted from each other to gain insights
* Where high current loops drive L di/dt effects

« Impact on switching efficiency
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Troubleshooting Using ADS

« EM excitation provides current or voltage density to troubleshoot “hot spots”
 Visualization can be manipulated to provide different views
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Conclusions

« Parasitic effects degrade performance and can cause failure

 All physical implementations include parasitics and their impact may not be
seen with a schematic-only simulation

« Spiking, noise, ringing, oscillations, false triggering, etc.
« Every ground point on a physical design is different!
« Ground differences reduces noise immunity - a reliability concern

 Modern EDA tools and high speed design techniques can be used to verify,
troubleshoot, and optimize a design
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