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Why Use LTspice?

<« Stable SPICE circuit simulation with
< Unlimited number of nodes
<« Schematic/symbol editor
<+ Waveform viewer
<+ Library of passive devices
< Fast simulation of switch mode power supplies
<+ Steady state detection

< Turn on transient

+ Step response SPICE = Simulation
Program with Integrated

Circuit Emphasis

)

+ 1920 macromodels of Linear
Technology products
+ 1390 Power products

« Efficiency / power computations
<+ Advanced analysis and simulation options
<+ Not all covered in this presentation
< Qutperforms or as powerful as pay-for tools
< In other words LTspice is free!
Automatically builds syntax for common tasks

7
*

LTspice is also a great schematic capture / BOM tool
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How Do | Get LTspice and
Documentation?

<+ (Goto
«+ Left-Click on Download LTspice IV
<+ Follow the instructions to install

LTSPICE IV

LT=spice IV = Download LTepice IV (Updated January 14, 2011}

= LTepice Users Guide
LTspice®N is a high performance Spice Il simulator, = | Tepice Cetting Started Guide

schematic capture and waveform viewer with « LTepice Demo Circuit Collection
enhancements and models for easing the simulation of
switching regulators. Our enhancements to Spice
have made simulating switching regulators extremehy
fast compared to normal Spice simulators, allowing the
user to view waveforms for most switching regulators
in just a few minutes. Included in this download are
Spice, Macro Models for 20% of Linear Technology's
switching regulators, over 200 op amp models, as well
as rezistors, transistors and MOSFET models.
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http://www.linear.com/software

The Basics:
How Do | Get Started using
LTspice?
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How Do | Get Started Using
LTspice?

Use one of the 100’s demo circuit available on linear.com
Designed and Reviewed by Factory Apps Group
Go to

Use a pre-drafted test fixture (JIG)
Provides a good starting point, but is not production-ready
Used to prove out part models, and are not complete designs.

Components are typically “ideal” components and will need to be
modified based on your operating conditions

Use the schematic editor to create your own design
LTspice contains models for most LTC power devices and many more
Use simulation circuits posted on the LTspice Yahoo! User’s Group.

Also contains many very helpful discussion threads

You can also check out LTspice capabilities using the education examples
available on C:\Program Files\LTC\LTspicelV\examples\Educational

L LINEAR
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How Do | Get Started Using
LTspice?

L 4

L 4

http://www.linear.com/software
Use a pre-drafted test fixture (JIG)

< Provides a good starting point, but is not production-ready
<+ Used to prove out part models, and are not complete designs.

<+ Components are typically “ideal” components and will need to be
modified based on your operating conditions

Use the schematic editor to create your own design
« LTspice contains models for most LTC power devices and many more
Use simulation circuits posted on the LTspice Yahoo! User’s Group.

« Also contains many very helpful discussion threads
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Demo Circuits on linear.com

Go to

LTspice IV = Download LTspice [V (Updated May S, 2009)
= | Tspice Users Guide

LTspice IV is a high performance Spice lll simulator,
schematic capture and waveform viewer with
enhancements and models for easing the simulation of
switching regulators. Our enhancements to Spice
have made simulating switching regulators extremely
fast compared to normal Spice simulators, allowing the
user to view waveforms for mest switching requlators
in just 3 few minutes. Included in this download are
Spice, Macro Models for 80% of Linear Technology’s
switching regulators, over 200 op amp models, as well

LTspice Demo Circuit Collection

as resistors, transistors and MOSFET medels. Part Number Updated  Download
LT1071HVY - 54 and 2. 54 High Efficiency Switching Regulators May 5th, LT1071HV asc
f f 2006
LT1072HY - 1.25A High Efficiency Switching Regulator May 5th, LT1072HY . asc
2006
LT1076HY - Step-Down Switching Regulator May 5th, LT1076HV asc
2008
LT1111 - Micropower DC/DC Converter Adjustable and Fixed 5V, 12V May 28th, LT1111.asc
2006
LT1172HV - 100kHz, 54, 2.5A and 1.25A High Efficiency Switching May 5th, LT1172HV asc
Regulators 2008
LT1173 - Micropower DC/DC Converter Adjustable and Fixed 5V, 12V Jun 12th, LT1173 asc
2006
LT1308B - Single Cell High CurrentMicropower 800kHz Boost DC/DC May 28th, LT13088.a8c
Converter 2006
LT1370HVY - 500kHz= High Efficiency 64 Switching Regulator May 26th, LT1370HV asc
2008
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Demo Circuits

v' Designed and reviewed by factory apps group

+ |t remains the customer's responsibility to verify proper and reliable operation
in the actual application

¢+ Component substitution and printed circuit board layout may significantly
affect circuit performance or reliability

%G Linear Technology LTspice/SwitcherCAD Ill - [LTC3412A.asc] M=
4, File Edit Hierarchy View Simulate Tools Window Help - g x
IR R s hof A8 LL@2 ) YD e

LTC3412A - 2A, 4MHz, Monolithic Synchronous Step-down Regulator
Input: 3.3V Output: 1.8V @ 3A

IN
V1 ica RE
22 100K
3.3 X2 R
1Meg | Pgood  SVin PVin
L1
Run/Ss swHTIT , our
——C4 u1 1w R1
R4 Q;UUUP 232K "
Ith Fe i FB c1
7.5K
c2 cs R2
LTC34124 187K 100u 3
R3 load
g;l]l]lllp ;|;Dlllp
<}—/\f\,—m Mode -
309K
S:;D P:;D .tran 1.5m startup

Note:

Release" command from the "Tools" menu.

What if | cannot find a demo circuit?  peorertion inthe sctuatsppication.

It is distributed to customers only for use with LTC parts

B ™
Copyright © 2006 Linear Technology Inc. All rights reserved.
Right click to edit "LTC3412A - 3A, 4MHz, Monolithic Synchronous Step-down Regulator Input: 3.3V Output: 1.8V @ 3A"
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How Do | Get Started Using
LTspice?

- Use one of the 100’s demo circuit available on linear.com
<+ Designed and Reviewed by Factory Apps Group
Goto

4

L)

L)

« Use the schematic editor to create your own design
LTspice contains models for most LTC power devices and many more

« Use simulation circuits posted on the LTspice Yahoo! User’s
Group

» Also contains many very helpful discussion threads

LY LINEAR e
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Pre-drafted Test Fixture

< Provides a good starting point
< These simulations / designs are not production-ready
< Used to prove out part models, and are not complete designs.

filinear Technology LTspice/SwitcherCAD Il - [3412A.asc] g_]@lg
1, File Edit Hierarchy View Simulste Tools Window Help - &%
D W T £ & HRW e 08 503 +3 000
IN ! ' .
‘L-\V1 [ .:f:;' R7
(o2 ; <7 10K
T'5 <Re ]
N 10K Pgood SVin PVin 2
Eckasd W SWH U 1 e T s
U1 A LR 1 _“Rioad
c2 , R’4‘ < “887K Izzp '.‘.','I’) 20
H=AA—m LY s—— Lo oL
1000p 13K o
LTC3412A PR
R3 _L 412K tran 500u startup
GAA—re Mode |-|> -
324K
SGND PGND
ki ;

+ It remains the customer’s responsibility to verify proper and reliable
operation in the actual application

+ Printed circuit board layout may significantly affect circuit performance
and reliability




Realistic Source L and R
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Realistic Source L and R

Equiv L (H) High Impedance Test Fixture with 1 Ohm Reference Resistor Equiv E {ohm)
35000 83.000
31000 /JI 74000
27000 / G5.000
23000 A6.000
1.900 u / 47 000
1,500 u “ | 390 pH] 38.000
32 n /
1100 | ﬂ!f I 39,000
W,\ 0 s limeee — X
F00.000n H e 20.000
[
200.000 n 11.000
l?f P
-100.000n 0 mQ T T 2000
-500.000n ; -7.000
10 100 1k 10k 100 k 1M 10 M
L1 Il
Data I M1 I
Frequency 500,00 kHz
Equiv L 832,012 nH
Equiv R, 210,827 mohm
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Realistic MLCC ESR

4 Impedance

Te+l04

Te+00:3

Te+l0:

Te+001

Te+000

| £Jfabim

1e-001

1e-002

Te-003

1e-004
Te-001 Te+000

TeHl02 TeH102 Te-H004
Fregquen

~3-4 mQ
% 10 pF, 25V, 1206, X7R
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Selecting a Model & Opening Test Fixture

« Use the “root” part to search for the model
<+ l.e.3412A

« Select “Open this macromodel’s test fixture”

= Select Component Symbol &|
Top Directony: | CAPROGRA™TALT CAS wCADIMib S zynn “ |
P P 38, 4kHz, Monolithic Synchronous 2 . Se I eCt
Fgood Step-down Fegulator
RUNss v
ith iT FE
1 . E nte I 34 1 ZA At Mods [ O pen thiz macromodel's kest fisture ]
0 Poll LTC34124 |
CAPROGRA™TALT CASwCADI M eyt PowerProductsh,
LTC3408 LTC3412 LTC3422
LTC3409 LTC341248 LTC3423
LTC3410 LTC3413 LTC2424
LTC34101.2 LTC3414 LTC3425
LTC3410-1.65 LTC3415 LTC3426
LTC3IH0-1.875 LTC34E LTC3427
LTC3410B LTC3NT LTC3428
LTC3410B-1.2 LTC3417A4 LTC3429
LTC3410B-1.875 LTC3418 LTC3440
LTC3411 LTC3421 LTC3441
< ' 2
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How Do | Get Started Using
LTspice?

<+ Use one of the 100’s demo circuit available on linear.com
Designed and Reviewed by Factory Apps Group
Goto

« Use a pre-drafted test fixture (JIG)
Provides a good starting point, but is not production-ready
Used to prove out part models, and are not complete designs.

Components are typically “ideal” components and will need to be
modified based on your operating conditions

« Use simulation circuits posted on the LTspice Yahoo! User’s
Group

» Also contains many very helpful discussion threads

LY LINEAR
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Start With a New Schematic

+ Select File and New Schematic
<+ Will open up a blank schematic screen

Féj Linear Technology L... |:”i”E|
File View Tools Help ‘l:' File Edit Hierarchy Wiew Simulate Tools

HEW P — . Window Help - 0
T+ Mew Symbal J ﬁ E '? 3{'?@ @\@\e\ﬂx

= Qpen...

&

Féj Linear Technology LTspice... |Z||E

Mew Library

() Print Setup...

1LTC3411.a5c

2 Vswitch2.asc

3 C:\Program Filesh, .. \sw.asy
4 Vawitch.asc

5 1.5V 5V 10mA 1110.asc
& wprobe.asc
FLTC3411.a5c
2LT3014[1].3sc

QL TC3725[1].asc

0 LTC3411[1].asc
1LTC3411[1].asc

2 3V 5V 400mA 1305.asc

Exit
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Add a Component

<+ Use Add a Component or F2

=5 g DICe eri.A d d L
i -8 x
5 ~ul n by 1 an |

| B S _ _ A BRON DG LD DO D A A op
BT oe e sy e S oo o weo - 5 [ o 00 DS BV ST TRTLY i
Eg X
: Component
snitees [0, | B2 10 | B |
|p SPICE Directive 5
SPICE Analysis
% Resistor R L
# Capacitar C -
3 Inductor Y S
- | == Diode o |- e M Select Component Symbol S
Mol comporent 2 | Top Directory: | C:APROGRA™1ALTCAS wCADNYibhspm v
| |Em Rotate e D —
aDrawﬂire F3
(@) Label Net F4
<L Place GND 'G'
= Place BUS tap _ !
‘XJ Delete Es Open this macromodel's test fisture
B3 pyplicate F&
& Move F7 CAPROGRA™TMLT CASwiCADMibhaym',
Paste [Comparators] by FemiteBead 1) mesfet
- L [Digital] cap g nif
{» Drag B | [FiterProducts] CHSW a2 P
Draw L [Misc] csw h nmosd
[Opamps] curment ind npn
[Optos] diode ind2 npn2
Place a new compaonent on the schematic, [PowerProducts) 2 LED npn3
[References) el load nphd
[5 pecialFunchions] f lnad2 pif
bi FerniteBead lprp pmos
bi2 FeriteB ead2 Itlirve prnozd
< Il | >
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Schematic Editing

Place Circuit Element
Place Diode
Place Inductor
Place Capacitor
Place Resistor

Label Node
Place Ground
Draw Wire
4, File Wiew Window Simulate Edit Help ~ -\ =1=] x|
B3| |1 2 #0]| ejoja=| gl BlwlwE 4=eal s 2@ <23 2o]2o|o| e da] o)
7 T D1 =]
L & P T R |
I 40P ! | |
Zoom Igan Move
Dra
Zoom Out U g
Autoscale ndo
Redo
Duplicate Mirror
Paste b/t Schematics Place Comment
Find Place SPICE directive

LY LINEAR



Using Labels to Specify Units for
Component Attributes

» K=k=kilo=103 M
» MEG = meg = 106 U=u
» G=g=giga=10° < N=n=nano=107°
« T=t=tera=10" P
F

Hints

+ Use MEG (or meg) to specify 10°,
not M

+ Enter 1 for 1 Farad, not 1F




Wiring up a Simple RC Circuit
» Using the toolbar, select New Schematic

» Using the toolbar, select a Resistor, Capacitor and Ground. Place these
on the schematic as shown below. Use Ctrl R to rotate before placement

» Using the toolbar, select Component. From the component window, type
“voltage” in the dialog box, and click “OK” to place a voltage source

K .
File Edit Hierarchy View Simulate Tools Window Help SEIECt Component Symbol E|

AE P A | Q QB B R 4 4 Top Directany: |E:\F'mgram FilesSLT ChSwCAD N Mibsaymm v|

Yaoltage Source, either DC, AL,
PULSE. SIME, PwiL. ExP. ar
SFFM

vaoltage
C:AProgram FileshLT ChSwCADNMibsewm'
nphd zchattky
pif SLM
Qo Slw
priosd W
php Hine
phps? waractor
phpd
palcap zener
1es
ress
< [ »
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Wiring up a Simple RC Circuit

< Using the toolbar, select Wire. Wire up the RC circuit as shown below.
< Using the toolbar, select Label Net. Label the input/output nodes as shown

below

<+ Right-Click on each component to change its value as shown below
< Right-Click on the voltage source and enter the parameters shown below

under the “Advanced” tab.
Independent Voltage Source - V1

Functions
-l:\ File Edit Hierarchy View Simulate © tone)
Tools Window HE.||:|, g x (&) PULSEWT %2 Tdelay Trize Tall Ton Period Neycles)

) SINEMoffset Wamp Freq Td Theta Phi Mopcles)
@ E"q H E:i:' --’;J‘5 EEI\ E}\ E\ O EXPIVT W2 Td1 Taul Td2 Tauz)

) SFFM[Woff Wamp Foar MDI Fsig)

O PwLED w1 12 w2 ]

OPWLFILE: | |

VYinitiallv} |0
WonlV |5
Tdelay[z] |0
Trize[s] | Tu
Tfallz} [Tu

Ton[z]: |10m
Tperniod[z]: | 20m
Meyeles: |3

Make thiz infarmation wisible on schematic:

DCYalue

Small signal AC analysis[ AC)
AL Amplitude;
AL Phaze:

Make thiz information vizible on schematic:

I

Farazitic Properties
Series Resistance[02]:

Farallel Capacitance[FL:

M ake thiz information vizible on schematic:




Independent Voltage Source - V1

Functions OC Walue

() [hone)
(*) PULSE1 w2 Tdelay Trize Tfall Ton Period Moycles)

() SIME[Voffset Vamp Freq Td Theta Phi Moycles)

O EXPW1 W2 Td1 Taul Td2 Tau2) Small zignal AC analysiz[ AC)
() SFFM[off % amp Fear MODI Fzig) AL Amplitude:
0 PwiLE w1 (2 w2 ) AL Phase:
() PwL FILE: M ake thiz information vizible on schematic:
Farazitic Propertiesz
Viritial]: |0 Senes Resiztance[02]:
Vor[v] |5 Farallel Capacitance[F]:
Tdelayls] |0 M ake thiz infarmation vizsible on schematic:
Trizelz]: | Tu
Ttall[=]: [Tu
Ton[z]: | 10m
Tpenod[z]: | 20m
Meoycles: |3
b ake thiz information wizible on schematic: | Cancel | | """"""" k. |

(T
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<« Component attributes can be edited by pointing at the component with

Editing Components

the mouse and Right-Clicking

Resistor - Ré

b anufacturer:
Fart Humber:;

[ Select Resistor ]

Reziztor Properties

E3

I Enter new Value for Ré

Jugtification

[Jertical Test

Inductor - L1 |X
K.

M arufacturer; Coilcraft o
Part Murnber: DOTE08P-222

Select Inductor
|nductor Properties

Inductance[H]:

Peak Current[a]:
Series Resistance[ Q]
Farallel Resistance[C]:

Parallel Capacitance[Fl | 1.8p

Cancel

Show Phaze Dot []

I Enter new Value for L1

Capacitor - Cp1

Manufacturer; -
(]
Part Mumber; - -
i —

[ Select Capadcitar

Capacitar Properties

Equiv. Senes Resistance[C]: _

Partz Per Package: |:|

M Enter new Yalue for Cp1

0K Jugtification 0K Jugtification
Top A4 Left w
[Jertical Test [Jertical Test

| K]
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Component Database

<« Components such as
< Resistors, capacitors, inductors, diodes,

< Bipolar transistors, MOSFET transistors, JFET transistors

<+ Independent voltage and current sources

<+ You can access a database of known devices

Resistor - Rb r'5_<|

bl anufacturer;
Part Mumber:

[ Select Besistor

R esiztar Properties:

M Select Standard Resistor

Inductor - L1 |

tanufacturer: Coilcraft
Part Mumber: DO1608P-222

Inductor Properties

Ml Select Stock Capacitor

X

L] TEOHNOL OGY

Capacitor - Cp1

t anufacturer:
Part Mumber:

Type:

’ Select Capadcitar ]

X

( Quit and Edit Distabase | [ o
[ List All Capacitors in D atabase ] [ Cancel
CluF] hdfg. tyupe Part Mo. Woltage[v] Rizer[] b
0.5 Michicon Al electrolptic UPLTHR47MAH W
0.5 Nichicon Al electrolptic  UPR2&R47MAE 1000 43.000
0.7 Nichicon Al electrolptic  UPLTHRESMAH 500 3.700
1.0 TDK #5R C1E08<5RIAT0E 100 0.003
1.0 KEMET #5R COe03CI05KER: 100 0.004
1.0 TDK #TR C3216x7RICIOE  1E0 0.007
1.0 & Tantalurn TalA105km e 16.0 11.000
10 KEWET xR COBSCIOSeR 160 003

|

[ dutendEdtDatabase | [ 0k | [ OutandEdtDatabase | [ 0K
[ List Al Reziztors in Database ] [ Cancel ] [ List All Capacitars in Database ] [ Cancel
Rl Mig. | PartNo. Powerlw] Tolerance[%] | E[u] Hfg. . tPE IIFF4H'H VUW] Rser0]
0. 00K, 0.100 L2 Al electrolytic  LIF 147144 500
. ' 1.00 05 Michicon Alelectroliic  UPR2aR47MaR 1000 43.000
1 QI?SK 0'100 1'00 0.7 Michicon Alelectrolptic  UPLTHRESMAH 500 3.700
JEK 0100 1m 1.0 TDK WER CIBORKERIAINE 100 0.009
g g : 1.0 KEMET WER COROZCIOSKER: 100 0.004
050K 0.100 1.00 10 TDK 7R CINERICIE 160 0.007
331K 0.100 1.00 10 A Tontam  TAJMOSKOTE 160 11.000
10.70K, 0.100 1.00 - 10 KEMET 7R COB05CI0SK4R. 160 0.031
9.09K, 0,100 1.00 - .. e, ety - i
11.00K. 0100 1.00
BETK 0100 1.00
11.30K. 0100 1.00
A RRK n1nn 10N b

Equrv. Parallel Capacitance(F|:
kean Time Between Failures(hr]:

Partz Per Package:

]
[ ]
[ ]




Copying from One Schematic to Another

Open the schematic
with the circuit you
want to copy

Open the schematic
where the copy will
be pasted

Copy using the

button

Move the whole
copied section up,
out of the active
window, and click on
the destination
schematic

1, 2-LTCM12ADC Load asc | 4, Draft2.asc|

LTC3412A - 3A, 4MHz, Monolithic Synchronous Step-down Regulator
Input: 3.3V Output: 1.8V @ 3A

IR

R&
100K

33 i R3
1Meg Pgood  SVin PV¥in
Run/55 ) Lo
C4 H
= U1
™ ;l;z.zn
W Ith £r FB 3
T.3K load
c2 s LTC34124
1000p 100p R2
Jew I g R e
K
Si;D Pc;;D tran 1.8m startup
Mote:
If the simulation medel is not found please update with the “Sync Release™ command from the "Tools™ menu.
It remains the customer’s responsibility to verify proper and reliable operation in the actual application.
| 4, 2-LTC3412ADC Loadase | . Draft2asc | G parts

LTC-E4124 - 24, 4MHz, Monaliihlo Eynohronous Esp.down Rsgulsior
Input: 3.3V Ouwiput: 1.8V (@ 34

Ll

=

Sy

—vﬂ_ﬂ
= Fege

Hh

-

Rl
Mag Pigod
Fun'
k=g
H

#in Pyvin

1]

LY

LTCE412A

Mods

BOHD POHD

W

:

L

- v

L

ran 1.2m

A
PPN
Rz
157K

siariup

§3331

l.'.o simulstion modsl |5 nod found please updads with the " Epno Rsleass™ sommand from the "Tools™ menu.

H reenaing the susiomer's responsiblily o werl®y propsr and rellable spsration in the sotusl applicsdion.

Companent subsitubion and prindsd siroult board lapout mey signifoantty amsot slroult psriormancs or redlability
Contsod your looal salss rapresenisthes for assisisnos. This clroult |s distribuisd fo cusdomners only for uss with LTC paris
Copyright S 2008 Linsar Tashnobogy Ino. A0 rights ressrved.



How Do | Get Started using
LTspice?
<+ Use one of the 100’s demo circuit available on linear.com
<+ Designed and Reviewed by Factory Apps Group
Go to
<« Use a pre-drafted test fixture (JIG)
Provides a good starting point, but is not production-ready

Used to prove out part models, and are not complete designs.

Components are typically “ideal” components and will need to be
modified based on your operating conditions

« Use the schematic editor to create your own design
LTspice contains models for most LTC power devices and many more

s.yahoo.com/group/LTspice
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LTspice Yahoo! User’s Group Web Page

£~ LTspice : LTspice/SwitcherCAD Il -

URL

LT LINEAR

"h htp://tach, groups yahoo, comy/'group/LT spice/ LIt A o
Bk Edt YViow Favortes Jools  Melp
Y" 2~ ¥ Search Web B ® uwmwfmwlw"ﬁlml’@wvmm'~ »
W G| M UTsptoe < LTspiosSwitcher CAD 1) f - 2 - rPege~ () Tooks~
% i Searc "— [ Web Search

YrHOO! TeCH

Find your version of happiness

Windows Internet Explorer

Sgn In
New Usee? o

on Yahoo! Personals.
Search now

Mamtburs Omly

Group Information
Members: 11588
Category

Tounded: Gep 27, 7002

Language: Engich

Alrwady & member?

Yahoo! Groups Tips

Dl you know

Message swacch is naw
sshanced. fied

Saacch for oher groups

Home

-~

Join the

Activity within 7 days 0 New Members - New Messages « 14 New Fles - New dusshon

Description

Dedicated to the exchange of information
about LTspics LT-;:mn'\wmh«'CAD 11
(download now) is a complete and fully
functional ST'ICE program that is
available free of charge from Linear

FAS inrp e iamisiannce

Helors using the software, please read the
License Agreement found in the
intreductory LTspice Help pagos.

Ploase report bugs directly to LTC. The
program includes the correct address for
that on its Help About dialog box (Meou
commmand Help=> About &
LTspéce/SwitcherCAD I11). You will need 2 - I A
to mclude any relevant files and a note on '7.. - frovo

il L

bow to duplicate the problem

(BT
0t

For general questions, please read the
program Help file, the group FAQ
and try the group message Search before posting. 1f you post questions about a specific cireuis, 2t &s most
b:lpful to alto upload the schematic file (asc) and any necessary symbol {.asy) and model files to the e T

older, Never upload the big output file (raw) of & simulstion. Yahoo Groups allow you to sasily correct or deld-
-m_\ upload mistakes,

Hyperlinked lists of all uploaded files and Nnks can be found in Fi ol

It is ‘members only’ to help aveoid spammers. Pleass svosd personsl attacks,
The Group Moderatars have no affiliation with Linear Technology,

Message Mistory

group
here. As of

Apr 2013,
there are
over 42300
members!




UF;L LT Wiki Web Page

/ 9 L Twiki \:,

& C A | © twikiorg/index.php52tite=Main_Page

page dizcussion view source higtory
LT Main Page

Welcome to LT Wiki!
LTwiki is for LTspice i, SPICE, and Electronics help. Youll find unique material from beginner's tips to undocumented LTspice features! This site has no affiliation with the Linear Technology Corporation i

Contributors Welcome! Just create an account & first. This prevents anonymous spammers from ruining the wiki.

navigation
u Main page Most frequently asked questions for beginners
u Community portal Adding a permanent component to LTspice
= Current events Adventures with Analog

= Recent changes
m Random page
= Help

B sources (complete reference)
B sources (comman examples)

Components Library
search Control Panel

I Convergence problems?

ﬂl ﬂl LTspice Annotated and Expanded Help*
LTspice Hot Keys

toolbox
u What links here Simulation Command
= Related changes SPICE and LTspice Courseware and Tutorials
= Special pages SPICE Mode! Links
= Priniablg version SPICE Application Notes and White Papers

P t link . . .
" rermanemtin Tutorials relevant to Design and Modelling

Transformers

Undocumented LTspice

LTspice Library APl

*based on original LTspice help (chm) file ©Linear Technology Corporation used by permission

This page was last modified on 23 February 2012, at 21:51. This page has been accessed 55,165 times. Privacy policy About LTwiki Digclaimers
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How Do You Run and Probe a
Circuit in LTspice?
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Example

<+ RC Filter Time Domain.asc

IN R ouT

10K

PULSE(0 50 1u 1u 10m 20m 3)

fran 60m

L LINEAR



Running the RC Circuit Simulation

» With the RC circuit in the active window, click on the “Running Person”
button on the tool bar

» The Edit Simulation Command window will appear. Set the Stop Time for
60msec, and click “OK”

+ Using the mouse, click on the “OUT" node to display the output voltage
waveform

Fii Linear Technology LTspice/Switc... Q@@

File Edit Hierarchy View Simulate Tools Window Help

e H % A | 0 QB B HEE 4
-l; File Edit Hierarchy View Simulate Tools 4, RC Fiter_Time Domain asc |¥3 RC Fiter_Time Domain raw
Window Help =¥

PE Hd 9 A== Run

RC Filter_Time Domain.asc

PULSE[DS 0 16 fu WmB0m 3y ~ ~ ~ ~ © °
o mnGmo

ﬁ:'ﬁﬁﬁﬁﬁﬁﬁﬁvﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

. PULSE(0501uilu10m20m3). . . . . .
dran60m -

0Oms 12ms 2dms Jbms 48ms 60ms




Waveform Viewer

LTspice has an integrated
waveform viewer

X/
0‘0

X/
0‘0

Plot the voltage on any wire by

simply point and click /g

Voltage probe cursor

Plot the current through any
component with two connections

by clicking on the body of the
component (ﬁ

+ R,C,L Current probe cursor

<« Convention of positive current
IS in the direction into the pin

mlulear Technology L Tspice /SwitcherCAD 111 -LT1371 m;_lm
Fe Edt Yew Smuate Took Window  Hep
Re 9 £ QAR Bl BEB% sF

L1 D1 |
TER ~ f 2 . nj
9.3y MERS340
rd R1
S 475K =

e Eot View Smuate Tools Window  Help

Be W54 QAGR B BR¥ 428

‘F.elsaeLeftmmonm;

s

Left button chek 1o plot IULSW),




Advantages of Labeling

» Replaces arcane SPICE machine node names with easy to

understand and remember human names

» Allows LTspice circuit nodes to match those on your

production schematic, i.e. “TP15”

LT LINEAR



Advantages of Labeling

Compare this....

Help

HdERE stR2oMHOH8

Vin001)

Right-Click to edit exp to integrate




Advantages of Labeling
<+ To this....

AT LTspice IV - [LTC3412ADCLoad Lraw]

M| QAEd BEm%| & # | D
4, LTC3412ADCLoad 1 asc | 17 L
V[3v3_distibuted]

3.3V

3.0V

2. 7Y

2.4¥—

2.1¥+

1.8V~

1.5V~

1.2V

0.9V~

0.6~

0.3V
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Example

¢ LTC3412A DC Load.asc

LTC3412A - 3A, 4MHz, Monolithic Synchronous Step-down Regulator
Input: 3.3V  Output: 1.8V @ 3A

Alada.

d

ECHNOLOGY

R6
100K
Pgood  SVin PVin
L1
Run/SS SW EL
U1 c1 c7 cs
232K —PZp
Ith LT FB 47p  |47p | 10p 3
R2 load
LTC3412A
187K
Rt Mode —
SGND PGND

o=

=T

.tran 1.8m startup



Running a Demo Circuit

Fij Linear Technology LTspice/SwitcherCAD I... Q@

-L: File Edit Hierarchy View Simulate Tools Window Help

PE H T AL @cam Run |* B @ ¢4

. 'ﬂnn‘hn‘lm hulnlﬂ p r dmmes_ This I Hldl‘llhu'h-dhwhm only Bor pserwih LTC pards- - - - -

-+ Copyright = 2008 Linsar Teshnology Inc. &1l h:lrrl LT R S R

<+ Select the “Running Man” button on the toolbar
<« The Simulation will start and waveform window will open up
<+ To view waveforms, please continue to the next page....

L LINEAR




Probing a Demo Circuit

Click Here

for |nput FiLinear Technology LTspice/SwitcherCAD IIl - [LTC3412A.asc] = [E]X
4, File Edit Hierarchy View Simulate Tools Window Help -8 x
Waveform FE d S 40 &oQ ERE s20#M A8 LB +3YDYDO Au op
LTC3412A - 3A, 4MHz, Monolithic Synchronous Step-down Regulator
/\J Input: 3.3V Output: 1.8V @ 3A
IN

vi Lca ?RB
22 100K

> Lz §1Meg Pgood  SVin PVin Py /"J CIICk Here
Tar . T for Output

Run/$$ sWHTT O
000p $2S2K
’\3;\/ i @ ith LY FB i et Wa.vefo 'm

R2 100 3
187K load

LTC3412A

Le
guuup ;@0094_/\"/3\/_ Rt Mode

SGND PGND

Note: * *

If the simulation model is not found please update with the "Sync Release" command from the "Tools" menu.

It remains the customer's responsibility to verify proper and reliable operation in the actual application.

Component substitution and printed circuit board layout may significantly affect circuit performance or reliability

Contact your local sales representative for assistance. This circuit is distributed to customers only for use with LTC parts
Copyright © 2006 Linear Technolegy Inc. All rights reserved.

v

.tran 1.5m startup

Right click to edit "LTC34124 - 3A, 4MHz, Monolithic Synchronous Step-down Regulator Input: 3.3V Output: 1.8V @ 3A"

< All Demo Circuits have INs and OUTSs clearly labeled to help you
quickly select them

+ Select the waveform of a node by clicking on IN and OUT

(TR
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Zooming In and Out on a Waveform

Fij Linear Technology LTspice/SwitcherCAD Il - ...[= |[E]X]
- 8 x

h:EiIe View Plot Settings Simulation Tools Window Help

e d 9 F AR Bl HeR s»BE M S

1, LTC3412A DC Load asc | $ag LTC3412A DC Load raw

0.0ms 0.4ms 0.8ms 1.2ms 1.6ms

< Using the mouse, click on inductor L1 to display the inductor current
waveform

<+ In the waveform window, use the mouse to zoom in and out
« Click and drag a box about the region you wish to see drawn larger
< Using the toolbar, click on “Zoom full extents”, to zoom back out

(TR
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Measuring V, | and Time in the Waveform

(Measurement Using Zoom)

1. Drag a box about the region you wish to measure
Left-Click, drag, and hold

2. View the lower left corner of the window for the status bar. The dx
and dy measurement data is displayed here.

3. Use Undo from the File menu or press “F9”

BiLinear Technology ... |Z||E”Z|

t:Eile View Plot Settings Simulation
Tools Window Help - & =

A= EH 5 F o R] =i B

1, LTC3412Aasc | 307 LTC3412Amaw |

dx = 995.984ns(1.00403MHz)  dy = 1.7mV

LT LINEAR




Measuring V, | and Time in the Waveform
(Measurement Using Cursors)

1. Right-Click on the waveform name in the waveform window
2. For “Attached Cursor”, select “1st & 2"

3. Position cursors to make desired measurements.

1_ — 2_—3_

filLinear Technology ... B@

¥~ File View Plot Settings Simulation
Tools Window Help

- g X
e E T F aoam BEL B

4, LTC12Amsc | ¥ LIC412Am

¥ =1.416684ms y = 1.794050V

LT LINEAR

Default Color:

Enter an algebraic expression to plot;

Altached Curgor:

= Expression Editor - F(V(out)....

13t & 2

Wout)

g\ % Linear Technology ... |:||E|E|

I~ File View Plot Settings Simulation
Tools Window Help

- || =
Be 3 T F eaan g H

Delete this Trace

1, LTCH12Asc | 1 LTCH12Amw |

Result

LTC3412A.raw X

Vert: [1.79361Y

Wlout]
Horz: [1.41754ms Vet |1.73354y
Diff [Cursor2 - Cursor]
Horz: | 392.361ns Vet | 2157690
Right-Click to edit expression. Control-Left Click td Bz |1.DD??MH2 Slope: |21_?43




Differential Voltage Measurement

« Click on one node and drag the mouse to another node
<+ Red voltage probe at the first node
< Black probe on the second

<« WIll produce a differential voltage measurement

F5 Linear Technology LTspice/SwitcherCAD Il - L... (= |[B|X]

Eile Edit Hierarchy View Simulate Tools Window Help

A 3 7 & ROeR B HeR +BBOM D

1, LTC3412A_DC Loada

sc | § 1 TC3412A_DC Load raw

LTC3412A DC Load asc

Example:

-~ I"H'E'If'_'l

Ebb_
.E@@;

Measure across
LTC3412A top
resistor in
feedback divider

]

V(CUT.N0O6)

L LINEAR



Average & RMS Calculations

<+ Average & RMS Current, Voltage, or Power Dissipation

< Click on inductor L1 to display the inductor current waveform
< Ctrl-Left-Click the I(L1) trace label in the waveform view

fii Linear Technology LTspice/SwitcherCA...[= ||I:I|r|

1~ File View Plot Settings Simulation Tools Window Help = |

Example: e I £ e R Bl He® & B

A, LTC3412A DC Load ase | '~ LTC34122 " Loadraw |
Measure average I(L1)
and RMS current

for inductor in
LTC3412A circuit. ‘
Zoom in as shown

for this waveform. Waveform: I(L1)

Interval Start: |'I.55I3ms

Interval End: |'I.5?'Ims
Average: |2.9989.-‘1'-.
RMS: |2.00724

Ix = 1.56462ms y = 3.0726A

LT UL




Instantaneous & Average Power Dissipation

Fii Linear Technology LTspice/Switche... E@E\

File Edit Hierarchy Wiew Simulate Tools Window Help

<+ Instantaneous Power Dissipation PE H P 40 aoar B BB 4

+ Hold down the Alt key and Left-Click . LTC34124 0C Loadaso | fiy LTC3412A DC Losd
on the symbol of the LTC3412A

<+ Waveform is displayed in units of Watts

<+ Average Power Dissipation

<+ Click, hold, and drag in the waveform
window to display waveform at steady
state

< Citrl-Left-Click on the Power
Dissipation Trace Label in the waveform
view

<« Waveform summary window will appear
which shows power dissipation in the IC

Example' 1.56ms 1.60ms 1.64ms 1.68ms 1.72ms
. Waveform: V(... [X]
Measure the power dissipation ———
In the LTC3412A |C Interval End: |[1.4184ms
Average; | T70.57miw

Integral: | 1.6953pJ

L] TECHNOLOGY




Instantaneous & Average Power Dissipation

« How about an example of a component you don’t usually
think about?

+ EX. Flyback snubber capacitor: barely any power....right?

K1 L1 L2 1 rD1r

IN
,L _]'_cs MBRS340 _]_C3 L
(2 )v1 220 é2K 02 2:;%) :r/;iv o % =
Izc PMEGG010AED | >
— Vin R3
. — SHDNIUVLOm Rfb —m—m K"l L'1
1_2\8/7}‘/m—- TC L7 sw "
—A/\/— Riim Rref —\ A\~ RE L1
10K LT3573 694K
e, N XK py 24
50K in ss GND 4.7p
.1
i ca -]
Ik PMEG6010AED

« Customer says “1206 capacitors are expensive or hard to
find — can | use 08057 06037”

L LINEAR



Flyback Snubber Capacitor Power

1. Check the component — an ESR value is needed, none

K1L112721 [ )

spec’d so far: oo [Fome o —

Manufacturer, - |T|
.22" Part Number, -
LT — \ Cancel \

l Select Capacitor

Capacitor Properties
Capacitance[F]: &1

Yoltage Rating[V]:

RMS Current Rating[4):
Equiv. Series Resistance[Q]:
Equiv. Series Inductance[H]:

Equiv. Parallel Resistance[Q]:

Equiv. Parallel Capacitance[F]:




Flyback Snubber Capacitor Power

1. Look at DC hias, ESR for 220 nF, 50V, 1206 MLCC:

Impedance
le+0D4
le+0D3
le+002
_ 10!
g \/ — ESRis around 20 mQ
1e-001
1e-002 *7
1e-003
1E-Dnre-nn1 1e+000 1e+001 1e+002 124003 1e+0D4
FrequencyMHz
DC-Bias Characteristic
Actual capacitance is
y around 200 nF (- 10%)
% 20,0 \
E 400
0.0
800

0.0 5.0 0.0 15.0 20.0 250 0.0 350 40.0 45.0 s0.0
DC-Bigzry

L LINEAR B g




Flyback Snubber Capacitor Power

1.

A few, simple changes to the schematic:

K1L1L20.995

Rs

2.

1€ >Rs L1 °L2 M
| -2u 24y 2.6u
er=20m =t rlnzl ¢
£
PMEG6010AED

And a simulation of I, V and P of C5:

Power in C5 =40 mW (including startup)



Generating a BOM and
Efficiency Report
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BOM

<+ Under View select Bill of Material LTspice/SwitcherCAD Il - [LTC3411.asc]
<+ Displayed on Diagram

| View Simulate Tools Window Help

_@\ZoomA_rea Ctri+Z E%%‘ x :‘7‘4
<+ Paste to Clipboard ] o ot e
us Step-Down DC/DC Convert

_| ¥ show Grid Ctri+G -
F&i Linear Technology LTspice/SwitcherCAD Il - [LTC3411.asc] M=1E3 W Mark Unconn. Pins v EEEES T
‘l:' File Edit Hierarchy View Simulate Tools Window Help - | & x Mark Text Anchors A Win A
4, LTC341Masc | ¥ LTC2411 raw | Effiiency Report M Ppaste to dpboard F
ar Technology Inc. All fights reésenied. - . [ || 4 o _| &) sPICE etist - r—
................................................. : =
......................... Bill of Materials — . . . ... . ... ... Rt &) SPICE Error Log o kg
Ref. | Mfg.. 01110 PartNo. @ Deséription. |10l 0 1" 2450 i By

22 visble T g

GTo i TDK oo iC3225XSR0J226M: - - capacitor, 22uF, 6.3V "%““' sl
€2 TDK ..o C3225X5R0J226M - - capacitor, 22uF, 6.3V {5} Autorange Y-ais GND
b {e{1if s o ocmooooaaooaanoamcaoonoaaa . capacitor, 22pF - - - - . . 2 Marching Waves > -
CCthD LDl lliooa4lllo U capacitof, 220pF D0 #* Set Probe Reference <]7
CCthpo oo e 000 capacitor, 10pF 0
P aldh o oo Coileraft- - - - - - - -~ DO1608P-222- - inductor, 2.2uH, 2.3A pk - - " ¥ Status Bar Py ’ y—
CRA Ll resistor, 20K L e roper-and reliable operation i
R e caon o TESiEtﬁr, BOBK ~ st v Toabar yout may significantly affect
CR3 e DTIDIIIIIL TN resistor 324K - - oo W W Window Tabs Ece.Thiscircunis-dismbuted
........ ----rESISOf, 26 - . eserved. . . . . . .
CRB e rgs|stgF, 10K. .. .. ...
CRthD Sl resistor, 20K L of this circuit at the bottom of the schematic.
‘Ut Linear Technology: 'LTC3411: = - integrated circuit - = =
..................................................... -
< »

LT LINEAR




N

o 0 A~ W

Steps to Calculate Power Supply
Efficiency

Efficiency will only be calculated in the steady state condition

Right-Click the .tran statement on the schematic to bring up
the Edit Simulation Command dialog box

Check the box “Stop simulating if steady state is detected”
Load must be a current source or resistor labeled “Rload”
Run the simulation

Upon completion select the View dropdown menu, then
Efficiency Report, then Show on Schematic

Efficiency report will be pasted under the schematic



Computing Efficiency & Dissipation
To compute efficiency of SMPS circuits:

Check the "Stop simulating if steady state is detected" on the Edit
Simulation Command editor

Rerun simulation
Use the menu command View=>Efficiency Report

Edit Simulation Command

Féj Linear Technology LTspice/SwitcherCAD I... |:||E||z|

-[:, File Edit Smulate Tools Window Help - Tranzient |.-’-\E Analysis | DC sweep | Moise || DC Transfer | DC op prit|
.-;)f' Run 4 Perfarm a norelingar, time-dormain simulation.

J FE |F o £ se i Stop Time: [1m |
'~7@| Halt Cirl+H 1 Timne to Start S aving D ata:

"LTE B -1 55, M _qndtwu.ap—l’.m

e wasn AL Clear Wavetorms i b awirnum Timestep:
M

Turn off Semicond. cap.

1 1 Efficiency Calculation 4 Start external DC supply voltages at (W

Nin Pn
" “Stop simulating if steady state is detectedi[v]
on't reset T=0 when steady state is detected: [_]

™ 9 Control Panel

r
kmnnmwmwmmmmumw L

gl iy A
CMmummwmmmhmumﬂWMMme oo
- Copyrighe ® el e Tas hrecpeyy e Al righea ragared. | a

Step the load current source:

Skip Initial operating point salution: [

Syntax: tran <Tstope [<option> [<option>]...]

tran Tm steady startup

Enter, Edit, or Select ﬂ'1e Simulaﬁun Cummand

LY LINEAR



Viewing Efficiency Report

F&j Linear Technology LTspice/SwitcherCAD IlI - [LTC3411.asc]

EEX
- 3 X
F®% » ==

Paste to clipboard

Show on Schematic

OmW
DmW -
OmWWv -
- - GOmW -
2uW
Bulv |
W
OuW
JuW -
C142mW

View Simulate Tools Window Help
B | o % zomarea 4z
—— @\ Zoom Back Cirl+B
LTC3411, =
I . e Iﬁ %, Zoom ta Fit
S Q, Pan
" " Efficien ¥ show Grid Ctrl+G
..... af ¥ Mark Unconn, Pins u
..... Oul: Mark Text Anchors ',.5,'
o R. f ’ Eill of Materials
. Ref.
c1 Effidency Report
© 2 | SPICE Netist
S cpt SPICE Error Log
" Cth -
- Cthp £2 Visible Traces
L1 Q Autorange Y-axis
o E; Marching Waves
' R3 # SetProbe Reference
o th v Status Bar
U1 W Toclbar
¥ window Tabs
2
Print the efficiency repart at the bottom of the schematic

LT LINEAR

— Efficiency Report -

Efficiency: 83.1%
"Input: 1.2W @ 3.3V
Qutput: 997mW-@999mV
. Ref. . Irms Ipeak
C1 ~ OmA OmA
C2 99mA 177mA
Cp1 ~ OmA - OmA
" Cth ' OmA ~ OmA
* Cthp OmA ' OmA
L1+ - 1003mA - 1176mA
. R1 OmA . OmA
. R2 OmA OmA
. R3 OmA OmA
R6 OmA OmA
"Rth - OmA - OmA
“un " 1003mA “1176mA

Dissipation |
omW
Omw
Omw
OmW'
OmWw -

- 60mW -
2uW .
8uW |
2uW
QuW
DuWw -

142mW -

B s




Power Supply Efficiency Caveats

» LTspice will not always be able to determine steady state,
but this is rare

- Probe the OUT node and verify that it has stabilized

» If not edit the .tran statement and increase the Stop Time
parameter

- Re-run simulation

» Efficiency must be determined partially by hand for multiple
output and/or multiple input supplies

- Right-Clicking any component will report power dissipation

Yo d
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Manual Detection of Steady State

» You can interactively specify steady state in the following

manner:

» AS soon as the simulation starts, execute menu command

Simulate=>Efficiency Calculation=>Mark Start.

» The first time you execute this command you tell LTspice you're

going to manually specify the integration limits.

» After the circuit looks like it's reached steady-state, execute that

command again. That will clear the history and restart the
Efficiency Calculation.

» Then, after awhile, as in you see well more than 10 clock cycles,

execute Simulate=>Efficiency Calculation=>Mark End.

INEAR
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Manual Detection of Steady State

% Each time you execute Simulate=>Efficiency Calculation=>Mark
Start you restart the efficiency calculation and clear the waveform
history.

* This is a good method of preventing the data file from becoming
too large and slowing down plotting, so it's recommended that you
periodically execute Simulate=>Efficiency Calculation=>Mark Start
whenever it is clear that you've accumulated substantial data that
you don't want to be included in the integration of efficiency.

*» Use the .ic directive to specify node voltages and inductor
currents to reduce the length of the transient analysis required to
find the steady state.

ECHNOLOGY




Simulating a Transient
Response

AL LNEAR




Example

% LTC3412A Pulse Load.asc

LY LNEAR




Current Load and Pulse Function

<+ You can simulate a load with a Resistor or Current load

< In particular the Pulse function in a current load is helpful in
transient response analysis
< Steps a current load from one value to another value

P& Linear Technology LTspice/SwitcherCAD Ill - [LTC3411.asc] (=13 P& Linear Technology LTspice/SwitcherCAD Ill - [LTC3411.raw] 9{=0(E3]
‘l: File Edit Hierarchy View Simulate Tools Window Help - |5 x *TVWE“E View PlotSettings Smulation Tools Window Help _ 8 x
e @ T 20 QR B Ha%® * 2o 88 -0 3 ¥ BE g £ @O aR B BB 4B M

4, LTC341ase |Jf LTCH11raw

1, LTC3:11asc | ¥ LTC341 1w |

x =9356.96us y =1.0732A

yo 4!
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Independent Current Source - |1

Functions

(3 [hone]

(%) PULSE(I 12 Tdelay Trize Tfall Ton Period Meycles)
(3 SINE[loffzet lamp Freq Td Theta Phi Moycles)

(COEXPN 12 Td1 Taul Td2 TauZ)
() SFFM[loff lamp Fzar MO Fig)

O PwLE i1 1202
) TABLEw1 i1 w2102,

IT[A]
|2[A]:
Tdelay[z]:
Trige[z]:
Tfall[z]:
Ton[z]:

T penod[z]:

Mopcles:

b ake this information vizsible on schematic: | Cancel |

X

OC Yalue

Small zignal AC analysis AC)
AL Arnplitude:

AC Phase:

b ak.e this information wizible on schematic:

Farazitic Properties

1.4m

Thiz iz an active load:

b ake thiz information vizible on schematic:

1u

100y

200y

ok |

ECHNOLOGY



Run the Simulation for Transient Response

% Linear Technology LTspice/SwitcherCAD IIl - LTC3412A...[. [O|X]
File Edit Hierarchy View Simulate Tools Window Help

< Runthe simulation | m8 5 2 acan g S t20@m A8 2L+ 3 21

] 1, LTC3412Aasc | P LTCI412Ammw
+ Click on the OUT L TC3412A asc |
Vout

< Click on the output
current load to
display lout

e . frangm st e
.
"’ I‘M Imulation mossl Is rod fou M leass pdﬂe with the = l + Rrhase” Wﬂmnﬂl‘mm& Tosls” MRl
- D D D . « M remales the cusiomer's responsiblily do werky propsr and rellables opsrai In1ho actuzl spplisation. . . D . D D D - ..

llwulrmr Ic ezt n'mml nen\ormunneorm- bl
nnldnrmeubbmr only fof usd wHA LT parts © © 0 0

presence of the
pulse load




.MEASURE

.MEASURE -- Evaluate User-Defined Electrical Quantities

7
0’0

There are two basic different types of MEASURE statements:

refer to a point along the abscissa (the independent variable plotted along the
horizontal axis, i.e., the time axis of a .tran analysis)

refer to a range over the abscissa

7 7
0’0 0’0

7
0’0

+ The first version, those that point to one point on the abscissa, are used to print a
data value or expression thereof at a specific point or when a condition is
met.

7
0‘0

Syntax: .MEAS[SURE] [AC|DC|OP|TRAN|TF|NOISE] <name>
+ [<FIND|DERIV|PARAM> <expr>]

+ [WHEN <expr> | AT=<expr>]]

+ [TD=<vall>] [<RISE|FALL|CROSS>=[<count1>|LAST]]

%

*¢

%

*¢

K/
0.0

R/
0’0

Note one can optionally state the type of analysis to which the .MEAS statement
applies. This allows you to use certain .MEAS statements only for certain analysis

types.

L)

% The name is required to give the result a parameter name that can be used in other
.MEAS statements.

TR
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.MEASURE

Example .MEAS statements that refer to a single point along the abscissa:

.MEAS TRAN res1 FIND V(out) AT=5m
Print the value of V(out) at t=5ms, this will be labeled as res1.

.MEAS TRAN res2 FIND V(out)*lI(Vout) WHEN V(x)=3*V(y)
Print the value of the expression V(out)*I(Vout) the first time the condition V(X)=3*V(y) is
met. This will be labeled res2.

.MEAS TRAN res3 FIND V(out) WHEN V(x)=3*V(y) cross=3
Print the value of V(out) the third time the condition V(x)=3*V(y) is met. This will be
labeled res3.

.MEAS TRAN res4 FIND V(out) WHEN V(x)=3*V(y) rise=last

Print the value of V(out) the last time the condition V(x)=3*V(y) is met when approached
as V(x) increasing with respect to 3*V(y). This will be labeled res4.

Yo d
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.MEASURE

.MEAS TRAN res5 FIND V(out) WHEN V(x)=3*V(y) cross=3 TD=1m
Print the value of V(out) the third time the condition V(x)=3*V(y) is met, but don't start
counting until the time has elapsed to 1ms. This will be labeled res5.

.MEAS TRAN res6 PARAM 3*resl/res2

Print the value of 3*resl/res2. This form is useful for printing expressions of other
.meas statement results. It's not intended that expressions based on direct simulation
data, such as V(3), are present in the expression to be evaluated, but if they are, the
data is taken from the last simulated point. The result will be labeled res6.

Note that the above examples, while referring to one point along the abscissa, the
requested result is based on ordinate data(the dependent variables). If no ordinate
information is requested, then the .MEAS statement prints point on the abscissa that
the measurement condition occurs:

.MEAS TRAN res6 WHEN V(x)=3*V(y)
Print the first time the condition V(x)=3*V(y) is met. This will be labeled res6.

yo 41))
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.MEASURE

The other type of .MEAS statement refers to a range over the abscissa.

Syntax: .MEAS [AC|DC|OP|TRAN|TF|NOISE] <name>
+ [AVG|MAX|MIN|PP|RMS|INTEG> <expr>]

+ [TRIG <lhs1> [[VAL]=]<rhs1>] [TD=<vall>]

+ [<RISE|FALL|CROSS>=<count1>]

+ [TARG <Ihs2> [[VAL]=]<rhs2>] [TD=<val2>]

+ [<RISE|FALL|CROSS>=<count2>]

The range over the abscissa is specified with the points defined by "TRIG" and "TARG".
The TRIG point defaults to the start of the simulation if omitted.

Similarly, the TARG point defaults to the end of simulation data.

If all three of the TRIG, TARG, and the previous WHEN points are omitted, then the
.MEAS statement operates over the entire range of data.

The types of measurement operations that can be done over an interval are

Keyword Operation perform over interval

VG Compute the average of <expr’>

MR Find the maximum value of <expr>
MIN Find the minimum value of <expr>
EP Find the peak-to-peak of <expr>
EMS Compute the root mean sguare of

<eXpr>
INTEG Integrate <eHpr>

ECHNOLOGY



.MEASURE

If no measurement operation is specified, the result of the .MEAS statement is the
distance along the abscissa between the TRIG and TARG points.

Below are example interval .MEAS statements:

.MEAS TRAN res7 AVG V(NSO01)

+ TRIG V(NSO05) VAL=1.5 TD=1.1u FALL=1

+ TARG V(NS03) VAL=1.5 TD=1.1u FALL=1

Print the value of average value of V(NSO01) from the 1st fall of V(NSO05) to 1.5V after
1.1us and the 15t fall of V(NSO03) to 1.5V after 1.1us. This will be labeled res7.

.MEAS AC res8 when mag(V(out))=1/sqrt(2)

The result res8 is the frequency that the magnitude of V(out) is equal to
0.7071067811865475.
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.MEASURE

Also, the result of a .MEAS statement can be used in another .MEAS statement. In this
example, the 3dB bandwidth is computed:

.MEAS AC tmp max mag(V(out)); find the peak response and call it "tmp"
.MEAS AC BW trig mag(V(out))=tmp/sqrt(2) rise=1 targ mag(V(out))=tmp/sqrt(2) fall=last
Print the difference in frequency between the two points 3dB down from peak response.

NOTE: The data from a .AC analysis is complex and so are the .measurement statements
results. However, the equality refers only to the real part of the complex number, that is,
"mag(V(out))=tmp/sqrt(2)" is equivalent to Re(mag(V(out)))=Re(tmp/sqgrt(2)).

The AVG, RMS, and INTEG operations are different for .NOISE analysis than the analysis types
since the noise is more meaningfully integrated in quadrature over frequency. Hence AVG and
RMS both give the RMS noise voltage and INTEG gives the integrated total noise.

Hence, if you add the SPICE directives

.MEAS NOISE out_totn INTEG V(onoise)

.MEAS NOISE in_totn INTEG V(inoise)

to a .noise analysis, the total integrated input and output referenced rms noise will be printed in
the .log file.

yo 41))
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.MEASURE

.MEAS statements are done in post processing after the simulation is completed.

This allows you to write a script of .MEAS statements and execute them on a dataset.
To do this, make the waveform window the active window and execute menu command
File=>Execute .MEAS Script.

Another consequence of .MEAS statements being done in post processing after the
simulation is that the accuracy of the .MEAS statement output is limited by the accuracy
of the waveform data after compression.

You may want to adjust the compression settings for more precise .MEAS statement
output.

Note when testing a condition such as "when <cond1> = <cond2>" you will want the
condition to go through the equality, not must meet it. This relates to the fact that
floating point equality should never be required due to the finite precision used in
storing numbers.




AC Analysis Overview

+ Performs small signal AC analysis linearized about the DC
operating point

<« Useful for analysis of filters, networks, power supply stability
analysis, and noise considerations

LT LINEAR



Example

<+ RC Filter AC Analysis.asc

R1
IN /\/\/ . ouT
10K
V1 c1
AC 1 BET

.ac dec 100 .01 1MEG
.measure ac 3dB when mag(V(out))=1/sqrt(2)

L LINEAR



Simulating AC Analysis — RC Filter

+ Single pole filter using RC network

< Syntax: .ac <oct, dec, lin> <Nsteps> <StartFreg>
<EndFreg>

«+ Example: RC network .ac dec 100 .01 1IMEG

IN RT ouT

Mo T -3dB point:
V1 c1 1/(2*pi*R*C) = 159Hz
AC 1 :_",
NS

.ac dec 100 .01 1MEG
.measure ac 3dB when mag(V(out))=1/sqrt(2)

L LINEAR




Simulating AC Analysis — RC Result

.ac dec 100 .01 1MEG
.measure ac 3dB when mag(V(out))=1/sqrt(2)

Frequency




Example

< Active Filter AC Sweep.asc

LY LNEAR



Simulating AC Analysis — Active Filter

< Single pole active filter using an opamp

Cc1
Il
"
JAp
R2
10K
R1
. 'S ouT
10K
V2
AC1 v JAnc opamp.sub
.ac dec 100 .01 1IMEG
eeeeeeeeee 3dB when mag(V(out))=1/sqrt(2)

Frequency




Example

+ Laplace syntax.asc




Laplace Transfer Function

% Syntax for LAPLACE
s All 3 examples model the same lowpass filter with fc = 1MHz




Noise Analysis
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Noise Analysis Parameters

% .NOISE -- Perform a Noise Analysis

* This is a frequency domain analysis, that computes the noise due to Johnson
(thermal), shot (quantum) and flicker (1/f) noise.
* The output data is noise spectral density.

s Syntax: .NOISE V(<out>[,<ref>]) <src> <oct, dec, lin>+ <Nsteps> <StartFreq>
<EndFreg>

V(<out>[,<ref>]) is the node at which the total output noise is calculated.

It can be expressed as V(nl, n2) to represent the voltage between two nodes.

4

L)

%

4

L)

%

X

<src> is the name of an independent source to which input noise is referred.
<src> is the noiseless input signal.

D)

O/
0’0

* The parameters <oct, dec, lin>, <Nsteps>, <StartFreqg>, and <EndFreq>
define the frequency range of interest and resolution in the manner used in the
.ac directive.

yo 41))
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Noise Analysis Parameters

% Output data trace V(onoise) is the noise spectral voltage density referenced
to the node(s) specified as the output in the above syntax.

“ If the input signal is given as a voltage source, then data trace V(inoise) is the

input-referred noise voltage density.
 If the input is specified as a current source, then the data trace inoise is the

noise referred to the input current source signal.

% The noise contribution of each component can be plotted.
% These contributions are referenced to the output.
% You can reference them to the input by dividing by the data trace "gain".

% The waveform viewer can integrate noise over a bandwidth by <Ctrl-Key> +
left mouse button clicking on the corresponding data trace label.

yo 41))
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DN15 — Noise Calculations in Op-amp Circuits

R2 000
1 3 3 B
o Ssjiiss ga =
Ldé; v CIH SHOT [ 1
TTINOISE 2 anss H !
= 1T ol |
£R1 EN1 EN = |/ ‘
v 2 100 :
w 8B =@ = Eis
R3 f s 4 I
i Vour A @ T . T
I "N >
rw__ . o il | [
Z 19 L1
- - = 1/1 CORNER = =
= =5 FREQUENCY e
' (o g1 '
1] : | ] i
|
] il I\ i
1 10 100 % 10% 100k

FREQUENCY (Hz)

EN : voltage noise of the op-amp

ENL1 : voltage noise developed by the current noise in R1 & R2
ENZ2 : voltage noise developed by the current noise in R3

ER1 : voltage noise of R1 & R2

ER2 : voltage noise of R3

20Hz to 20kHz bandwidth
Total noise referred to the input = 880nV RMS
Output noise = 89uV RMS
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Example

<« Audio Preamplifier Noise Analysis.asc

3 >
V3 V2
+15 15
R1 R2

IN AN
1K 100K
V1

ac1 ?_i_’

3 ~ +U1
N = ouT
] v LT1037

1K =

.noise V(out) V1 dec 1000 20 20K

Total rms noise can be integrated by control left clicking the output data noise histogram

LY IEAR
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Audio Preamplifier Noise Analysis

[ oir Sk o s x|
.-a-n|A£.nd,-m][C—-u Noite | DE Trande | DC oot |
15 Prtorm & sochwt xwmr‘h ey inensd about &1 DT cpeining
Qupa f}u

Irpedt ]1

Ty o Svewes l ade =]
Marster of pords pat decade {100
A F [.

'N R2 S w‘:ﬂ:f:i for

’\/\/ —\/\/—
Sl roos oo O | eaxcs coel, des i (hporer Sastfreg (EndFreg
1 K 1 OOK § nosie Viewr) Ve dec 1000 20 20 l ,
V1 :

Cance | 0K

ac 1 >

R3 \T£1

Il & OouT
VAV Vl{ﬁ 037
=

1K

.noise V(out) V1 dec 1000 20 20K

Total rms noise can be integrated by control left clicking the output data noise histogram




Input / Output Noise Density & RMS Noise

Interval End:

Total RS

Vionol
663nViHz [onoise]

660nViHz%=]
B57nV{Hz -
654nViHz =
851nViHz)% |nterval Start:

648nV{Hz 4~ Interal End:
645nViHz =
nViHz Total BMS r

6A42nVIH z 4=
639nV{Hz =
636nViHz4=

633nV{Hz 4=

630nV{Hz =

627nViHz




More Information and Support
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Reminder to Periodically Sync Release

ré4 Linear Technology LTspice/SwitcherCAD Ill - [LTC3411.asc]
1, Fle Edit Herarchy View Simulate Tools Window Help

PE d P A QOBobmmntmed | Y REM OB LD +3IDVDO D (i

@ Write to a .wmf file
“f" Control Panel
............. @ Color Preferences

---------- L JSyncRelease S | T spice/SwitcherCAD [l E7 | B

------------- Export Netist
....................... & This utility will check the Linear Technology web site far

new models and a new wversion of LTspice/SwitcherCAD .

“rou may want to establish vour internet connection
in wour usual manner before selecting "OK" to cantinue

Ok k Cancel |

< Itis iImportant to sync your release of LTspice once a month to get
the latest updates

« Software update and bug fix

<+ Models

<« Sample circuits and examples
< Vista users

< You must “Run as administrator” scad.exe or its shortcut even if you
are logged in as an administrator
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Built-in Help System

& scadd M=1E3
File Edit Bookmark Options Help
Help Topics Back | Erint | <% | >> |
Q |& lea | Schematic Colors :I
|II| Introduction =

----- @ Preface

----- [ SwitcherCAD Il Overvie The menu command Tools=>Color Preferences colors allows you
----- [£] Hardware Requirements

to =zet the colors used in disgplaying the =schematics. You

""" B Software Installation click on an object in the sample schematic and use the red,
""" E] License Agreement/Disc green and blue sliders to adjust the colors to your

> R preferences.
([ Schematic Capture
----- [£] Basic Schematic Editing
----- [£] Label a node name
----- [£] Schematic Colors
..... [ Placing Companents ¥ waveFom A Schematic |@ Netlistl
----- [8] Keyboard Shortcuts
----- [E] PCE Netlist Extraction
- Editing Components
@ Creating New Symbols
- Hierarchy
] Waveform Yiewer

Color Palette Editor

1LBO

1LBI

----- [E] viewer Overview

----- [E] Trace Selection Tl = RK T

----- [£1 Zooming L. g

..... E] Waveform Arithmetic oA 2 tran 10m

..... [£] User-Defined Functions Click on an item above ta change its color. k

""" @ #Auis Control Selected Item: I l

----- [E] Plot Pares "PTS Ok

_____ @ Calar Contral Selected |tem Color Mi Cancel

""" @ Attached Cursors GHEdf lg: ol |

----- [£] save Plot Configurations ;en: e
Ri] LTspice He I |255 Defaults |

----- B LTspice Owerview

- Introduction

E“:?mc?m:”:ndls < ot Note: Non-electrical graphical annotations made to

- ransien Nalysis [ L= . . . . .

- yl leJ schematics such as lines and circles will be draw in the
same color Aas oa combonent bhodw.
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PDF User’s Guide

<+ Download the PDF User’s Guide Manual:

LT LINEAR



http://ltspice.linear.com/software/scad3.pdf

Appendix A — Summary of Special Mouse and
Keyboard Commands

Schematic-Based Special Commands:
1. Alt-Left-Click on a wire
« This will display the waveform for the current flowing in the wire
2. Alt-Left-Click on a component (thermometer)
< This will display the instantaneous power dissipation in the component
3. Ctrl-Right-Click on a component
+ Allows you to edit embedded component attributes

Waveform-Based Special Commands:
1. Ctrl-Left-Click on a waveform title
< Displays the average and RMS values for the waveform
2. Left-Click on node and drag to another node
< Displays differential voltage
3. Alt-Left-Click on a waveform title
< This will highlight the corresponding wire on the schematic

(TR
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How to Avoid Too Many Discretes on a
Schematic

=]

“x2” sets the number W T
of parallel devices

2Lk
(2 in this case) . %u l""l""r" s

de

Open Symbol:l C:\Program Files [#86]5LT CALT zpiceltlibhapmbcap. asy

Aftribute | Yalue | iz, |A

Prefis C w “r\O:F _T_co . . "
InztMame 1 L
Spicetodel i m ‘IE1 st
Value 7y ’ 232K -I— a7y
B l 3
loa

iy iy

W alue? w2 —
Spiceline W=B.3 Irmg=0 Rzer=0.002 MTEF=0 Lzer=0 mfg="...
Crimml amm ;I

Cancel | 0 | ie L

Z
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How to Avoid Too Many Discretes on a
Schematic

L1

— O
M sets the number of B S L” l“df;

parallel devices. 232K |22p

B a7y Iou ’
M=2
R2

load

187K

x

Open S_I,meol:l C:'Program Files [»86]5LTCALT spicelv\libhsymhcap. asy

Ti is.
Prefix C
Izt ame: C1 S
Spicetdodel
Value 17 ’ %
Walued hd=2 b
Spiceline =63 lims=0 Rser=0.002 MTBF=0 Lser=0 mfg="... LI
Crmimeml fm=

Cancel | ak. |

A
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How to Avoid Too Many Discretes on a
Schematic

M sets the number of parallel devices (R, C, L, D)
N sets the number of series devices (D only).

x

Open Symbol:l C:A\Program Files (BT CALT spicelv™libeymiLE D azyp

D3

ttribu [ al [ vis. [« __rﬁ

F'rerfli:‘tu : D == : LU -W5AP
InztMame D3 * ( ;

Spicetdodel — -—
VZ:EZ - LU B8P ’ N—1 0 M—4

Walue? N=10M=4

C il s

Concel_| k| LED matrix :

1 string = 10 LEDs in series (N=10)
4 strings in parallel (M=4)
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How to Avoid Too Many Discretes on a
Schematic

[3507]
—( file Eoit Hjerarchy View Simulate JTools Window Help
PEFR T A ARQAREL AR I DENAS L SHP O3 FTONOD iy
« 1778, € 3507 | L TC3412ADCLond | B3 LTC3412ADCLoad
[ vt s a T
¥ ) Vin1 Vin2 Vin3 J
- Run2
Capacitor - C6 - (]
- — 11
| — ETIE o
| Maraiscwrer: —— O —:7 L2
0U|_71_4 Part Number —— |— W2 2 1oz Sk - o‘{"
- Rioad1 Type. —— Cancel | o o0 R _Lc ~ Rioad2
o : - FB2 5 =
:L‘n Salect Canachor i < :ux:[n,, 254
2
Capactor Fropemas 8
Capacitance(F] (IS ERn R
< 115K
Vorage Ratin
i ) Tracki$s2 —— —>
RMS Current Rating[A] LY 500p
N - ?
Equiv. Senes Resstance[) 16.8K P
0 e
Equiv Senes Inductance[H] R12 }\7‘__2112219‘
ouTa B4 A A B> 1 ouUTa
= V.V
(.I:;_m” ‘ \ Equwv. Parallel Ressstance(n) CT380p = .:[-’Ru N lc" .--L"mu
.-1:’3,33 ‘ Equiv, Parstel Capacitancs(F]: 10p Trackissé '_‘i'_{ 2 .;'1:’11.5K Tu“ .1i>‘2,s
ooy e - o <
; === Vimow [—g————— © .
R - < R6 ~R8
< 102K ““'c':;"‘ "| Paood3 OVLO ™1 =100k " 49.9K
F—1- Track/$s3 Lo : L Aran 500u startup
S00p GND Rt <V Tt
- T < 10K < 187K
RS
< 107K

Editing component C6

<REST W«
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Appendix B — Summary of Additional Features

1. To pause a simulation:
< “Simulate” pull down menu ---> Pause
< There is no toolbar button for this function

2. To zoom in/out using the schematic editor:
< Just use the wheel on your mouse
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a k~ WD F

LT LINEAR

More Topics #1

How to simulate coils & transformers
Importing Third-Party Spice Models
Selecting a MOSFET for a DC/DC Converter
Managing and Customizing Model Libraries

Piece-wise Linear Voltage Sources




Modeling Colls
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Normal Coil (no saturation)

Inductor Instance Parameters

>

par

Name

Description

FEser

Equivalent series resistance

Epar

Equivalent parallel resistance

Rser Cpar .
—1 par

Equivalent parallel capacitance

Number of parallel units

ic
<Inductance>

Initial current(used only if uic flagged
on the .tran card)

ECHNOLOGY

tcl

Linear inductance temperature coeff.

Tcl

Quadratic inductance temperature coeff.

temp

Instance temp

L1

1 0 0 Seniez Resiztance[Q]: ID.1
Parallel Resistance[2]: |5K

= P
Manufacturer, - i
Part Mumnber: 4|

Cancel |
Select Inductor |

Show Phaze Dot [

Inductance[H]: |1DDLL
Peak Curent[A]: |2

r~ Inductar Properties

Parallel Capacitance[F): |1Dp

[Series resistance defaults ta Tm2)




Non-linear Inductor - Chan Model

A computationally lightweight model that uses only 3 parameters to
specify the core’s major hysteresis loop:

Hc : Coercive force [Amp-turns/meter]
Br : Remnant Flux Density [Tesla]
Bs : Saturation Flux Density [Tesla]

Bs S :._—-7_—_—:—-: —
Br | _— _, 2
major hysteresis loop. o e P
b ol 2 f/ ‘initial
i |/ magnetization

minor loops N / il curve
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Non-linear Inductor - Chan Model

<« Core physical dimensions specified with 4
parameters:

<« Lm : Magnetic Length (excluding gap) [meter]
Lg : Length of gap [meter]

« A . Cross sectional area [meter?]
N : Number of turns

ALY LNEAR



Non-linear Inductor
Hysteresis Cycle B(l)

<« Non-Linear Inductor Hysteresis.asc

1V=1H wv=1T
PWL(0 0 {Imax} {Imax} {3*Imax} {-Imax} {6*Imax} {Imax})

—L
" = =
di/dt = 1 Hc={Hc} Bs={Bs} Br={Br}
A={A} Lm={Lm} Lg={Lg}
N=(N} V=1 ,(N' Ari dt(V( L))

6 flux=B.A

.PARAM Hc=100 Bs=440m Br=180m V(L) =N . d/dt (flux) =N . A . d/dt (B)

.PARAM A=66u Lm=42m Lg=0.13m >B=1/(N.A). integral (V(L))
.tran 0 {§*Imax} 0 10u .PARAM N=1500

.PARAM Imax=100m
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Changing the X-AXIs

=

Run plot
2. X-axis is
time by
default

3. Mouse over the X-axis, cursor will become a ruler

(Quantity Plotted:  time

Axis Limits
Left: { Os tick: |50ms Right: |500ms \
| Logarithmic | Cancel ’ | 0K |

4. Put another waveform into the “Quantity Plotted” field

LT LNEAR




Non-linear Inductor
Hysteresis Cycle B(l)

Y-axis is V(b)

X-axis is I(L1)

LT LNEAR



Non-linear Inductor
L(I) & B(l)

<+ Non-Linear Inductor LB.asc

LY LINEAR



Non-linear Inductor
L(I) & B(l)

V(b) is a voltage, 1:1 to magnetic field
strength

X-axis is inductor current I(L)




Example
< SMPS Sat Core |ll.asc
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ECHNOLOGY

SMPS Inductor Saturation

C12

Vin EXTVcc INTVece !4_?'“
==FCB Boost N381 —
o> M3
uz2
TG 1 FDS6680A
1
Cc10 J_
Run/SS 92 L2 R9
22y
0001y LY sw —T ’TP" o
M4 |_T 1.41p .006
I Rser=10m
R6 cs - BG Rpar=1K
o L R7
10K 330p LTC1735 FDEREEI 20K
c1
Sense+ =
c9 180p
G cox : v
a3p ense- 20K | x4
Vo
SGND PGND v
V1 T I
Vin EXTVcc INTVcc !4.Tp
5
—FCB Boost il —
M1
U1 ||"
TG = 1] FDS6680A
G L
<|—| Run/5S 27 L1 R1
-LLp
0001y LY sw —I -
M2 |—T Hc=16 Bs=440m Br=100m .006
Lg=110u N=5
v, . '3|4|_ " he | A=5u Lm=2m
10K~ 330p LTC1735 FDS6680A FesrE o
20K c6
Sense+ =
Cc2 180p
o : =
a3p ense- 20K x4
Vosense
SGND PGND ..tran .7m startup v

<

<

R10




Core Saturation Considerations

» Saturation flux density (Bs) goes down

monotonically with temperature
<« Maximum service temperature plus self-heating
» Controller peak current production scatter

» Startup / transient / short circuit conditions
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Variable Inductance Modeling

First, characterize the saturation curve of the physical coil in the lab

Y ICC o
LAuUX |
TAC O— _
N Ciie Lo Note: you can use a RLC meter
rec Lput L if available
Vac
O

Use “Voltage Dependent Voltage Source” or “Voltage Dependent Current
Source” in order to model the coil saturation curve using the look up table
capability of these behavioral sources

A look-up table is used to specify the transfer function. The table is a list of pairs
of numbers. The second value of the pair is the output voltage when the control
voltage is equal to the first value of that pair. The output is linearly interpolated
when the control voltage is between specified points. If the control voltage is
beyond the range of the look-up table, the output voltage is extrapolated as a
constant voltage of the last point of the look-up table.




Example: Variable Inductance Modeling

<+ Variable Inductance Modelization.asc
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Variable Inductance Modeling

X-axis is inductor current I(L1)
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Variable Inductance vs. Current

« SMPS with saturating coil.asc

A e %#” y % Good candidate for
‘ . conversion to subcircuit!
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Quick ' n'Dirty Saturable Inductor

« What to do if you don’t know Hc, Br and Bs!
« Typical off-the-shelf inductor datasheet:

L measuring Rated current(A)*

L DC resistance

frequency (Q)£20% max.

(HH) Tolerance (kHz) Idc1 Idc2
4.7 +20% 100 0.0306 1.5 1.8
6.8 +20% 100 0.0442 1.3 1.5

10 +20% 100 0.0573 1 1.3

* Rated current: smaller value of either ldc1 or lde2.
ldc1: When based on the inductance change rate (30% below the nominal value)
ldc2: When based on the temperature increase (Temperature increase of 25°C by self heating)

« Look at the note, see that Idcl is the saturation
current (because it forces L to drop)




Quick ' n'Dirty Saturable Inductor

1. Place a standard inductor (or go to one L3

already in your schematic) —
4.7n

2. CTRL+Right Click to enter the parameters = geer=30.6m

AT Component A o E
l P Y

Open Syrbal C\Program Fes IEEILTOAL TpeoalVARtAspertund iy |

3. Replace “Value” with the following:

flux={L*Is}*tanh((x/{Is})**{a})**{1/a}

“L” is inductance, “Is” is saturation current and ”’a” is
the “steepness” of the saturation (exponential function)

LT LINEAR
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Quick 'n Dirty Saturable Inductor

1. Place the following SPICE direction (.op) anywhere
In the schematic (close to L is good for clarity)

.param L=4.7uH Is=1.5A a=1

2. For the “steepness”, a =1 is typical. Higher values
lead to steeper current peaks. Use 1 to start

12210 - 9t S Core llrn

Green = model with Hc, Br, Bs. Blue = quick’n"dirty
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Modeling Transformers
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Transformer Simulation

The following example demonstrates a transformer with 1:3 turns ratio
(one to nine inductance ratio)

K1L1L21.

IN } OlIJT
e I
R 11 ) (L2 > Rload
SINE(0 1100K)|  RSe™=1 450, = = 900y ~ 100K
tran 0.1m
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Multiple Windings

Fej LTspice IV - [Xform4.asc]

'L: File Edit Hierarchy View Simulate Tools Window Help -8 x
e dH 5 F | Oa R HaE B2 88 A48 0 3 x0000 9 An
K2L5L61. KSL6L71.. .
§K3L5L71. K6L6LS8 1.
' K4L5L81. K7L7L81. KiL1L2L3L41.
L5 ‘L6 :
100p° 100p — 100u 100|.|
L7 “ L8 L3 ~ L4
100y 100p 100p; 100p
(N—1)

For N windings, the number of mutual couplings is
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Example
« LT3573 Flyback XFMR K=1.asc

IN K1L1L21. & ouT
" ” .

1S ,J, | | ]
L Vi I = 1S9 >gs L= ';;“-’Z/MBRSM° Ics " Rload
l: I— “:1 "\ 357K ‘..22“ -:f_'_::}ZK D2 24u ;:’; E*:‘z.sp I ':,'_';::}10
e 9 | ] K% L a1
74 1N4148
R = N R3
A\, SHDN/UVLO Rfb —\/\,—*
511K U1 80.6K
R2
28.7K tran 2.5m start
R1 Ly R4 i
b VAY; Rlim Rref —\ / l ‘
10K 6.04K
\A—]—ve Bias |
20K .001p ss GND 4.7u

‘c4 —

jow
Syntax: Kxxx L1 L2 [L3 ...] <coefficient>

L1 and L2 are the names of inductors in the circuit.
The mutual coupling coefficient must be in the range of -1 to 1.
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Transformer Simulation

Multiple windings can be added

LKIL1L2L31 L4
Cj "“6"‘0‘"\ OUT
5m = ¢ D1 204 c4
“IN5817
i £ 5 am sty I i
( +\ L2 o) B —e
\I_:i e , *;01 5m :‘) D2 204
3 Vce IRF7201 LN
UvLO DRVA - ;1"5817
R3 U1 J
_AA et oRVE |- : IRF7201 _”R5
100K R2 R1 15.8K
Dprg LY cs—\/\ NN
R4 r7 100 75m
{HA\/\/—{Rieb COMP —/\/\j_cs
100K LTC3721-1 10K 003
—1ss FB 1003y
lcz Ct SGND PGND }RB
i 6.5 rt ~,
T et ~ & TR 75K
7 L 270p —L
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Transformer with Leakage Inductance

\/

<+ XFMR Leakage Inductance.asc

A K1L1L2.995 _ B K213 L4, |
1 - ;.1 15227;- | 12 . 292n L3 i %427" ;
-3y 2 9. : | ) :
Rser=62m Rser=13.4m Rt Rse,ﬁg{,’,‘: Rser=13.4m Rz
4  Rpar=10K o Rpar=1.5K 1 4  Rpar=10K © Rpar=1.5K < 1p
86  Cpar=4p Cpar=33p 26 ~ Cpar=4p Cpar=33p~

e

Lleak = L1 x (1 - K?)
= 29.3u x (1 - 0.995?)
=292n

.ac dec 1000 10 10MEG

Short circuit the
secondary(ies) to test
leakage inductance
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Transformer with Leakage Inductance

K =0.995 Lleak = 292 nH
Z, =V, 111 Zg =Vg /12

Phase shows
capacitive effects

Frequency
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Saturating Transformer
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Examples

¢ l|deal transformer model.asc
¢ l|deal transformer.asc

Careful —these “transformers” will pass DC voltage
and current!!
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ldeal Transformer

(1) = I(3) x RATIO V(3,4) = V(1,2) x RATIO

Bidirectional




Saturating Transformer
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Saturating Transformer with Parasitic Elements
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Transformer Parameters

Ferroxcube datasheet : 500 — uEors
< 3F3 Material B 100 33
® (mT)
«» E13/6/6 core
400 =
/ Bs
3F3 SPECIFICATIONS / =
1
A medium frequency power material for use in power 300 4
and general purpose transformers at fraquancies of /|
0.2~ 0,5 MHz / /
200
SYMBOL CONDITIONS VALUE UNIT / / /
W 25 °C; <10 kHz; 2000 +20% / //’
0.25 mT 100 Rr
Ha 100 "C; 25 kHz: « 4000 // //
200 mT
B 25 °C; 10 kHz; ~ 440 mT 0 {/ H
1200 A/m -25 0Hc 25 50 150 250
100 “C; 10 kHz; . 370 H (A/m)
1200 Alm
Py 100 “C; 100 kHz; <80 KW/m? Core halves
100 mT A measured in combination with a non-gapped core hall, dlamping force for A measurements, 15 +5 N
100 “C; 400 kHz; | <150
C 4 A AIR GAP
| 50 mT GRADE () e () TYPE NUMBER
P |DCi25°C -2 am 3C90 63 5% -70 - 560 E13/6/6-3C00-A63
Tc |20 |'C ) 100 8% ~110 - 310 E13/6/6-3C90-A100
density - 4750 kg/m? 160 £8% - 175 =175 E13/6/6-3C90-A160
250 +20% - 275 -100 E13/6/6-3C90-A250
315 +20% - 340 -75 E13/6/6-3C90-A315
Etfective core parameters 1470 £25% - 1605 0 | E13/6/6-3090
SYMBOL PARAMETER VALUE | UNIT 3co2 ENN|  1080+25% 1180 0 E13/6/6-3C02
3C94 1470 +25% - 1605 -0 £13/6/6-3C94
v -1
(E(VA) core factor (C1) 137 |mm 3ces g3 1250 +25% 1360 0 E13/6/6-3C06
Ve effective volume 559 mm? 3F3 63 £5% - 70 | se0] E13/6/6-3F3-AB3
lo effective length 27.7 mm 100 +8% - 110 -~ 310 E13/6/6-3F3-A100
Ae effective area 202 mm2 160 £8% 175 175 E13/6/6-3F3-A160
A R R 502 e 250 +20% 278 100 E13/6/6-3F 3-A250
315 £20% - 340 -75 £13/6/6-3F3-A315
il mass of core half ~14 |9 1250 +25% -1370 -0 | E13/6/6-3F3
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Saturating Transformer with multiple windings

LY LNEAR



SEPIC with Saturating Transformer
» SEPIC with saturating XFMR.asc

4

L)

LTC1871 - 2A SEPIC DC/DC Converter
Input: 5V-15V Output: 12V@2A

Hc=11 Bs=340m Br=120m

L1 ; 3D
A=20.2u Lm=27.14m Lg=560u °§ §°
2 21\ 4

N=15 JAnclude xfmr.lib

Ratio=1

* 100n
V1 T R6 RO

C4 vin 274K I
% 3 INTVee Run R8

.Ics ‘ 10m
U1
4.7 Cc5 D1
l Mode Sense }— || - ouT

1

LY D—TQ«‘ 10p MBR735 e i

L—’\R/‘\r i BSCO19NE2LSI R3
Ith Gate —

C1 332K |C2 o 110K $50u $0u 2A
—eeeeee i

6800p 50p
Freq FB
R1 GND s R2
80.6K ¢ i 10m 124K

Atran 2m startup
L] TEICHNOLOGY
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SEPIC with Saturating Transformer

Inductor Current

L = 10uH ; Isat(AL/L=20%) = 9.2A
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SEPIC with Saturating Transformer

LT LNEAR



Importing Third-Party SPICE Models
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Importing Third-Party Spice Models

To import a third party spice model:
1.) Download the spice model file from the manufacturer’s website

2.) Make sure that the spice model file is located in the same
directory as the LTspice simulation file

3.) Open up the spice model file and note the device name
4.) a- Place the model directly on the schematic
OR
b- Add the following spice directive to the LTspice simulation file

(Edit pull-down menu ---> SPICE Directive):
include spice_model file_name.abc

5.) Modify the device name in the LTspice schematic to match the
device name contained in the spice model file (Right-Click on the
device name, and modify the text accordingly)
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Importing Third-Party Spice Models

The following items are CRITICAL

1.) The file name in the .include statement must match the spice
model file name identically. The file name syntax can be

anything, just make sure that all of the characters match.

2.) The device name in the spice model file must match the
device name in the LTspice schematic identically. The model
name syntax can be anything, just make sure that all of the

characters match.




Making Circuit Files More Transportable

<+ Open model or subckt file and copy text to the clipboard
<+ Open new spice directive in LTspice

+ Paste clipboard contents to directive text box

<+ Place on schematic

<« FEasier than using .include for simple models

.t
LTS e L
* ' 5 .+ g W3 3034 PUCE MR L Y
i e 1 | " ad T
S [ - s AL ey
i ol T s & et -t P e
‘. '1 . | e r— MR WL MOCR ] AV ) o e
o AL seRE WD ek R
Gonosott 2 e beere Qﬁ mt 1 e sime - e
| or T | ™ . vy oo (IS
re | ~ S 4 A e ey ol SRR F0
— f —p—————|m B e huhaaad D W M lan BT -u e = o
" o - i 5 Salep! A ' X “s3m 4 =0z el
= | Lz i - e eAME BT
[ - ! ! —
- R it o et ! CCEL SUTA PRI REWL SR e
el £ 4 = LA IR TR A
Y ) o i R D) A D Yo o b
2 LomoSpne = - R e r
bmdwiatoveny 0 T TP GEL (TEITE S T €
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Importing Third-Party Spice Models

Spice Model

Example #1:

Spice Model
Example #2:

L] TECHNOLOGY

“IN5244B.mod YNatapad
—_

File “Cetenfommzl"view Help

.MODELC_IN5244B1 )i

+ IS5 = 7.8ZE=10
+ RS = 0.3182

+ N =1.69

+ XTI = 3.0

+ EG = 1.11

+ C1o = 4,582e-11
+ M = 0.3377

+ V1 = 2.983

+ FC = 0.5

+ ISR = 10E-21
+ MR = 3.907

+ BY = 14.00

+ IBY = 0.001

File Edit Format Wiew Help
# 1N5244B Zener Diode

MODELL_ Everest O
IS = 7/.BZe-1U

+

+ RS = 0.3182
+ N =1.69

+ XTI = 3.0

+ EG = 1.11

+ CJo = 4.582e-11
+ M = 0.3377

+ V1 = 2.983

+ FC = 0.5

+ ISR = 10E-21
+ NR = 3.907

+ BV = 14.00

+ IBV = 0.001

File name = 1N5244B.mod

Model name = 1N5244B1

Summary: The file and model

names are irrelevant. Just make
sure that the device name in the
schematic and .include file_name
match those of the spice model file.

File name = Joe.txt

Model name = Everest




Examples

¢ Zener Import Example.asc
¢ 1N5244B Model On Schematic Example.asc
¢ 1N5244B Model Include Example.asc
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Importing Third-Party Spice Models

1) Open up the simulation file
titled “Zener Import Example.asc”.

2) Open up the SPICE model file
titled “1N5244B.mod” and note the
device model name.

3) Modify the simulation file so
that it uses the 1N5244B third-party
SPICE model based on the
instructions provided on the S
previous slides. B g
4) Run the simulation and probe oL our
the IN and OUT nodes. ffff()ffffffffffffff D1
T Pwroo120) 7 BZX84G12L . .

ECHNOLOGY



Importing Third-Party Spice Models

Fj Linear Technology LTspice/SwitcherCAD Ill - Zener... E@@

SOIUtIon: Eile Edit Hierarchy View Simulate Tools Window Help

A 3 5 # | O AR B EaE tBR2od 98 4
1) Zener name changed to T Zorer ot S e | Zonot ipor Berplozw
1N5244B 1 to matc h m Od el Zener Import Example.asc

name in the SPICE model file.
Right-Click on the diode
name text to change.

2) .include SPICE directive
added to link to the SPICE
model file. Use the Edit
pulldown menu ---> Spice
Directive to add this SPICE
directive to your simulation.

3) Result after clicking on
the Running Person symbol
on the toolbar and probing
the IN and OUT nodes.

00s 01s 025 03s 04s 05Hs 06s 07s 08Bs 09s 1.0s
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Importing Third-Party Spice Models

Types of SPICE Models (open up the
SPICE model file to determine)

+ .MODEL definition (as covered in the  mys—_—G—c_;w——

preViOUS Zener example) Crhprogia™ 14t sweadiin ibhspminmos. asy

1. Change the device name in the
simulation schematic to match the
device name in the SPICE model Prefi = [X |
file '

2. Add the SPICE directive to the
schematic “.include
spice_model_file.abc”

< .SUBCKT definition
1. Same as above
2. Same as above

3. Must Ctrl-Right-Click on the device
and change the Prefix to “X”.

Thiz determines the type of a circuit element, e.q., B, C, or L
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Importing Third-Party Spice Models

Exercise:

<+ Open up the simulation file titled “LTC1871 FET Import.asc”
and follow the instructions in the simulation file.
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Selecting a MOSFET for a DC/DC
Converter
(LTC1871-7 Example)
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Verifying an Appropriate MOSFET
for a DC/DC Converter

Exercise:

<« Open up the simulation file titled “LTC1871 Boost.asc” and
follow the instructions in the simulation file.

LT LINEAR




Managing and Customizing Model
Libraries
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Managing and Customizing Model
Libraries

LTspice Standard Library Files
(these can be opened and edited using LTspice)

<+ RCL databases (easy to edit and expand)

<+ standard.res

< Standard.cap Custom entries into the library files will not
% standard.ind be removed by a Sync Release

< Standard.bead

>

>

>

< Intrinsic Devices (more complicated to edit and expand)

< Sstandard.dio

« Standard.bjt File path for standard library files:
< standard.mos C:\Program Files\LTC\LTspicelV\lib\cmp

< Standard.jft
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Managing and Customizing Model

Libraries

» Using LTspice, open up the RCL (resistor, capacitor, inductor)

libraries and explore. File path to the library files: C:\Program
Files\LTC\LTspicelV\lib\cmp

- Using LTspice, open up intrinsic devices and explore. Modify “Zener

Library Example.asc” to use a library file. Follow the instructions in
the simulation file.

» Run “NPN and Library.asc”. Notice that the simulation calls out the

same library file as the Zener Library Example.asc. A library file can
contain models for multiple devices.

» If you add devices to the library files, yvour devices will not be

removed when running a Sync Release.
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Piece-Wise Linear (PWL) Voltage
Sources
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Creating a PWL Voltage Source

<+ Open up the simulation file titled “RC Filter Time Domain.asc”

<+ Run the simulation and probe the IN and OUT nodes

<+ Right-Click on the voltage source and select the PWL function

<« Configure the PWL source to manually recreate the pulse waveform
as shown in the voltage source window on the right

<+ Rerun the simulation. Notice a single pulse is now present.

Fii Linear Technol... [ ||:| |&| Independent Voltage Source - V1 X
—_ = Functions DC Walue
-L: Eile Edit Hierarchy View Simulate ) [nane) I:I
Tools Window Help = ) PULSE[W1 W2 Tdelay Trise Tfal Ton Period Moycles)
“a 3 SINE W offset Vamp Freq Td Theta Phi Neveles)
A  H T F QO AR . .
(CIERPRT W2 Tl Taul Td2 TauZ) Small signal AC analysis(AC]
. () SFFM[Valf Vamp Fear MDI Fsig) AL Amplitude: |:|
@ WL vl (22 ACPhase| |
) PWL FILE: | | Make this information visible on schematic: []
Parazitic Properties
timed[s]: [0 Series Fesistance[0]:
value[V]: [0 Parallel CapacitancelF]:
time2ls] | Tu Make thiz information visible on schematic:
valus2[W] |5
time3[s]: | 10m
PULSE(0 5 1m 1u1u'10m 20m 3] valus3(l: |9
.. .. .. .. . timed[z]: | 10.007m
_.tra_m 'E'ﬂ'ITI L. valued[W] |0

Additional PWL Points |

b ake this information vizible on schematic: [#] [ Cancel ] [ ok 1
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Repeating PWL Source — RC Circult
Revisited

<+ Open up the simulation file titled
“RC Filter Time Domain PWL.asc”

<+ Run the simulation and probe the

IN and OUT nodes @ Linear Technol... (= [B]X]
. . . 'L: File Edit Hierarchy View Simulate
< Right-Click on the PWL text string Tools Window Help SEE
and use the repeat command to e EH T A aqar
create three cycles of the input R

IN ouT
square wave. w ’ o
L [

' DI

M Fnter new Value for V1 g| = w0
Justification <7 o m
Left ‘PWL{0 01u 5 10m 5 10.001m 0 20m 0 20.
[ ]*ertical Text -tran ﬁ.‘“’“. ..........
< | >

Pl repeat for 3 (001w 5 10m 5 10,000 m 0 20m 0] endrepeal I

LT LINEAR |




Repeating PWL Source — Additional Info

<+ To edit the PWL source attributes, Right-Click on the PWL text

string on the schematic
< The following window will appear -->
< In the command line, modify the

PWL command (examples below)

® Enter new Value for V1 g|
Jusztification
Left v
|:| Wertical Test

|F‘WL[EI 01u510m510.007m 0 20m 0 20.001m 5 30m 5 3EI.EIEI1||

L

. ewer

.| . PWIL repeat for 5(0.01 0} {0.025 2} {0.045.2} {0.05 0} endrepeat

e | [[remeeeee

| PwL repeat forever (0.01 0) (0.025 1.5) (0.045 1.5}.{0.05 0) endrepeat .

+ Repeating PWL format using a PWL source file (see next page):




Importing Externally Generated
PWL Sources

<« To import a PWL waveform from a file, Right-Click on a voltage source,
select “Advanced”, and select “PWL File”

<+ The file format must contain pairs of numbers separated by white space
(carriage return, spaces, tabs). The first number is time (in seconds) and
the second number is voltage.

<+ Example 1:
+0001102050500.70310

<« Example 2:
+00
+0.11
+0.2 0.5 % Open the file “PWL Examples.asc”
+0.50
+0.7 0.3
+10




More Topics #2

What is Usually Modeled (and What Isn’t)
Making Circuit Files More Transportable

Behavioral Sources

A

Hierarchical Schematics and Automatic Creation of a
Schematic Symbol

Parameters and Expression Evaluation
Thermistor Simulations: Plotting Temperature and Resistance
Voltage and Current Controlled Switches

Small signal analysis

5.
6.
7.
8.
9.

Improving Simulation Speed

ECHNOLOGY
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What Usually is Modeled?

Typical performance at room temperature
Error amp

<« Gm

<« Source/Sink Current
Oscillator

<+ Frequency

< Duty Cycle Limits
Switch logic
Switch current limit
Switch beta
Peak current vs. error voltage
Slope compensation
Burst Mode
Switch minimum on time
Pulse skipping
PLL capture & phase lock

NEAR\R




What Usually is Not Modeled?

<+ Production scatter
<+ Behavior over temperature

+ Catastrophic failure modes

< Oscillator injection locked SYNC pin (unless the device has a
PLL)




What May or May Not be Modeled?

< Ig in all modes

<+ Misc features in shutdown




yo 4

X/

.0

*

X/

.0

*

Behavioral Sources

Behavioral sources are used when the user would like to define

a source with an arbitrary expression.

J
0‘0

J
0‘0

J
0‘0

*0

R/
0.0

0

INEAR

ECHNOLOGY

Expressions can contain the following:

Node voltages, e.g., V(n001)

Node voltage differences, e.g., V(n001, n002)

Circuit element currents; for example, I(S1), the current
through switch S1 or Ib(Q1), the base current of Q1. However,
it Is assumed that the circuit element current is varying quasi-
statically, that is, there is no instantaneous feedback between
the current through the referenced device and the behavioral
source output. Similarly, any ac component of such a device
current is assumed to be zero in a small signal linear .AC
analysis.

The keyword, "time" meaning the current time in the
simulation.

The keyword "pi" meaning 3.14159265358979323846.
Various functions and operations as defined in the help file.




Constant Power Load

<+ Open up the simulation file titled “Const Power.asc” and follow
the instructions in the simulation file to create a constant power

load.
X
M | B1
() (v )
l ulse(5 19 0 .5m .5m 0 1m) J 1=10/V(x)
tran 3m

ECHNOLOGY



Constant Power Load with Limited Current

% Constant power load with limited current.asc

L) LINEAR



Storage Capacitor Discharge with Constant Power Load

Load Power Load Voltage Load Current

ALY LINEAR



Variable R vs. Time

* Variable R versus time (B source).asc




Behavioral Sources

<« Open up the simulation file titled “LTC1771 Efficiency.asc” and
follow the instructions in the simulation file.

RS R6

/—e—PIN S\ ——e—POUT gt A ¥ S
s o J ST T oy ey ] B s e I.:
o . Y = & . - - C6 T 1 T T 1
v=vinrive) | “4dn  V=Vjourii1)( | B2 I4.,,, . [ i
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Creating a Schematic Symbol
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Creating a Schematic Symbol

Creating a NPN Transistor Schematic Symbol . rE
1. Open up LTspice D_; :
2. File pull down menu ---> New Symbol - \a& 3
3. Draw pull down menu ---> Line. Draft an NPN symbol.

4. Edit pull down menu ---> Add Pin/Port. These are the actual electrical

L] TECHNOLOGY

connections for B (base), C (collector), E (emitter). Netlist order for the pins:
C=1,B=2E=3.

Edit pull down menu ---> Attributes ---> Edit Attributes (to add attributes). See
the screen shot here ----------- >

Sk T | Dlees, v

Edit pull down menu ---> Attributes
---> Attribute Window (for attribute visibility) A
to make QN and NPN visible for the symbol

weagan




Creating a Schematic Symbol

Creating a NPN Transistor Schematic Symbol (continued.....)

7. Save the schematic symbol as “My_NPN.asy” in the same folder as
the simulation file titled “NPN Schematic Symbol Import.asc”

8. Open up the simulation file titled “NPN Schematic Symbol
Import.asc” and follow the instructions in the simulation file.

ECHNOLOGY




Automatic Symbol Generation
from a Library File
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Procedure

<« Change the file extension to .net

< Edit the netlist file that contains subcircuit definition

«+ Place the cursor on the line containing the name of the subcircuit
+ Right click and execute context menu item “Create Symbol”

« Click “Yes” to “Do you wish to automatically create a symbol ...”

<« The symbol is automatically saved in the LTspice directory :
LTspicelV \lib \ sym \ AutoGenerated

* Exercise : create the symbol of the optocoupler VO615A
from the file vo615a.lib

ECHNOLOGY



Subcircuit Definition

E LTspice IV - [wvo615a.net]

@ File Edit Wew Simulate Tools Window Help

| Be |0 R Bl ERmE +tb2eH o8|/
= Library of Phototransistor UD&15A
= Copyright UISHAY, Inc. 2818 All Rights Reserved.
E 3
H ==== Uuﬁ15“—3 ===
* i = diode anode
*= K = diode cathode
# L = BJT collector
= E = BJT emitter
=5

-SUBCHKT U0615A A K C E PARAMS: REL CTR=1

D1 A D D988 ;IRED

Usense D K 8 ;IF Current sense

Hd R 8 Usense 1 ;I-U

Rd R T 18K

Cd T 8 8.2n

Rdummy B 8 4G

01 C B EE QT1898 ;phototransistor

= -1

Gpcg C B TABLE ;Photodetector {{IC vws IF} /7 01 BF}

+ {B.8x{U{T) 1.658=exp(limit{4.36-60*U{T),-50,50) )=REL_CTR/108)}

+ (@,8) (16,18)

-model D9588 D IS=1F H=1_948621 RS5=1_560495 BU=6 IBU=18U

+ CJO=18_.8P UJ=0.532794 M=0.27985 EG=1.424 TT=5086H

-model QT1898 HPH I5=3.64F BF=188 HF=1.193293 BR=18 TF=13H TR=358n
+ CJE=5.16P UJE=08.99 MJE=8.2411274 CJC=18F UJC=0.597478 HJC=0.4319078
+ ISC=0.207H UAF=65 IKF=8.089 IS5=8 CJS5=7.74p UJ5=8.61 HJS=8.31
-ends

*$




Create Symbol

[E)He g3t vew Smuste Tods Window Hep
| P S F0 e EdBBW 200 O8 (7

* Library of Phototransistor U0615A

* Copyright UVISHAY, Inc. 2818 A1l Rights Reserved.

-

* ==== UYD615A-3 ====

* A = diode anode

» K = diode cathode

* C = BJT collector

* E = BJT emitter

)

-SUBCKT U0615A A K C E PARAMS: REL CLH

D1 A D D9SOS : IRED A run Ctri4R
Usense D K 8 ;IF Current sense M CaidH
Hd R O Usense 1 ;I-U il

Rd R T 10K Marching Waves 2
Cd T 8 0.2n ¢ x

Rdumny B 0 4G D indo =
Q1 €C B E E QT18908 ;phototransistor ¥ Redo Shift=H9
* U-1

6pcg C B TABLE ;Photodetector {(IC & cut

. (B.B-(U(T)“1.658-exp(limit(h.36-60l%agq” D>
+ (6,0) (18,18) B racte

.model D9568 D IS=1P N=1.948621 RS=1

+ CJO=18.8P UJ=0.532794 M=0.27985 EG ‘.Eﬁd

-model Q710696 NPN IS~3.64P BF=1086 NF 58n

+ CJE=5.16P UJE=0.99 MJE=0.2611274 ¢ = Loble Taces 31978
+ ISC=0.207N UAF=65 IKF=0.09 ISS=0 C :
.ends

=




Create Symbol

ELTspiceN-[voEISa.net]
[Z)Ele Edit View Smuate Tools Window Help
P EHFED R 2 ERaE 2N e8| LB 3 YD Od D Sl

Library of Phototransistor U06&1%A
Copyright UISHAY, Inc. 2818 All Rights Reserved.

= UD615A-3 ====
diode anode
diode cathode
= BJT collector
BJT emitter

.SUBCKT V06154 A K C E PARAMS: REL CTR=1 x|

D1 A D D9588 ;IRED

Usense D K @ ;IF Current sense
Hd R 8 Usense 1 ;I-U

Rd R T 18K

Cd T8 8.2n

Rdummy B 8 4G :
01 C B E E QT1090 ;phototransistor Oui Non Annuler
* U-1

Gpcg C B TABLE ;Photodetector {{IC ws IF) / 01 BF}

+ {0.8=(U({T)"1.658%exp(limit(4.36-68=U(T),-50,58))=REL_CTR/180)}

+ {8,8) (18,18)

.model D9588 D IS=1P H=1.948621 RS=1.568495 BU=6 IBU=18l

+ CJO=18_8P UJ=0.532794 H=0.27985 EG=1.424 TT=588H

-model OQT1898 HPH IS=3.64F BF=108 HF=1.193293 BR=18 TF=13H TR=3%58n

+ CJE=5.16F UJE=0.99 HJE=8.2411274 CJC=18P UVJC=0.597478 HJC=8.431978
+ [3C=0.287H UAF=65 IKF=8.89 I55=0 CJ3=7.74p UJ5=0.61 HJ3=0.31

.ends

=

EE T N B B

Do you wsih to automatically create a symbol that will netlist against the
subcircuit "WO&15A" and her 4 ports?

TECHNOLOGY




Default Symbol

Unnn
EA Cj
[‘K Ej

VO615A
REL CTR=1

LY LINEAR




Saving Folder

n AutoGenerated

60vlj. ~ Ordinateur ~ OS (C:) ~ Program Files (x86) ~ LTC ~ LTspicelV ~ lb ~ sym v AutoGenerated

‘Organiser v  Indure dansla bibliothéque ¥  Partageravec ¥  Graver Nouveau dossier

L LTC 2 Nom~
1) LTspicelV
.. examples
L lib
. omp
L. sub
L. sym
| AutoGenerated
.. Comparators
. Digital
. FilterProducts
1 Misc
.. Opamps
| Optos
. PowerProducts
, References

1> vO615A.asy

. SpedalFunctions




Hierarchical Schematics and
Automatic Creation of a
Schematic Symbol

ALY LINEAR




Hierarchical Schematics /
Schematic Symbols

« Hierarchical schematic drafting has powerful advantages

<« Much larger circuits can be drafted than can fit onto a one
sheet schematic while retaining the clarity of the smaller
schematics

+ Repeated circuitry to be easily handled in an abstract
manner, i.e. “black boxes” with full functionality

<+ Can be re-used across several schematics

ECHNOLOGY



Hierarchical Schematics / Schematic Symbols

The following subcircuit........

LU

[IN. — 0 () —= ouT
c2 {100p*N} C1

{100p/N} {100p/N}

.....can be automatically converted to a hierarchical
schematic symbol (X1):

X1 .
N =27
N ‘out —OUT
L v : >

1K

~ AC1

Rser=1K .ac oct 10 100K 10Meg




Hierarchical Schematics / Schematic Symbols

% EXxercise:

«+ Open up the simulation file titled “PlSectionExample.asc”
and follow the instructions in the simulation file.




Hierarchical Schematics / Schematic Symbols

« After clicking “Yes” a new sheet titled
“PlSectionExample.asy” will open

<« This hierarchical schematic is automatically saved to the
folder —there is no need to manually save

+ There is no further effort required, i.e. change <InstName>

<+ Both the schematic and assembly windows can be closed

<InstName>
“IN “OUT "

ECHNOLOGY



Expression & Parameters




Expression Evaluation

» When curly braces { } are encountered, the enclosed expression
IS evaluated on the basis of all relations available at the scope and

reduced to a floating point value (evaluated before simulation
begins).

J V1
(Y =
.tran .01

ECHNOLOGY




Other Places to Use Expressions

<+ Without { }, the expression is not reduced to a value before
simulation, but is a calculated during simulation in “real time”.
Below it is used within a behavioral source.

=1L - N3 B1

Lpulse(s 19 0 .5m .5m 0 1m) J 1=10/V(x)

\ ) \
Aran 3m

ECHNOLOGY



Variable R vs. Time

“*Variable R versus time (expression) - R=V(R).asc




Variable R vs. Time

*» Variable R versus time (expression) - IF.asc




Variable R vs. Time

*» Variable R versus time (expression) - R=f(time).asc




User-Defined Functions/Parameters

The .param directive allows the creation of user defined
variables

Useful for varying component values without actually editing
component properties

3§

- .~ 5 = {XI -1}
= hE
tran .01

.param X 5

ECHNOLOGY




User-Defined Functions/Parameters

Do [ Mwarthy

Bs @ F 4

Sow Dwids [k Mndow

AR =

e

o LS canpie ren

Capacitor - C2

Manufacturer, -
(]
Part Mumber: - -
i —

Select Capacitor

Capacitor Properties

Capacitance[F]: | k&N
Yaltage Fating[V]:
FitdS Current Fating[b):
Equiv. Senes Resistance[z]: |{ESR}
N
Equiv. Senes Inductance[H]: 4_\“ I“
. . ), 'Pm
Equiv. Parallel Resistance[): et

E quiv. Parallel Capacitance[F]:
kean Time Between Failures(hr]:

Partz Per Package:

HAX i@

nos

L
Sui | .step param ESRLIST 911 2
I 1dMey | ut
RS Jon vin 3 l_Ol
33K 25
2 | EXTVee 16 } \ 5MSS4DY
%)
\FCa W »fié{ — - e—— ([ ) —— - —OUT
o2 1 ! >
a2y % rptigne ez ~Rioad
- - Run'SS Scoat - X - “R2 'T"”" .:,_-"
LY Lo (IMBRSI0  Tog [0 T
- Ving MTvee g MBROSIOL )
o
< m ]-Q 14
- :—{ll__,-‘.\‘,!._-'_l *h LTCITIS BO | sMaTaDY | 3 R)
S0p 20K : | K
Pgosd FB | JRESi
| cf -
GND PGND =
T 1 [
- - — tran Sm stariup
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User-Defined Functions/Parameters

< Parameters can also be used within sources.
<+ Parameters can be calculation results

Independent Current Source - Ipulse_phase_1

» Multiple parameters can be used simultaneously

Functions DL W alue —
O [hone) e gzl
(& PULSE( 12 Tdelay Trise Tall Tan Periad Meycles) o= BRI LTA S8 LSM2ETRO00 L
() SIME[loffset |amp Freq Td Theta Phi Necycles)
O EXP{1 12 T Taul Td2 Tau2] Small signal AC analysis|AC) |pple current simulation for dual phase and single phase buck converters
() SFFM([loff lamp Fear MDI Fzig) AL Amplitude:
CIPwWL il rziz.) AC Phase:
) PwL FILE: M ake this information wvisible on schematic: Note:
O TABLER i1 v2i2..) Parasitic Properties _ . Phase separation = 180 degrees
Al |0 This is an active load: [] l
12[A]: | {lout1}
Tdelaylst [0 Make this information wisible on schematic: Cln_bulk .c‘n-cmmlc > \!p“'”_ﬂha”_‘ S~ 'p“lse_pm_z
Trize[s] [10n f |:. é ‘] ’l i \I
Thalls} | 10n 180y 20p 2y =
Tons] [{Tonl} T
Tpetiod[s]: | {Tperiod} o s T
Meoycles: i
Make this information visible on schematic: [] Cancel ] [ oK ] heters * calculations
rprerrerrrr——ewer1 .2 .param Ton1 = Vout1 / Vin / Fsw
.param lout1 16 param Ton2 = Vout2 / Vin / Fsw
.param Tperiod = 1/ Fsw
.param Vout2 1.2 .param Tdelay_ph2 =0.6/Fsw
.param lout2 15
.param Vin 12
.param Fsw 400K tran 500u

L] TECHNOLOGY



Parameter Sweeps

» The .step command causes the analysis to be repeatedly

performed while stepping a model parameter

» Essentially multiple back-to-back simulation runs with the results

of previous runs kept instead of being discarded
» Steps may be linear, logarithmic, or specified as a list of values

> Example: RC network and stepping a list of values

ECHNOLOGY



Parameter Sweeps

» Open up the simulation file titled “RC Filter Variable R Time Domain.asc”
and follow the instructions in the simulation file.

PULSE(0 50 1u 1u 10m 20m 3)

.tran 60m startup

.step param X list 10K 20K 30K
.Sstep param X 10K 30K 10K

Add .step command
using Edit pull down
menu - SPICE
Directive, or by using
the hotkey “s”.

ECHNOLOGY




Parameter Sweep — RC Filter Result

AL inser Techmeingy L IspicafSwiicaesCAD I8 - [SC Filier, Farsaide B, Thme Dumey, row)
TR ™
P d T £ QRRAQRK GU B2AY s o o8

1, FIC i Yuaite fl Trsa Ocrsamaes 120 C Fiwr Vet

rov  Jrademn o #rco 5

Cursor Step Information

3/ Cursor 1: X=10K (Run: 1/3)

Using the
measurement
cursor (left-
click the label),
the up/down
arrow keys on
the keyboard
will toggle
between
waveforms

Right click on
the cursor to
display which
run is
associated with
each waveform

ALY LINEAR




Stepping Multiple Parameters

The table function can be used to step multiple parameters
simultaneously using a table format (ex. pairs of values can be defined

and simulated)

Open up the simulation file titled “RC Filter With Parameter Table.asc”
and follow the instructions in the simulation file.

vi

- ouT

{R}
c1

AC1 IC}

.ac dec 100 .01 1IMEG
.measure ac 3dB when mag(V(out))=1/sqrt(2)

Step paramn 131
.param C=table (n, 1, 100n, 2, 200n, 3, 300n)

param R=table (n, 1, 10K, 2, 15K, 3, 20K)

ALV LINEAR




User-Defined Functions/Parameters

» .Model parameters can be stepped

» Open up the simulation file titled “2222 Step Model Param.asc”
and follow the instructions

s P2 e g o o enc

® 9 ety ‘Pou Grdie Look aViee |y
29 B Y # O G O SAY 2Lr N Q8 LWz 2DT0D Mo
| w il 2 v |

L loana =
(t) ) Jo
Lo K ajls

8¢ V1 010 10m H 10u 50u 10u
_step NPN 2N2222({Val) 50 100 25

ALY LINEAR



More .step Uses

<+ The .step command can also be used to step which model is being used.

<+ Open up the simulation file titled “Stepping Models.asc” and follow the
instructions in the simulation file.

721 Lowar Tonchimbomy | TagheedSotscherCAD 111 - whappring ormdwie 111 ane
Do G Meiwche o Sadis [omm ncon  (pb

- by o ’
S0~ RC-CAR S EA% 1N 280 L4P o4 =0 8 i

cl: | .model 3 NPN(BF=100)
=1 .model 4 NPN(BF=101)
Bls sea Sl [ie 15 .model 5 NPN(BF=102)
I )} s
= 0 .STEP param M list34 5




Other Places to Use Expressions

< Within the waveform editor (right click on trace name)

ir . (2 %]
e M PR Sty AN

. = 4 i 1o Wediey  tol
B @S F AQQQAY E ESR¥ 1o m s
C 1778w B 17780

e - [Bpx
‘ 101}V
1.0 |
]
—F d— i e . °'I‘"
c4 T loz o it ,lcz Rigad
——runss Boost —& N R2 O TRIRNg Sy
ooty LT 7o merszio S l'xz 1
| MSROSIOL | . pa st v ~
Ying INTVe . \ oz .
€ B4 3 n &
. ]‘“l]- AL\ 1 LrciTT Bc | i A,_} SHaTaDY <3
500p 20K 5 < 1K
good B ] - =
+Ct
oND FOND =
AT
L »J_» - / sran 2.5m startup




Monte Carlo Analysis




Filter Transfer Analysis

s+ Monte Carlo.asc

0\/ L3 i ouTt
: ! 0 B
( +- Vi 141 u%(z lcz {mc(40u, tol)} {mc(253p, tol)} ué J_‘” R2
= {me(10u, tol)} I"""""' toh} {me(10u, tol))( :]E'“‘"" toh} o
T AC 1 & L L

.param tol=.05 ; +/- 5% component tolerance
.step param X 0 20 1 ; a dummy parameter to cycle Monte Carlo runs
.ac oct 100 300K 10Meg

mc(val, tol) is a function that uses a random number generator with uniform distribution
to return a value between val*(1-tol) and val*(1+tol)

Other functions of interest:
-> flat(x): a function that uses a random number generator with uniform distribution to return a value

between -x and x
-> gauss(x): a function that uses a random number generator to return a value with a centered

gaussian distribution and sigma=x




Filter Transfer Analysis

Vout

Frequency

ALY LINEAR



Print Component Values

* Print component values in MC.asc

This example shows how to print the component values in a monte carlo run.
The values are printed in the error.log file.

%m
V1 < {R1}

@) —
g 2 ’> Rz
im}

_param R1=mc(1k,0.01) R2=mc(1k,0.01)

.meas R1_print param R1
.meas R2_print param R2
.meas Vout find v(div) at 0.5u

.step param run 1 100 1
tran 1u




Trace the Simulation Values

< After simulation is complete, from the "View" menu, select 'Spice
Error Log’

<+ Right click anywhere in the new window
<+ Select 'Add Trace'

<+ Select 'Plot .step'ed .meas data’

« Select 'Yes' in the next dialog box

+ Right click anywhere in next window

<« ‘R1_print' & ‘R2_print’ then press 'OK’
+ Right click and select ‘Add new plot’

+ Select 'Add Trace'

+ Select Vout’

ECHNOLOGY



Simulation Values

R1 value R2 value

ALY LINEAR



Tolerance Stepping Min/Max Values Only

o

* Tolerance stepping min max only.asc

Only the extreme values (1-Tol), (1+Tol) are used.

Run=0 is without tolerance (nominal values).
Plot V(outl,out2)

L 3
§R1 R3
V1 {wc(1k,0.01)} {we(1k,0.01)}
O 3 3
T2
R2 R4
g{wcm,o.om {wc(1k,0.01)}
N2 W 2T

function wec(nom,tol) if(run==0, nom, if(flat(0.5)>0,nom*(1+tol),nom*(1-tol)))

.step param run 0 100 1 ; run==0 uses nominal values (R1=R2=R3=R4=1K)
.op

ECHNOLOGY




Tolerance Stepping Min/Max Values Only

V(outl,out2)




Thermistor Simulations:
Plotting Temperature and
Resistance

ALY LINEAR




Plotting Temperature and Resistance

‘*Voltage and/or current are typically plotted on the vertical axis
and time is typically plotted on the horizontal axis

“*It is possible to plot resistance, temperature, and other
parameters on the horizontal and vertical axes

*Thermistor simulation example: navigate to the NTC
Circuit.asc simulation file and follow the instructions.

V(vtherm)!{R2)

- _ o Enable

e T i IR T [ A PR [

...........NTC._T.ypE!................

A el I B T S

T 1T T T T 1 I
-10°C -3°C #°C 11°C 18°C 25°C 32°C 39°C 46°C 53°C 60°C




Plotting Temperature and Resistance

Important items to note for the NTC Circuit.asc
simulation:

“*The DC operating point “.op” simulation command must be
used (see LTspice help regarding DC operating point
definition)

+The SPICE model for the thermistor is included in the
simulation file

A two terminal thermistor schematic symbol with the
appropriate device parameters is required

*Additional instructions / information is included in the
simulation file

ALY LINEAR




Plotting Temperature and Resistance

Important items to note for the NTC Circuit.asc
simulation (cont.):

“ Voltages can be labeled and in this case the voltage across
thermistor R1 is labeled Vtherm

*» Currents cannot be labeled, thus we must determine what
LTspice has called the current flowing into thermistor R1

** Probing the top terminal of R1 we see the current has been
labeled by LTspice as “Ix(R1:A)”

*» Plotting the expression V(vtherm)/Ix(R1:A) therefore plots
resistance of R1

** Note that probing the bottom terminal of R1 we see that the
current has been labeled IXx(R1:B) by LTspice even though in
this case the current is the same as the top terminal (but
reversed)

ALY LINEAR




Comparator with Hysteresis

» LTC6702 comparator with hysteresis.asc




V(OUT) vs Time

VIN Vout

ALV LINEAR



Trace Hysteresis Curve

<+ Move the mouse to the bottom of the screen until
the cursor turns into a ruler

« Left click to display the Horizontal Axis box

<+ Replace the horizontal quantity plotted (Time) by
V(IN)

« This lets you make parametric plots

|

TECHNCLOGY



V(OUT) vs V(IN)

Vout

VIN (as horz. Axis)




Voltage/Current Controlled Switch

<+ A voltage/current controlled switch must have a model
defined. This may be done as a SPICE directive directly on
the schematic.

% Vswitch.asc

- )
HEE T £ s an SERY¥ LLFR 2 LB ITOOCH o

R1
_ / \n\ \ J‘.//\\\ ;
st v,
+ K —J_ TR vl N
I s (a5 =
v A= B
o ¥ MYSW | 33

\ |
A /

~ PULSE(0 10.5m .5m 0 1m)

tran 3m
.model MYSW SW(Ron=1 Roff=1Meg Vt=.5 Vh=-.4)

ECHNOLOGY



Switch Parameters

« The parameters for the switch model are described in the

help file.
Voltage Controlled Switch Model Parameters
Hame Description Units Default
Wt Threzhold voltage W 0.
Wh Hysteresis voltage W 0.
REon On resilistance ) 1.
Foff Off re=zistance > 1/ Gmin
Lzer SJeries inductance H 0.
Vaer Jeries voltage W 0.
Ilimit | Current limit A Infin.

ECHNOLOGY



Example of Short Circuit

< QOpen up the simulation file titled “4356-1.asc” and follow the
instructions in the simulation file.




Example of Short Circuit

< First, set up the switch and its stimulus.




Example of Short Circuit

PWL(OO0150m 0151m 1170m 1171m 0)

.model SHORT SW(Ron=10m Roff=1G Vt=0.5 Vh=-.1)




Example of Short Circuit

< Now, define the switch model.
<+ ex..model SHORT SW(Ron=10m Roff=1G Vt=0.5 Vh=-.1)




Switching Power Supply
Control Loop Bode Plots

Method 1 : Use “.step” to size compensation network & test
for load step (.TRAN)

Method 2 : Use small signhal model for Bode analysis (.AC)

Method 3 : Bode analysis using time simulation (. TRAN)

|

TECHNCLOGY



Method 1: .step
(.TRAN)

ALY LNEAR



LTC3412A Example

s LTC3412A Stability.asc

LTC3412A - 3A, 4MHz, Monolithic Synchronous Step-down Regulator
Input: 3.3V Output: 1.8V @ 3A

R s
100K
3.3 22|.I 22|.I R5
1Meg Pgood  SVin PVin
L1
Run/S$S SW— 5 » » » » ouT
c4 1 R1 lcs "
2.9n u1 c1 |c7 |cs
R4 g 232K —‘Ezp
» Ith LT FB 47y |47p |10p P
sz{variable} c5 R2
LTC3412A

187K
J;MOP 100p A/ Re Mode |—N-

ULSE(1 3 1.4m 1u 1u 100u 200u 2)
load

SGND PGND

%

.tran 1.8m startup

.step param Variable list 1k 7.7k\Q0k

Value of mid-band gain resistor
IS stepped from 1k to 7.7k to
100k




LTC3412A Example

Different responses due to
different mid-band gains of
control loop




Method 2: Small Signal Model
((AC)

ALY LNEAR



Control Block Diagram and Loop Gain

Power Stage vV,

Transfer Function >
Gey(S) T

Phase Delay = ?

Feedback
Divider =
vc T(S) K Phase=0

REF
Error Op-Amp Veg -180°
Compensation ®_ Phase Delay

A(s)

Phase Delay = ? I +

VREF

*

- Loop Gain: T(s) = G\(S) - Krgr - A(S)

L)

*>

- Bandwidth: crossover frequency f, @ loop gain |T(s)|=1

L)

*

- Stability: Total phase > -360° at crossover frequency
Total Phase = (-180° + @[A(S)] + @®[G\/(S)])s=s. > -360°

L] TECHNOLOGY
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Control Block Diagram and Loop Gain

Power Stage
Transfer Function

Gey(s)

Phase Delay = ?

Vo

-

Ve T(s)

Error Op-Amp
Compensation

Feedback
Divider | phase=0

KREF

VFBl - -180°

A(s)

Phase Delay = ?

Design Targets:

® Phase Delay
|+

VREF

% Regulation accuracy, line rejection, low Z, 1 |T(s)| >> 1 for f < f_

* - Bandwidth: high bandwidth for fast transient response

% - Stability: phase margin > 45°
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Open Loop Stability Criteria

40dB 100°
30dBH - 90°
20dB- - 80°
10dB gain e
- 60"
O0Bannc--snasssssssssssnssssssssssnnnnss
G . M . | 500
10dB- ain Margin
" i -
llllllllllllllllllllllllllllllllllllll EIIIIIIIIIIIIITIII Margln _400
-20dB . tn :
- - 30°
-30dB -
- - 20°
1 | |
-40dB i
F - 10°
-50dB H,: .
: Tll llllllllllllllllllllllll — 0
-60dB— E IL L -10°
n L
-70dB- - | - -20°
Loop Bandwidth :
-80dB \ - -30°
-godB T T T T T T 17T | T T T T T T T T | T T T T T T T T | T T T T T -‘400
10Hz 100Hz 1KHz 10KHz 100KHz
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I_Irlt ’ \E LT1976/LT19768B

TECHNOLOGY  High Voltage 1.5A, 200kHz
Step-Down Switching Regulator
with T00uA Quiescent Current

FERTURES

= Wide Input Range: 3.3V to 60V

1.5A Peak Switch Current (LT1976)

100uA Quiescent Current (LT1976)**

1.6mA Quiescent Current (LT1976B)

Low Shutdown Current: Ig < 1pA

Power Good Flag with Programmable Threshold
Load Dump Protection to 60V

200kHz Switching Frequency

Saturating Switch Design: 0.2Q On-Resistance
Peak Switch Current Maintained Over

Full Duty Cycle Range*

1.25V Feedback Reference Voltage

Easily Synchronizable

Soft-Start Capability

Small 16-Pin Thermally Enhanced TSSOP Package

APPLICATIONS

High Voltage Power Conversion
14V and 42V Automotive Systems

Industrial Power Systems
Nictrihttad Drwar Quctame

DESCRIPTION

The LT®1976/LT19768B are 200kHz monolithic step-down
switching regulators that accept input voltages up to 60V.
A high efficiency 1.5A, 0.2C2 switch is included on the die
along with all the necessary oscillator, control and logic
circuitry. Current mode topology is used for fast transient
response and good loop stability.

Innovative design techniques along with a new high volt-
age process achieve high efficiency over a wide input
range. Efficiency is maintained over a wide output current
range by employing Burst Mode operation at low currents,
utilizing the output to bias the internal circuitry, and by
using a supply boost capacitor to fully saturate the power
switch. The LT1976B does not shift into Burst Mode
operation at low currents, eliminating low frequency out-
put ripple at the expense of efficiency. Patented circuitry
maintains peak switch current over the full duty cycle
range.” Shutdown reduces input supply current to less
than 1pA. External synchronization can be implemented
by driving the SYNC pin with logic-level inputs. A single
capacitor from the Css pin to the output provides a

rantrallad aidnot valtana ramn fenft_octartl! Tha dauvinae

14V to 3.3V Step-Down Converter with
100uA No Load Quiescent Current

N
33VT0aN L

]

15003%
10x

- |

Vour

s, Y

o

- TuF 39eH e .
EI‘W

14

B
-

_L }zaeu

'!\

aiai@

100V
— =
E _:_:_Siﬁ
"I

10k
> 1%

AN
4

1A

120u¢

— &
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Small Signal Model

DUTPUT

Figure 13. Model for Loop Response

Rout = Voltage Gain / Voltage g,,

EA Violtage Gain (Note B) 900 VN
EA Voltage g, difVic)=+10pA 400 650 00 uhha
EA Source Current FB=1.15V 20 40 55 WA
EA Sink Current FB =1.25V 15 20 40 A
Vi to SW g 3 ANV




LTspice Model

% LT1976 AC loop model.asc

LV LINEAR



LTspice Model

Gain = Vout / Vpert




Method 3: Bode analysis
(.TRAN) + (.step)
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LTC1735 Example
< LTC1735 Bode.asc

IN
V4 _
| s
D1
8 Vin EXTVee INTVce g.?p
FCB Boost i o a1
U1 J=n
TG |—| Si4410DY
< '—{ ——— Runiss jzz L1 R4
&Ll
001y Fo Sw . _ ouT
s ,_T D2 1.5p 006 R2
O Q2
g "] siastony 20K 4 C4 Rload
—=—ith BG == 1N5818 180 oa
10K  330p LTC1735 V4 x4 5
Sense+ R3 Rser=.05
c2 10K
F——f—cose
Sense- T
43p V2
Vosense B @ A
SGND PGND SINE(0 10m {Freq})
.param freq=21K ; iterate to 0dB gain or use the .step statement below
.measure Aavg avg V(a) % %7
e et .step oct param Freq 1K 100K 4
.measure COMPavg avg V(comp) .ic V(out)=2.4
.measure Are avg (V(a)-Aavg)*cos(360*time*Freq) .save V(a) V(b) V(comp) I{L1) .
.measure Aim avg -(V(a)-Aavg)*sin(360*time*Freq) IE,::::R::;;:?;;:E“EMY' 21KHz
.measure B_re avg [V[b}-Bavg}*c?SISBﬂ*t_ime*Freq} .param t0=.5m :
.measure Bim avg -(V(b)-Bavg)“sin(360"time*Freq) .tran 0 {t0+10/Freq} {t0} 10n

.measure COMPre avg (V(comp)-COMPavg)*cos(360"time*Freq)

.measure COMPim avg -(V(comp)-COMPavg)“sin(360"time*Freq)

.measure GainMag param 20"log10(hypot(Are,Aim) [ hypot(Bre,Bim))

.measure GainPhi param mod(atan2(Aim, Are) - atan2(Bim, Bre)+180,360)-180

.measure GainEAMag param 20"log10(hypot(COMPre,COMPim) / hypot{Bre,Bim))
.measure GainEAPhi param mod(atan2(COMPim, COMPre) - atan2(Bim, Bre)+180,360)-180
.measure GainPSMag param 20*log10(hypot(Are,Aim) / hypot(COMPre,COMPim})
.measure GainPSPhi param mod{atan2(Aim, Are) - atan2(COMPim, COMPre)+180,360)-180

L] TECHNOLOGY




Switcher Control Loop Bode

1. ThisAC source is the “injector” of a network analyzer:

sW
1.5p
4 [
H
BG %““WD“ 1N5518
P
Sense+

Bﬂﬁ.
Vosense
N

ND SINE(0 10m {Freq})

.param fregq=21K ; iterate to 0dB ga
.&tep oct param Freq 1K 100K 4

2. Theory and background in-depth:

Point “A” goes to a low-Z
node (Vout) and Point “B”
to a high-Z node (Vfb)

Simulation must be run for each point along freq. axis

.step oct param Freq 1K 100K4  4x per octave = 28 runs of sim

3. Speed up sim by adding initial conditions: .ic V(out)=2.4

4. Run simulation, go for coffee and donut (takes ~ 13 minutes)



http://www.linear.com/solutions/4672
http://www.linear.com/solutions/4672

1.

o g~ W DN

Switcher Control Loop Bode

While you eat donuts, drink coffee:

LTspice runs a series of simulation and measures gain and phase
at Point A, Point B, and also Point “COMP” at the output of the g,,

error amplfier 06y
=
=
R1 c1 E
AN ——+—1tn
10K 330p

When all sims are done....nothing happens

Go to View->SPICE Error Log (or CTRL-L)

Right-click in the Error Log text box
“Plot step”ed .meas data” B it |

A blank window pops up L -




Switcher Control Loop Bode

1. A blank trace window pops up. Right click again:

Only lizt & tchi -
nly lizt races matching 0K
. C |
Astenzks match calons ance

Select Waveformns to Plot:
Crl-Click. to toggle, Al-Double-Click to enter an exprezsion

a
b
Comp
qain
gainea
gainps

Ao Fange

2. ‘“gain” is the complete control loop gain and phase
3. “gainea” is only the Error Amplifier
4

“gainps” is only the Power Stage

L] TECHNOLOGY




Switcher Control Loop Bode




Output Impedance
LTC3412A Zout.asc

The same methodology can be applied to measure output impedance

IN
Vi
s RE step dec param freq 1K 100K 10
10K Pgood SVin FVin m&m ; disable compression (better fidelity)
L1 X
.option numdgt=15 ; double precision

Run/SS SW —"F 3 l
C‘ c1

R[] 12

u1
i '°°“ SINE(2 10m {Freq) {10))
.measure Are avg (V(a)-Aavg)'cos(360"time*Freq)

ith LT F8
J. ‘measure Aim avg -(V(a)-Aavg)'sin(360"time"Freq)
7.6!(

.measure Aavg avg V(a)

LTC3412A -measure ImpMag param 20"log10{hypotiAre,Alm)/10m)
.measure ImpPhi param mod(atan2{Aim, Are)+180,360)-180

MNode b——oH

Rt
1000p
SGND PGND
lm 30& ¢ é .param t0=400u
Aran 0 {t0+4/freq) {10} 1u

Start sim, go for an organic smoothie and a power bar...




Simulation Results

10y

Frequency




Conducted EMI Simulation
with LTspice
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LISN Model

How to set up an EMI simulation

clspr24_mains_network
SW_ON=1m

-
PN POUT o

Vbatt [

0 e L

measure P measure N

Pt
3 3 CISPR25 LISN Be0012 L e

Simulation model of CISPR25 LISN :

* 2 CISPR2S5 channels modelled
 4th order lowpass filtered measurement outputs ( anti aliasing )
 Startup with inductance zero, switch on at time specified with SW_ON




FFT Analysis

“ The FFT, or Fast Fourier Transform, is a method of calculating
harmonics using a special algorithm.

*» The FFT requires much less processing power than a DFT for the
same number of harmonic results.

*» Requires that the number of samples N being analyzed are multiples
of 2.




FFT Analysis

e

*

N = number of samples

AT=time increment between samples

Fs = sampling frequency = 1/AT

T = total sampling time = N.AT = N/Fs

AF= frequency resolution = 1/T = Fs/N
Fmax = Folding frequency = Fs/2 = 1/(2.AT)

e

*

J/
‘0

/
00’00

/

*

/
0’0

/
0‘0

Higher Fmax -> lower AT (maximum timestep simulation value)
Lower AF -> higher T (stop time - time to start saving data
simulation values)

e

*

’0

» Example:

s transient simulation T = 100ms, N = 131072

s -> Frequency resolution = 1/T = 1/100ms = 10Hz
s ->Fmax =Fs/2 =% N/T = 655kHz

L)
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FFT Analysis

When you do a Fourier Transform (DFT or FFT), you only take a
snapshot from a signal.

The Fourier transform then delivers the Fourier coefficients of a
signal which is equivalent to an infinity number of concatenated
snapshots.

If your snapshot does not contain exactly full periods of all your
frequencies (signal), there will be a discontinuity in the assumed
concatenated signal from one snapshot (window) to the next.

As a result, your FFT gives you broad peaks.

That's where the FFT windows come into play. They force the
signal and their derivatives to zero at the ends of your snapshot
(window). This helps, but is by far not as good as a well chosen
time frame which contains only full periods of your signal.

INEAR
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FFT Directive

How to set up an EMI simulation

| & 5] gomm o corbctod crmmrm v b Lo 12 555 110 ndcoreactad arweton . v e L

&y- Visal_od
1Lov

04— { ‘

‘ Use FFT to generate
i the according spectrum
02 ‘

Select Wavelforms to includs in FF1

- NOTE: Founer componerts ae nomakaed to
Y- covespond 1o the fre doman AMS anpitde.

o Drlick to toge | Cancel
1) Y- Wim
08Y-
11:;- Vit Sl | )

w-

- Nursber of dsba pord Suigles i bane b FIS

- T tangs 1o redais

V- Stan Tine: | 2m O Uze Eddert of Sovdation Dats
e () Use curert zoce Exent

- End Tirw:  Om () Spachy a time tangs

Binomisl Siroathing dote el FET snd wirskaving

voltages ( Vin and Narbes of Pores i

i Vout ) settled, LISN Wiinko ke cnd el vt e 2

- P Windossing Function tlu Sar -

w./ can be switched on , P |

P7al r T . . T Floeaww Waviw ;
;-:’h $3ma [N I.E—n 12ms 1 5ef NOTE: The DG component it mewoved bakess windawng PR

[ Fessto Dotk Vabes |




FFT Directive

How to set up an EMI simulation

SLE.;.,T.,.....‘;;ﬂ::.:i:.‘rﬁ | postprocessed signal ( divided by 1uV )
iirSrermm | -> gives you dBuV scaling in FFT spectrum
(lev1f\d

that is a good number to do FFT of 1ms

| 22 of tmsient signal
Hurvber of data et savphes in b { 244

v

Time 1309= 10 ockade

e D s smta | —— choose 1ms slice of the data in the settled area
Endfme: 20 (5 Soeck) & time 1anpe "'/

Drooved Smoothing done befors T and windowng

N ot P P . ushLor3 e Lowpass filter, higher N for more

Windanrg (Pécele nd oo 1 ik el filtering. N=1 -> no filtering.
Wirdowing Functizn ‘v\
é - - '~ - w| -
it e [ Windowing function with best amplitude
NOTE TheDC 415 erscreed bt randoerg accuracy

[ BesobdwdVies |

ECHNCLOGY
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Example: Low Noise LTM4606

BLOCK DIAGRAM Reduces ripple and HF noise

>1.0W=0N ’
<1V = DFF Vour
MAx = 3V RUN INFLIT Vi
FILTER + 45V TO 28V
PGODD ggr':‘EH 1.5F Ty
comP | L @
1 2504k = =
L 4
INTERNAL T - Vo
COMP o
e I
POWER CONTROL H M1 =
SGEND _I (= | Vour
MARG k¥4 AARA | g 2 5V
| AT 8A
MARGO
NOISE
i Bk 2 50k 1 CANCEL- 22yF +
_IgH;E feEr _ | E HZ; I LATION Caur
: 1.2 1 |
FGND
FCB y = N _
gﬂm
MFEM
TRACK/SS | 1
Cgg = _PLLIN
_‘l-
E = kg
INTVg ?
| oA I P
eliminates

== HF ringing

Figure 1. Simplified Block Diagram




Low Noise LTM4606 ( EMI simulation )

+» Conducted Emissions LTM4606 demoboard.asc

demoboard without input filter

u2
cispr25_mains_network
SW_ON=500u
: PN P_OUT
Vi "*E‘)
\ N_OUT
8 \=/
T—- N_IN =
measure P measure N

0‘
3 3

Include “emi_measurements lib”

tran 0 3m 2m 10n
save v(1V2) v(in) viout_p) vimeasure_p)
_options plotwinsize=0

-“_‘\\
o .‘_}—b}—mnwn_p

V=\i{out_p)itu

ECHNCLOGY

|
c7

®_, . 1 | {0.6°100u} |
Vin PLLIN LSV 1
- Pgood Vout |95 :L 1
N R4 100p R, Rload1 |
—(\/&— Run v L/\/\,—-I" 054 |

100K C9 U1 60.4k Qs 2
d——{va Fee H) 7 N 1
100 |
~ Comp LY Fset |- 1 2V 2 2A 1
INTVee MARGO |- !
{0671000)  {0.8°22uF) DRVce MARG1 | ON 1
x2 cs R2 |
- Tracwss upGH AN~ !
22n SGND PGND o I
x5 < |
|
c1 I
1 1 {0.6"100u) |
Vin PLLIN x4 |

: V0
= Pgood Vout T c10 = l " |
=T iTE Run Vi e 1000 AVAVE P 0.64 !
100K ¢13 B |
. e VZ: N I
|
|
|
|
|
|
|
|




Low Noise LTM4606 ( EMI simulation )

g;aLmﬂmmnnn
SW_ON=500u
r- P_IN P_OUT
‘;‘ _ \) N_OUT
T—- N_IN L
measure P measure N

|
a g
3 3

Unclude “em|_measurements lib”™

¢
S
2
E
Aran 0 3m 2m 10n
p :save v(1V2) v(in) viout_p) vimeasure_p)
{ f _options plotwinsize=0
81
V=\i{out_p)itu

ECHNCLOGY

demoboard without input filter

INNY

Ldl

LTLINEAR
LTMY 606V
MModuIe

J76648% 0810MY

LTLINTAR
LTMY606V

uModule
JT66M83 0810MY
o

LOND LLNOA

? Pyus 1L00A

e F

)
¢ | W

@

K
XYW V9 §
@ AT wins 24

10 &,




Example 1. Low Noise LTM4606 (EMI Simulation)

EN55022 c (g-peak) & d (average) Class B Limits

. l |

1 x LTM4606, 5V in, 1.2V 2.2A out




LTM4606 ( EMI measurement - baseline)

ALY LINEAR


LTM4606 base line.MPG

LTM4606 ( EMI measurement )

RBW 30 kHz RF Att 0 dB
Ref Lvl VBW 1 kHz

80 dBuwV SWT 2.9 8 Unit dBuV
30

1| fHz 10 fHz

80

70 EN55022 c (g-peak) & d (average) Class B Limits

60

50

40

30

grey .

50 n baseline
measurement

0 ML A L Ll -k

Center 2.121320344 MHz Span 28.85 MHz

-10

Date: 29.JAN.2010 16:12:14

7 I ¥
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LTC3549 ( EMI without Input Filter)

«»  Conducted Emissions LTC3549 without filter.asc

ALY HNEAR



LTC3549 ( EMI with Input Filter)

» Conducted Emissions LTC3549 with filter.asc

ALY HNEAR



IEC61000-4-5 Surge Testing

Thanks to: Introduction to Voltage Surge Immunity Testing, IEEE Power
Eelectronics, Denver Chapter, Sep. 18, 2007

LY LINEAR B




Surge Testing

<« Testing equipment for surge is bulky, expensive and complex

Figuis 3K The EN 61000-4-5 combenation wave'
D

Opencovum sorage

\“"“‘ ——

e

Fig. 3. The 1EC 6 1XN-4-2 system test setup inclodes G tobiztop setup [shown
here) as wollas a fioor

<« Section 4-5 of IEC61000 has the highest energy pulses




tran01 Au

m SWITCH SW(Ron=1m Roff=1Me

61000-4-5 In LTspice

Surge
voltage pulse

2.5 Vh=-0.5)

.param Ts = 5ms A
PWL(0 0 (Ts) 0 (Ts +.01u} 5) | _\ generator
R1 : RS L1
ANV—F— S NA— N Current
Ly _La TEl o “Rs pulse shaper
s P_“p T 251 %19
- 2 N
e o1| [
18y N
N —/\R/'\ MuRdso ] SMCJ1:'01A 7ad
100 c4__ DSZL
amn| uusuoos °"'7
. P MUR460 i
1.5m
D4 SMCJ180A
/ uuvmoJTf
230VACgys SOurce )
with typical Open-circuit =
Impedance worst case
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Check Maximum Voltage at DUT

Limiting peak to

below 450V for

delicate control
IC

ALV LINEAR



Plot Dissipation and Measure Energy In
the Varistors/TVS’s

=
e
_
]
=
5
o
@
0
=
o
-
@
@
a-
E
o
o

CHNCLOGY

—
o

Max energy
(P*t) =30 mJ

—

0.31x0.31" (8.0x8.0mm)
Copper Pad Area

1
0.000001

0.00001 0.0001
t,-Pulse Width (sec.)

Waveform: V{NO10)*Tx(U1:...

[nteryal Start:
[nterval End:
Average:

[nteqgral:

Oz
10ms

E32 2B
B.9226ml




Improving Simulation Speed
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Speed Up Techniques

<+ For a CPU, get one with as large as possible L2 or L3 cache
and as high of clock speed as possible

+ SPICE iIs sparse matrix math intensive

<+ RAM speed is also important but pretty much automatically
scales with a higher performance CPU

<+ RAM size is a contributing factor, but cache size has a
much larger affect. RAM size primarily helps with regards
to system performance when multiple applications are
running

- A fast hard drive
- Consider disabling anti-virus scan of the .raw file type

*

L)

D)

*

L)

D)
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Speed Up Techniques

s LT1618 IC Example.asc

< Initial Conditions

<+ Use .IC spice directive to set initial conditions
< If output is going to 12V, let’s start with it most of the way

there

<+ It is sometimes useful to set other nodes to initial conditions

as well. Ex. put an initial condition on the VC node

JUTH QAN W BAY INN N OS LST P
K . [T (Y-
10 st sn LER
" g & out
. - — T e ot
'\ e - eRine s i Oraed W YIDUT =44 6
T 4 il < K VIVEP1 2
|4 | T scu |0 - Lt
£ = \oow
> 1P ; —3
Ly A3 e
" = - K
LT o
ek in
— “ng - ran A0ve starhig
= "y

FETH QRAN N SR AN OS LWL R . g
. s s
10 st sn LER
!.' $ Y ouT
ZEH S et
o1 -0 ] o SRiL < Fed W VICAUT =115
: | N Toooa | (]
T \ 1 - SO "
1009 ¥ ¢
Ut
" . -
Ly » i
wn e oW
LT ™ ,:u’
new in
o fran 1 0ve startip
0 =
XJ. | o

LT LNEAD




Speed Up Techniques

s LT1618 Delay Load Example.asc

+ Delay loads using a Pulse Current for a load

<+ The time to get the load to the final value can be less if
there is no load present during startup (all of the energy is
then going into the output caps)

<+ Notice the inflection at 3ms when the load turns on

Load turn-on inflection




Speed Up Techniques

% LTC1778 Soft Start Example.asc

<+ Remove or reduce the soft start from the circuit (frequently a
cap)

With soft start

-
o ex
'm AMey "~ —~— !
C | » al
B 1 | casnnin
| —
u
- + - " v T ] —
- = 1Y £ +
5 i r - el
> - = Mt 4 LT (versia
o LT oo s @ ey - -
. Vb : G +
] " o~
v My . —4—- o Iaarans m
- : | ¥ b
oy | ey
€
4 e
-t ey -




Speed Up Techniques

% LT1618 Save Example.asc

L)

» Time to start saving data

% Use this to instruct LTspice to not save any data until the time specified.
Fewer things saved to memory/hard drive = more speed.

s Waveforms before “Time to start saving data” time are lost and not
viewable and the analysis data has been thrown away.

=0

¥ - . megpe————e
=1 & a8 W SN w8 L Toloo
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Speed Up Techniques

Use the .SAVE SPICE directive to save only the traces that you need

Ex.: If you are only interested in Vout, use the .SAVE V(OUT) SPICE
directive to only save the OUT node data to the hard drive

Only the saved nodes are viewable as a waveform, all other
simulation data is discarded

B LR bty e Sebew Seh Kb b
LR = R % 1K = AN 1R 08 Low s To o

L o1
" e AR e +~~9—'~°cul*—3‘:",,
o MBRSISO | | |6t
Vi les ‘ ‘ les 2Ryt (1) e V{ouT} 511.5
= : ‘ oy, S llt"m” Y/ Jevivey=1.2
X ’m- 15N | 005 gosk | TV 1 pux s .24 3m .10 10
...... J ut | toad
—{15P FB8 >— '
1 LT \ ve .2 . R2 save V{OUT)
{ vin Ve NN S "
1 LT1618 \ x |-
| EHBh lad) f—y {50
Lpg o Aran 10m starip
GND ‘
l 1IK




Speed Up Techniques

<+ Control Panel

< Different Solvers: Normal is faster. Alternate is more accurate
but slower. Default is Normal.

< Trtol (Transient error tolerance) - This | ControlPancl _____________H
parameter is an estimate of the factor by b Operation | % Hackd | ¥ Intemet
which the actual truncation error is He] Metiist Options | {7 wavefoms
overestimated. Most commercial SPICE @ Comprassion I & Save Defaults " SPICE |T Dirafting Optiohs
programs default this to 7. In LTspice this DEfaL;'.‘.'T:g;‘I';;a'l‘“'Ethﬂd Grnir: [1e012
defaults to 1 so that simulations using & modiied rap Abstel: [1e012
the SMPS macromodels are less likely to " Gear Relel: [0.001
show any simulation artifacts in their e e p— Chatol: [1e-014
waveforms. Trtol affects the timestep [ Noopiter >y Tk 1
strategy more than it directly affects the I™ Skip Gmin Stepping Vot [f2005
accuracy of the simulation. For EE“%i”E ) Sstal [0.001
transistor-level simulations, a value sobel bl Nomal T4 g e [oo00T
larger than 1 is usually a better overall = Scoeot 3K 2 34K 7
solution. You might find that you get a Matis Compler: [ objoct code ]| #26°P ND‘;ip;ass{x} =
Speed of 2x if you increase trtol without [*] Settingz remembered between progran invocations.
adversely affecting simulation accuracy. TR
Your trtol is remembered between
program invocations.

] 4 I Cancel | Help |
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Other System Resource Tricks

<+ Pause — Under the Simulate Menu. Useful when you need to use your
computing resources for something else temporarily.

<+ Have plenty of defragmented empty hard drive space. This speeds up a
simulation by a factor of 3 in extreme cases!

<+ Automatically delete .raw files SE— 5
| .
(the Waveform data flle,) RaW flles é; Compression | / Save Defaultsl Eﬁ SPICE | T Drafting O ptions
can be Very |arge (1 OO S Of megS +) 2 53] NetlistElptiu:url'us .T I il:"" Wavefarms
. [ peration Hacks! Internet
dependlng on the number Of nOdeS p Default *window Tile Pattern[*]: [Horz T
In a circuit, and the length of the g
. . . . enerate Expanded Listing
Sl m U |at|0n y etC Th |S Optlo n deletes Open Demo circuite az regular schematics F
. . . Daon't warn when uzing preliminan models]*]
th e Cu rre nt raW fl Ie Wh e n LTS p I Ce IS Automatically delet: .I:rlaw files[f]: Yes "I <:|
Closed . ThlS doesn ’t necessa r'l |y Automatically delete .net files[*]: e =
. . . Automatically delete log filez["]: |Ye: =
Speed Up SlmU|at|0nS, bUt It helps .ﬁ.utumatica:y delete.fﬁ files*]: [*'e: =
1 1 R for Fast Access Conversion[]: [50% =
to . m aXI m |Ze free S pace O n yo u r Drirectany for Tempurar_:l Filez["] -
d rive. ’]E:\DDEUMEW WChadWLOCALS ~14Temp
[*] Setting remembered between program invocations.
| Heset to Detault W alues |

(] I Cancel | Help |
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Thank you for your
attention
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