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Trends Iin Switched-mode Power Supplies (SMPSs)

Customer Demands: Impact:
« Smaller size 3 * Performance

* Lighter weight * Reliability

« Development/time to market costs

« Higher switching
speed (high di/ft)

 New technologies
(accurate modeling)

Inductor

A magical shrinking
machine doesn’t exist!
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Challenges in power circuit design

47171

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

Prototype circuit explosion due
to unexpected surge
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High switching frequency and associated
surge/ringing causes malfunction

0 1

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




ts(Vload), V (H)

High Speed Power Converter Challenge

Switching Node Spectrum
15
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057 Time domain signal with 10.00u—} Even slower MOSFET power devices
] limited harmonic content can produce relevant harmonics into
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High speed power converters have relevant
energy in the multi-GHz range!
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P Power & Switching
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L: inductance
R: resistance

di
dt
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KEYSIGHT

TECHNOLOGIES



Rectangle

wave

duty cycle, D

0" L L

SPDT_Dynamic

— Vdc=Vg SWITCH1

Inductor

mage courtesy
of Transphorm

LC low pass filter

sqrt(1/LC)/2x

Vout = D * Vg

o
L

L1

L=L

R=

InitCond=Inom

C1 R1

~ C=C R=Rload

InitCond=Vnom+Vrip

| Probe
Y 9 load

u
Note: In open loop simulation, the duty cycle is fixed.
In closed loop, a feedback loop (not shown here) regulates the duty cycle to keep Vout constant versus input and load variance.
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Psw1+Psw2

Higher Frequency Can Lead to Higher Switching Loss

Higher frequency
Same slow edges

Low frequency
Slow edges
Switching loss 3.5%
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time, usec

Psw1+Psw2

50

Switching loss 15.3%

40—
30—
20
10—
0—— |_|_|Ll_|_ T |_ T |_|_|_ T |_ T |_|_|L|_
590 591 592 593 594 595 596 597 598 599 600
time, usec

Psw1+Psw2

50

Higher frequency
Faster edges
Switching loss 3.3%

III III III III III III III III III III

590

I I I I I I I I I
591 592 593 594 595 596 597 598 599

time, usec
If you want to reduce switching loss,
you have to improve the edge speed
even more dramatically than
improving the switching frequency

600



Current Loops: Schematic View

1 ] High di/dt in ]
- ~ switched o

i ] loop .
,L;ec ) _ _ time mH , o

yVvoc [ T C ; Diode T
— Vdc=Vg | =L ~ c= I pwng Model=DIODEM1 | =|_

I3
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When does the layout of the switched

Current Loops: Layout View loop become important?
Vspike = I—parasitic * di/dt

— *
Vspike - I—parasitic Ion/'c

(53]
=33 uH
R=0 02

_{ ‘ Lin SWITCHV!

+]  sre 0

= Va5V

I C 2*10'»60nmj y
Yy n g

5

IH

RL - 2
R=11 2
C, F
1 Aoay 1 1 —[
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IOTL

Vspike B Lparasitic Definition of inductance
T Linear ramp di/dt

Vspike 7 lon

v — LMparasitic TV

of f Of [  Divide both sides by Voff
I
1 O% — L 0 on What inductance will give us a
10% TV overstress spike that is, say,
of f 10% of Voff?

L . O 1TVOff Rearrange, plug in some numbers

10% — 10 ns, 20V, 4A answer is 5 nH

Ion Few mm of wire is 5 nH!
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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 " TS ' .

HIGHTE

Image courtesy of ST Microelectronics

2-6 spins

$6k-$60k/spin
PowerDevice Gate Drive and Inductor C ument (cycle view) 3-8 WeekS Sllp/Spln
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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
' ]

HH

..........
..........

e

Vgs2_Last_N_Cycles
Vas1_Last_N_Cycles
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A suggested Design Approach

Schematic Only Simulation |dentify & Fix Physical Final EM Verification
(BeSt Case) DGSIgn |SSU€S Wlth EM Power Converter Performance Summary

Power Converter Padormance Summary Efcmncy Viosd mean Vioad Appie 2P |
L Moency \load mean Aoad Hppie PP 74.40 4981 840t m|
7384 5003 6341 m |
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Conventional simulation vs. New Keysight

simulation method

Simulation with a conventional model

60
< 30 [ L <
g ] I/ G
= f =

4 If L
o (8 T 08 i
80.8 o " 90.8

Time, ys

800
&3 400 '- \ [
S | | 8

: Wl >
0 WL

\AlD b A | F7°0 T T T | G g |
80.8 . 90.8
Time, ps

Waveforms don’t match.

Blue: Measured
Red: Simulation

rrrrrrrrr

* Ringing/overshoot are not simulated (flat line)

« Timing deviation
» Slew rate deviation

rrrrrr

Exact waveform match is critical for noise calculation as
waveform contains high frequency components
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| Simulation with the Keysight math model ~
Blue: Measured
Red: Simulation
607 60
|
< 30 { - < 30
%) | ' 0
E 1 a" S 1
| | 4
| U
80.8 ‘ ' 90.8 94.8 . 95.8
Time, us Time, us
800 800
> e > YTttt
%) : 1 y ‘
2 400 . _‘g 400
> >
0 * 0 J0 S R PO | L
80.8 _ i 90.8 94.8 . 958
Time, us Time, us
Excellent matching between simulation and
measurement
Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over
Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,
J

What makes this ifnprovement?



What are different? (1)

4 N

tanh ((Lambdal X tanh(1 + Lambda2 X Vgs)) X Vds)

Added Vgs, Vds dependent parameter to drain current

l | & L equation to better represent unsaturated drain current

TLE Qs
i _I‘ilnd) diode — (Cgspl + CgSO X tanh 02)
g - - + (Cgspi + (Cgso X tanh 01 + Cygp; X tanh 1i) X tanh 02)

L. tanhXX (i) = 1 + tanh(4 + B X Vg + C X Vgs)

\_ / Added tanhXX to express a positive bias dependence on
Added body diode to better fit to SiC charge equation

* Modified popular Angelov GaN
« To represent SiC or GaN behavior better
* Independent of device physics parameters (e.g. Tox) — Everyone (e.g. circuit designer) can use it

Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,
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Power Electronics Model Generator

ﬂ PE_SICMOS_Example (C:/Users/rsodhi01/Projects/ICCAP2017_alpha) - Power Electronics Modeling Suite - O X ‘

File Edit View Tools Help

hEEND

Bl p Task: DC-IV Tr Transfer Characteristics Extraction Step: T: IPKO, VPKS, P1 l
Project [“] Auto skip tune steps 2 . - : n ? )
Plot PE_SiCMOS_Example_Extract/DC_Tnom/idvg/idvg E‘ Plot PE_SICMOS_Exam ple_Extract/DC_Tnom/idvg/gmvg [— 2| - s
= o A I » ‘o while sliding

Initialization Parameters

v DC-IV Initial Extracti 2000m 1 \ PXO
: — 4000m
Load Data E: IPKO, VPKS, P1 B 600.0m . Log ~
E: ALPHAS, LAM.. - ‘ 8000m 15.26 76.31 381.6
E: Diode DC - 1.000 =
I’ VPKS
T: DC-IV Check
CV Initial Extraction &} g
Extract v DC-V Tr Transfer Ch =) 5.116 25.58 27.9
): IPKO, VPKS, P +
O: IPKO, VPKS, P1 w 1
T: IPKO, VPKS, P1
- » -
E:Bind RSto RD e fa Log
O: IPKO, VPKS, P.. £ 11.99m 59.97m 280.9m
Verify T: IPKO, VPKS, P1 =
E: Unbind RS

O: IPKO, VPKS, P
T: IPKO, VPKS, P1
O: IPKO, VPKS, P..

Export T: IPKO, VPKS, P1
DC-IV Tr Output Cha 1 |
DC-IV Tr o y i1
IC-IV Self Heating
. 05 + +
DA\ Te Outewit Cha W[5} Vg [E+0)

« Powerful flow dynamically adapts to measured data and
provides turns-key automated extraction of Power
Electronics models
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What are different? (2)

(A) Wide range IV using double pulse test

800 4 80 F L
800 40 Ieoo | ! | =l - -7 ’-z o
‘ 800 | 4 1 -
- A E ? 14 Wl — |, o et
S 400 1 20 z N 800 40 < a0t ___,_.-"
>.g :; i 600 30 -7 .- . .
200 p 1 10 H % 400 \ ® 2 0 n.'.“_- _____ e
= 200 ; 10 < > -g--"%----_g--=-=-- -
0 boagef®ecccenanens L R 0 —_ , . 10 ~gui-gIE NN . amne -
-200 - > 3 10 20 " ’ 200 400 B0
Time (us) Ve (V)
o Wide range IV curve
IV curve with
| | — conventional test
< . ’
= | equipment doesn’t
E cover switching
0 : : | trajectory
0 200 400 600 800
Vds (V)
« Utilize double pulse test system to obtain wide enough IV curve to cover switching trajectory
Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,
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What are different? (3)

(B) Inclusion of CV (both off-state & on-state) 4 x40 [
10° | | | | T T 3l -
s /< Vgs=6V
10-9 | M - _ ok |
o \ ~~.Coss L Vgs=4.5V Discontinuous measurement points
© Y T > _ seen beyond 10MHz are considered
- -0 L % | O b Vgs=3V . S
@ 10 " R to be caused by oscillation due to
& M Y ~ parasitic and stray inductance
ST N .eas Crss e, . oF Meas associated with measurement
o 10 Sim — Sim circuit. Therefore, simulation didn’t
O | , | | include those points.
_1 L L L LLLLl L L L LLiLll L L L LLLLL 'l 1.1 L LLLL L L L LLlLl
12 1 1 1 1 1 1
0 4 5 6 7 8 9
0001 001 01 1 10 100 1000 10 10 10 10 10 10
Vi (V) Frequency (Hz)
Ciss Coss Crss e, High-1 bias-T v High-l bias-T
- .-vl-ll:.-il e L0 : ) A : /;l —_— . —‘13? }TL"“
[y s Py TTEI = o M A T T il ! ‘
5‘?.-' : 31‘l_.,_'n-‘] T If.-:_.':!:ll-i \' : ' 'T: .: l 5 | ':d. {l‘.'{| “:1 ‘b—tf“‘%‘: lWFE ?H : i L
BT al) P e T D) w [©°
=1 :_”1 a5 ' S - i\ .Tac Guard - | Network
'_'|._‘,. Bia;—T LCRmeter SUpncy L J Analyzer

 Inclusion of non-linear characteristics is critical to represent device physical phenomena better

Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,
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Ids, A

What are different? (4)

To use simulation software that performs not only time domain analysis but also incorporate

electro-thermal and layout distribution effects

80 60

5 |50
|
~ L

40— £\ [40
,' LMJ#(O\J\ e |

30— I 30

20— / I- 20
f !

.’ Lo
| i
f Blue: Measured |

0 —amowrecrs o s e ana il Red: Simulation i—f()
-10 : — I -10

808 899 900 901 902 903 904 905 606 907 N8
Time, us

Improved device model without
extensive EM simulation

Ids, A

& —60
so—: 50
-]
30|
20—
10+
| Blue: Measured
0— - Red: Simulation —9@
-10‘;,-;«,-;-.-.-;-,-,~,--10

B88 899 900 901 902 903 904 V0% SO& SO7 Q0L

Time, us

Improved device model with
extensive EM simulation

Electromagnetic simulation using board layout information as well as inclusion of s-parameters
measured on DUT, the simulation of circuit operation becomes significantly better.

KEYSIGHT
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Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,



Circuit simulation based on the model and
electromagnetic analysis

Conventional

New method

50 800
aq 2
] e
2 =
=€ @
02 <3
FE D @
98> g2
=3 <
] © a
> @ @
EE
'10 T I T I T ] T ] T ] T ‘ T I T ] T ] T 200
898 899 900 901 902 903 904 905 906 907 908
time, usec
50 800
4 i -
A
40— ':\\ ! \‘JV/\J\‘M“M. AP PG 0() 3
@ o - Ids D\:.
O 7]
>=2 30 €
=€ i —400 3
3B, <3
E549 2 hia. n as
0 @v> V 7=
532 . gs i 200 <
23 l 5
T3 10— i @
EE | \ ) » i
i\ : —0
0— A\
Vds i -
N \J.A. B
-10 LI B S N B N S B S e s e ey B 200
948 949 950 951 952 953 954 955 956 957 958

Solid line: simulation
Dashed line: measurement

time, usec

50 800
500 -
4 400 -
-4 <=
5 as
% D
200 s
o <
o | by

E
0
-10 T T T T Y T T T 200
BG8 S99 00D BO1 002 903 W4 KOS 206 W7 Y048
time, usec

%0 800
40 o =
o 3
= 0 ‘5
¥ 00 2
T< g <3
& 20 s 2 Q
4 § > "y -
7 —200 <
5 10— 2

-9
0
TV 100 UMM S — - . B 20
10 ™1 ™1 =1 1 1 200
40 949 050 G571 G52 653 054 055 956 657 058
time, usec

F=100kHz F=900kHz

mag(freq_meas_Vds)

.

A0S

Frequency characteristics

)
Vds Power in mag : Sim and Meas

1E3

mag(freq_D2)

1E8

4E8
freq, Hz

Simulation
Measurement

J

Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,
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Results from EM-circuit Co-simulation

« EM-model informs the circuit simulation « Circuit excitation informs the EM post-
simulation visualization display

Switch node with probe

. 80
70

602
50-] —
40;
302

20— . .
5 J Simulation
i Measurement

-10 L I I L
91.90 9195 92.00 92.05 92.10 9215 9220 92.25 92.30

shiftedsw
DataSwitchNode4..voltage

time, usec

KEYSIGHT

TECHNOLOGIES



Insights Given From the Simulated Spectrum

LAYOUT RELATED NOISE IS GREATER AT FM BAND

CISPR 25, Class 3 Compliance: Total Noise (peak)

- : . 100
Underlying EMI mechanisms: Abe o] Component parasitic influence
« Harmonically related components " Layout parasitic influence
* Non-harmonic related ringing 70—

* Instabilities
* L di/dt mechanisms

Switching freq

Voltage [dBuV]
S
I

Component and layout parasitics: 10
» Prevent EMI from being suppressed — they always -20

need to be modeled S
« May create noise in different frequency spectrums =

/

INOOO'}
INOO'OL —£
INO'00}
INO"0G1
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Enabling technology

——{Simulation with a conventional model |

Dotted: Measured
Solid: Simulation
700

301 Turn on i 600
25 500
20 400 >
5"15 300 7,
10 - 200 =
q 100
0 . ———————0
'sg 710%0
30| Turn off 600
25 500
20 400 =
<15 300 g
~10 200
5 100
0 0
-5 -100

0 100 200 300 400 500
Time / ns

Waveforms don’t match.

Exact waveform match is critical for
noise calculation as waveform
contains high frequency components

Apply Keysight mathematical model and key measurement data

Keysigh math basic current equation

1y =14 % (1 +tmnhig)) x tanh(a X V) x (1 + A% V)

» Specially developed mathematical model uses
tanh in current equation or capacitance equation

» Good convergence

» Easy to represent complex IV or CV

* Less number of parameters ( < 100)

* Generic and applicable regardless of material or
structure

Polynomial model based
on a math model

-V Z

2 T
3 ¥

< N

=P \\ V=115V

\ V11,0V
" 0
by B1506A

-

§a - as »
! - ,.V ! : E - :
o V- Lt‘:s;;‘

i .

gl * DPT = Double pulse test

X ~
g \ .
]
&) '*.,\
w0 F - Crss eal

0.001 0.01 0.1 1 10 100 1000

Ves (V) Taken by B1506A

Vds=1

‘| vgs =0V to 11V '
(0A to[1.43A) \

J
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~Simulation with the Keysight math model

-

35 700
Turn on

Dotted: Measured
Solid: Simulation

600
500
=400.
300°
-1200-
100

Al

—=l 100

Turn off

7

)

600

0 100 200 300 400 500
Time / ns

Excellent matching between
simulation and measurement

)

Source: “Measurement Methodology for Accurate Modeling of SiC MOSFET Switching Behavior over Wide Voltage and Current Ranges”, H. Sakairi, et. al., IEEE Trans on Power Electronics early access,

Keysight World

23



Before & After Our Solution

Device selection

Unreliable vendor datasheets

7 l..

o ..;__. Rk

Device model

poor device model to

produce trustable simulation

Circuit simulation

Cheap & inaccurate SIM tool

Prototyping / Modification

Circuit functional test

Completion

KEYSIGHT
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N

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 PE Bundle

Prototyping / Modification

Circuit functional test

Completion

i T Reliable time
domain & EM

] simulation based
' on reliable model



Keysight Integrated Power Electronics Solution

ADVANCED DESIGN SYSTEM (ADS)

_ 7__\<N22§O Power Electronjcs Bundle

Schematic

Transient/convolution

MR

3D viewer

oy

w— REF ot

PWMD1
Freqg=1 MHz

Power Electronics Library

KEYSIGHT
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Data disAp'Iay Verilog-A

Product Options

Al

' ]'i"lﬂx_‘.:‘.!‘z‘"

W2349 Electro-Thermal Simulator



Keysight Solutions for Power Electronics

KEY CHALLENGES OUR CUSTOMERS ARE FACING TODAY PE Design Challenges
- Mitigate noise on Switching (< Reliability, EMI Standards)

Surge Voltage, di/dt, Conductive noise

Device Modelin
g - Thermal design (€ Reliability )

Device Parameter Measurement Parameter Extraction Thermal distribution on PCB (Air flow is partially
supported)

- Improve power efficiency (< Efficiency)
Switching Losses, Conductive losses

+| B1506A Curve Tracer / Power
. Device Analyzer =

1. Power Electronics

11V, CV Model Generator

=i~ Double Pulse TestPD1500A Ll Simple and guick fifing Circuit Development

m === High power |-V

2. IC-CAP based Power MOS/SiC/GaN/IGBT [EEX Simulation DESIgn Real Measurement

Modeling Opt.
For professional, high accurate modeling

4T urn on Dotted: Meas.
- Solid: Sim.

‘ " E5080AENA +Fixture [

Zero-bias S-param, On-state C-V

3. Keysight Modeling Service

Parasitic Effect Consideration

Packaged/Passive modeling Board Pattern Modeling

- .

0

B E; , Pree.n A

| s ol Oscilloscope
: — Waveform analysis and
AA KEYSIGHT  Aps Full 30 EMIEMPro Network Analyzer ADS 3D-Planar EM Sim. ADSIFEBuUNC debugging
De-fact standard circuit simulator considering

EM based simulation Verification of devices Allows the most accurate design
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