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Preface

A computer simulation is an attempt to model a real-life or hypothetical situ-
ation on a computer so that it can be studied to see how the system works. By
changing variables in the simulation, predictions may be made about the
behavior of the system. So, computer simulation is a tool to virtually investi-
gate the behavior of the system under study.

Computer simulation has many applications in science, engineering, edu-
cation, and even in entertainment. For instance, pilots use computer simula-
tions to practice what they learned without any danger and loss of life.

A circuit simulator is a computer program which permits us to see the
circuit behavior, that is, circuit voltages and currents, without making it. Use
of circuit simulator is a cheap, efficient, and safe way to study the behavior of
circuits. A circuit simulator even saves your time and energy. It permits you
to test your ideas before you go wasting all that time building it with a bread-
board or hardware just to find out it doesn’t really work.

This book shows how a circuit can be analyzed in LTspice® environment.
LTspice is a high-performance SPICE simulation software, schematic cap-
ture, and waveform viewer with enhancements and models for easing the
simulation of analog circuits. LTspice was originally created by Linear
Technology, which is now a part of Analog Devices. LTspice is the most
widely distributed and used SPICE software in the industry.

Students of engineering (for instance, electrical, biomedical, mechatron-
ics, and robotics, to name a few), engineers who work in industry, and anyone
who wants to learn the art of circuit simulation with LTspice can benefit from
this book.

This book contains 77 sample simulations. A brief summary of book chap-
ters is given bellow:

Chapter I introduces the LTspice and shows how it can be used to analyze
electric circuits. Students who take/took electric circuits I/II course can
use this chapter as a reference to learn how to solve an electric circuit
problem with the aid of computer. This chapter has 22 sample
simulations.

Chapter 2 focuses on the simulation of electronic circuits (i.e., circuits which
contain diode, transistor, ICs, etc.) with LTspice. Students who take/took
electronic I/II course can use this chapter as a reference to learn how to
analyze an electronic circuit with the aid of computer. This chapter has 31
sample simulations.

vii
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Preface

Chapter 3 focuses on the simulation of digital circuits with LTspice. Students
who take/took digital design course can use this chapter as a reference to
learn how to simulate a digital circuit using computer. This chapter has
five sample simulations.

Chapter 4 focuses on the simulation of power electronics circuits with
LTspice. Students who take/took power electronics/industrial electronics
course can use this chapter as a reference to learn how to simulate a power
electronic circuit with the aid of computer. This chapter has 19 sample
simulations.

I hope this book will be useful to the readers, and I welcome comments on
the book.

Istanbul, Turkey Farzin Asadi
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Simulation of Electric Circuits
with LTspice®

1.1 Introduction

In this chapter, you will learn how to analyze electric circuits in LTspice. The theory behind the stud-
ied circuits can be found in any standard circuit theory text book [1-4]. It is a good idea to do some
hand calculations for the circuits that are given and compare them with LTspice results.

1.2  Installation of LTspice

Installation of LTspice is quite easy. In order to install LTspice, search for “Itspice download” in
Google (Fig. 1.1) and open the first result (Fig. 1.2).

Google

Q, ltspice download X

(o=

Fig. 1.1 Searching for LTspice download page

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
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DEVICES Search Q

PRODUCTS APPLICATIONS DESIGN CENTER EDUCATION SUPPORT
ors > LTspice @ Pt | (¥) my\nalog
LTspice
Simulation Models LTspice® is a high performance SPICE simulation software, schematic capture and waveform viewer with

enhancements and models for easing the simulation of analog circuits. Included in the download of LTspice
Reference Designs are macromodels for a majority of Analog Devices switching regulators, amplifiers, as well as a library of
devices for general circuit simulation.

Evaluation Contact Technical Support for assistance
Hardware &

Software

Packaging, Quality, Benefits of using LTspice

Symbols &

Footprints Our enhancements to SPICE have made simulating
switching regi ly fast compared to normal
SPICE simulators, allowing the user to view waveforms for
5 most switching regulators in just a few minutes. This video
el T provides an overview of the advantages of using LTspice In
* Ampiifier & Linear an analog circult design and how easy It is 1o get started.

= Clock & Timing

= Data Converter

= LTspice

Circuit Design Tools

Fig. 1.2 LTspice webpage

Scroll down the screen until you see the download link (Fig. 1.3). Download the suitable version
based on your operating system. After downloading the file, install it.

Download LTspice

Download our LTspice simulation software for the following operating systems:

Download for Windows 7, 8 and 10 JILLEEGNI kPl s
BT ET BT Y ETR [ K T3 Updated on Jun 3 2021 °

Download for Windows XP (End of Support)
“date displayed reflects the most recent upload date

LTspice Demo Circuits

Explore ready to run LTspice demonstration circuits with our Demo Circuits Collection. View More

Documentation

Additional support for LTspice can be found within our documentation, including keyboard shortcuts and a visual guide.

LTspice Information Flyer & Shortcuts (PDF)
Mac OS X Shortcuts (PDF)
Get Up and Running with LTspice

Fig. 1.3 Download link
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The LTspice environment is shown in Fig. 1.4.

[ LTspice xviI - o X
File View Tools Help
PE S FOHAAQAK & EEE SRRMNE

Bl LD %3 ZDDO D CEmiitacr |

Fig. 1.4 LTspice environment

If you click the Help> Help Topics (Fig. 1.5), LTspice help appears on the screen (Fig. 1.6).

Help
o
B telp Topics _F1
@ Avout LTspice Xvil
Show Change Log

Fig. 1.5 Help menu
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r_?? LTspiceHelp

4 ¢ & o

Hide Back Print  Options
Contents | Index | Search ]

E CDW
) Introduction

@ Modes of Operation
=@ Schematic Caplure
@ Waveform Viewer
= @ LTspice®

=@ Control Panel
=@ FAQ

LTspice® XVII

Copyright © 1998-2021 Analog Devices Corporation
All rights reserved.

www.analog.com

In memory of
Peanut, Spider and Toad.

The Export Control Classification Number(ECCN) of LTspice is
EAR99.

Fig. 1.6 LTspice Help window

The Dot Commands section of the help is a good reference to learn LTspice commands (Fig. 1.7).
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@ LTspiceHelp = = X

o e & o

_ Hide  Back  Prnt Qptions
Contents |lnda= | search |

Simulator Directives -- Dot Commands A

=10 LTspice xvil -~
In i : : % .
g:mﬁﬂ:‘;"gmmn To run a simulation, not only must the circuit
# @ Schematic Capture be defined, but also the type of analysis to
& @ Waveform Viewer be performed. There are six different types of
= W LTspice® analyses: linearized small signal AC, DC
@ Introduction ; . - ;
5 Q sweep, noise, DC operating point, small signal
AC - Perform an Small Signal AC Analysis Linearized A DC transfer function and transient analysis.
(3] BACKANNO - A the Subcircuit Pin N onPe Precisely one of these six analyses must be
[ .DC - Perform a DC Source Sweep Analysis specified when you run a simulation.
[#) END - End of Netist
[ENDS - End of Subcircuit Definit
%_Fam_mmﬁ:::«c”&m Whereas the circuit topology is typically
[# FUNC - User Defined Functions schematically drafted, the commands are
[ FERRET -- Download a File Given the URL usually placed on the schematic as text. All
%'g'“fzﬁhffg:'::m"““ such commands start with a perioed and are
@:NCLU.DEH --ahch:Is :mu erFile called "dot commands".

[3) LIB - Include a Library
[7] LOADBIAS - Load a Previously Solved DC Solution -

I .

(7] MACHINE - Arbitrary State Machine ) i Linearized About the DC Operating Point
(2 MEASURE ~ Evaluate User-Defined Electrical Quantitic
[2) MODEL - Define a SPICE Model y . .
[# NET - Compute Network ina AC Analysi .BACKANNQ -- Annotate the Subcircuit Pin Names
(2 NODESET - Supply Hints for Iniial DC Solution on Port Currents

[2) NOISE - Perform a Noise Analysis
[? .OP -Find the DC Operating Point

@) OPTIONS - Set Simulator Options .DC -- Perform a DC Source Sweep Analysis
7 PARAM -~ User-Defined Parameters
[3] SAVE -- Limit the Quantity of Saved Data .END —— End of Netlist

[#] SAVEBIAS - Save Operating Point to Disk
7 STEP - Parameter Sweeps

2] SUBCKT - Define a Subircuit ) LENDS —-- End of Subcircuit Definition

FOIR —— Comrnte a Fenrier Comnoanent

Fig. 1.7 Dot Commands section of LTspice Help

LTspice has an “examples” folder which contains many inspiring simulations. In order to open the
“examples” folder, click the open icon (Fig. 1.8) and then go to the path that you installed LTspice
(Fig. 1.9).

[ Tspice XVl
Eile View Tools Help

o2 ks

Fig. 1.8 Open icon
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Ef Open an existing file X
“ = v 4 « Program Files > LTC > LTspiceXVIl > v O L Search LTspiceXVil
Organize *  New folder m @
I Desktop A~ Name B Date modified Type Size
¥ Downloads  # examples 8/1/2020 11:01 AM File folder
& Shared Space # lib 6/25/2021 4:57 PM File folder
/% Documents
&= Pictures »
@ OneDrive
% This PC
! Iz >
File name: VI Sch;mau_cs (*.asc) v
coe

Fig. 1.9 Examples folder

Open the “examples” folder (Fig. 1.10).

Ef Open an existing file X
L bR « Program Files > LTC *> LTspiceXVIl > examples > v+ O L Search examples
Organize *  New folder m @
I Desktop + & Name - Date modified Type Size
¥ Downloads  # Educational 8/1/2020 11:01 AM File folder
£ shared Space # jigs 6/10/2021 1246 AM  File folder
/% Documents
&= Pictures »
% This PC
L >
File name: VI Sch;mau_cs (*.asc) v
coce

Fig. 1.10 Educational folder
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Open the “Educational” folder (Fig. 1.11). Now you have access to the ready to use sample simula-
tion files.

P Open an existing file X
« v 4 « LTC » LispiceXVIl > examples > Educational > v [$] Search Educational
Organize *  New folder = m @
B Desktop # "  Name Date modified Type Size 2
¥ Downloads  # contrib 8/1/2020 11:01 AM File folder
£ shared Space # FRA 8/1/2020 11:01 AM File folder
% Documents PAsystem 8/1/2020 11:01 AM File folder
& Pictures * =, 100W 8/1/2020 11:01 AM LTspice Schematic
jigs = 160 8/1/2020 11:01 AM LTspice Schematic
LtSpiceBook - 1563 8/1/2020 11:01 AM LTspice Schematic
- ¢ ] :
LTspiceXVil \ astable 8/1/2020 11:01 AM LTspice Schematic
-, audioam 8/1/2020 11:01 AM LTspice Schematic
Oxford i d ¥
4, BandGaps 8/1/2020 11:01 AM LTspice Schematic
& OneDrive -, butter 8/1/2020 11:01 AM LTspice Schematic
& This PC -, Clapp 8/1/2020 11:01 AM LTspice Schematic i
v < >
File name: ~ | Schematics (*.asc) ~
==

Fig. 1.11 Available sample simulation files

1.3

In this example, we want to simulate the behavior of following simple voltage divider circuit (Fig. 1.12)

for [0, 100 ms] time interval.

R1
1k

Example 1: Simple Resistive Voltage Divider

(o

AN~

R2
1k

Fig.1.12 Simple voltage divider circuit
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Run the LTspice (Fig. 1.13).

B LTspice Xvil - o X
file View Tools Help

PEEHTFORAQRIBEERE S RBMES LB+ 3 ¥DDOD CEmE]

Fig.1.13 LTspice environment

Click the New Schematic icon (Fig. 1.14). This opens a new schematic for you (Fig. 1.15).

[ (Tspice xviI

Eile View Tools Help

T E Y
| New Schematic |

Fig. 1.14 New Schematic icon
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[ LTspice Xvil - [Draft1] = [m} X
4 File Edit Hjerarchy View Simulate Jools Window Help - e x

D@ EPFNRAQR (B BB DN AEB L SD+3 XDV OD Cimi iy

Fig. 1.15 New schematic file is opened

Click the resistor icon (Fig. 1.16). After clicking the resistor icon, the mouse pointer changes to a
resistor. If you press the Ctrl+R, the resistor will be rotated. Press the Ctrl+R once and then click on
the schematic to add a resistor to it (Fig. 1.17).

Fig. 1.16 Resistor icon
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Fig. 1.17 Addition of a resistor to the schematic

Add another resistor to the schematic (Fig. 1.18), and after that, press the Esc key of your keyboard.

[EF LTspice 3vil - [Draft1]
Fle Edit Hierarchy View Simulate Tools Window Help
PEETFLQAAR R BRE IDEASBS LD £ 321}@9-30:-:3

Fig. 1.18 Addition of second resistor to the schematic
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Clicking the Resistor icon (Fig. 1.16) is not the only way to add resistors to the schematic. You can
press the R key of your keyboard as well. The shortcut keys of LTspice are shown in Fig. 1.19. Itis a
good idea to memorize these shortcuts since they help you to draw the schematic easier and faster.

[ LTspice xviI
Eile _ Edit Hierarchy View
B €7 Undo F9
(¥ Redo  Shift+F9
Aa Text T
0P SPICE Directive's’
SPICE Analysis
? Resistor R
# Capacitor c
3 Inductor v

SZ Diode D
1D Component  F2
Em Rotate Ctrl+R
E3 Miror Ctri+E
i Draw Wire F3
(D Label Net  F4
<L PlaceGND G
F— Place BUS tap

& Delete F5
Duplicate  F6
& Move F7
4™ Drag 8
P_ Paste Ctri+V

Draw 4

Fig. 1.19 Edit menu

Click on the Component icon (Fig. 1.20).

3 IR 09D
Component i

Fig. 1.20 Component icon
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After clicking the Component icon, the Select Component Symbol window (Fig. 1.21) appears.
Enter “voltage” in the component search box to find the voltage source block. The current source
block can be found by searching for “current,” as well (Fig. 1.22).

W Select Component Symbol X

Top Directory: l&\Usets\fauzhasadﬁDocmeﬂs\LTspioeX\ﬂﬂﬂ:\s‘ym v |

Voltage Source, either DC. AC, PULSE. SINE.
PWL. EXP. or SFFM

|voltage]

[£1 C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym}

f load npn4 SOAtherm-HeatSink
FeriteBead load2 pif SOAtherm-PCB
FeriteBead2 Ipnp pmos swW
g Itline pmos4 tline
g2 mesfet pnp TVSdiode
h njf pnp2 varactor
lind nmos pnp4
ind2 nmos4 polcap zener
1ISO16750-2 npn res
1S07637-2 npn2 res2
LED npn3 schottky
< e ———

coce

Fig. 1.21 Voltage source block
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W Select Component Symbol X
Top Directory:  Ci\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym v
| Currentsource, either DC, AC. PULSE. SINE.
PWL. EXP. or SFFM
|currant |
(£ C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\
[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches) FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo:
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] CcSW ind nmos pnp4
[OpAmps] T — 12 nmos4 polce
[Optos] diode 1ISO16750-2 npn res
[PowerProducts] e ISO7637-2 npn2 res2
[References]) e2 LED npn3 schot|
< e ————— >
carea
Fig.1.22 Current source block
If you double click on the [ADC] (Fig. 1.23), the components inside it appear on the screen

(Fig. 1.24). You can use the .. or Up One Level icon (Fig. 1.25) to return to the first page (Fig. 1.26).
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W Select Component Symbol X

Top Directory:  Ci\Users\farzinasadi\Documents\L TspiceXVINlib\sym v
Double click to change directory to "ADC"

[iaDC) |

[£1 C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

SpecialFunctions] f load npn4
i FerriteBead load2 pif
FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo:
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csSwW ind nmos pnp4
[OpAmps] current ind2 nmos4 polcz|
[Optos] diode ISO16750-2 npn res
[PowerProducts] e I1S07637-2 npn2 res2
[References] e2 LED npn3 schot
< e ————— >

Fig. 1.23 ADC section
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15

y Select Component Symbol X

Top Directory: |0:1ljsamfalzh'asammm\ﬂspiemuym- v |

[iaDC) |

(&) C:\Users\farzinasadi\Documents\L T spiceXVINlib\sym\ADC\

coc o]

-

Fig. 1.24 Components inside the ADC section
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W Select Component Symbol X
Top Directory: !MWvaamsa&DocmmuTspkWM' v |

|[ADC)

C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\ADC\

LTC2311-14
LTC2311-16
LTC2323-12

LTC2323-14
LTC2323-16
LTC2325-12

coc

Fig. 1.25 Returning to the first page
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W Select Component Symbol X
Top Directory: |c:\Usats*&a|zi_\asadi\Docmm_s\LTspioeXVWibtsym v |

| Openthis macromodel's testfixture |
(8] |
(2] C\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\

[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches] FeriteBead load2 pif
[Contrib] i FerriteBead2 Ipnp pmo
[DAC] i Htine pmo
[Digital] mesfet pnp
[FilterProducts] njf pnp2
[Misc] i nmos pnp4
[OpAmps] i nmos4 polcz|
[Optos] i npn res
npn2 res2
npn3 schot|
>

Fig. 1.26 Select Component Symbol Window

Add a voltage source block to the schematic (Fig. 1.27).




18 1 Simulation of Electric Circuits with LTspice®

[ WTspice vl - [Draft] - o x
4 File Edit w View Simulate Tools Window Help - e x

PDE DL RAAR B EBR IBDEFRNEB LB 3 YDDOD Cimr iy

Fig. 1.27 Addition of a voltage source to the schematic

You can delete a component with the aid of scissor icon (Fig. 1.28). Click the scissor icon (or press
F5) and then click on the component that needs to be removed.

& B2 §4

You can duplicate a component with the aid of Copy icon (Fig. 1.29). Click the Copy icon (or press
F6) and then click on the component that you want to make a copy of it. After clicking on the compo-
nent, a copy of that component is attached to the mouse pointer. If you click on the schematic, the
copied component will be attached to the schematic.

Fig.1.28 Cuticon

Fig. 1.29 Copy icon
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Use the Wire icon (Fig. 1.30) to connect the components together (Fig. 1.31).

Fig. 1.30 Wire icon

[ WTspice vl - [Draft] - o x
4 File Edit hy View Simulate Jools Window Help - e x

PEEFFIRAQR IR EHRE IBDEPNOE LD+ 3 ZDNDOD i iy

Fig. 1.31 Connecting the components together

Use the ground icon (Fig. 1.32) to add ground to your circuit (Fig. 1.33). If you try to run a sche-
matic without ground, the error message shown in Fig. 1.34 appears.

Fig. 1.32 Ground icon
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[ WTspice vl - [Draft] - o x
4 File Edit hy View Simulate Jools Window Help - e x

PDE DL RAAR B EBR IBDFRNEB LB 3 YDDOD Cimr iy

Fig. 1.33 Addition of ground to the schematic

Fig. 1.34 Error )
message for a circuit LTspice XVII X
without ground

This circuit does not have a conduction path to ground!
Please flag a node as ground.

Right click on the voltage source V1 and enter 10 to the DC value[ V] box (Fig. 1.35) and click the
OK button. If you click the Advanced button in Fig. 1.35, the window shown in Fig. 1.36 appears and
permits you to produce more complicated waveforms. In this example, we need a simple DC voltage
source, so there is no need to change the settings of Fig. 1.36.



Fig. 1.35 Voltage
source settings W Voltage Source - V1 > 4

—— ——
Cancel
SeriesResistance(@): | |

Advanced

Iy Independent Voltage Source - V1 X
Functions DC Value
@ (none) DC value:
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles) Maka iz iiomation visiia on schematc
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)
SFFM(Voff Vamp Fcar MDI Fsig) ACAmpitude: | |
PWL(T vI2v2.) ACPhase:| |
(O PWLFILE: e Make this information visible on schematic:
Parasitic Properties

Series Resistance[Q]:

Parallel Capacitance[F]:

Make this information visible on schematic:

Additional PWL Points

Make this information visible on schematic: Cancel

Fig. 1.36 Voltage source settings

After clicking the OK button of Fig. 1.36, the schematic changes to what is shown in Fig. 1.37. The
value of DC voltage source is shown behind it.
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P LTspice XVl - [Draft1] - o *
A, Fle Edit Hierarchy View S§i Tools Window Help - ox

PBEFEHTLLIRAAARE N EBR I DENOSB LB+ XODODCimiidp

Fig. 1.37 Value of voltage source is shown on the schematic

Right click on the resistor R1 and enter 1k to the Resistance [Q2] box (Fig. 1.38). Then click the OK
button. After clicking the OK button, the schematic changes to what is shown in Fig. 1.39. The value
of resistor R1 is shown behind it. List of prefixes that can be used in LTspice is shown in Table 1.1.

Fig. 1.38 Entering the

value of resistor R1 9 Resistor - R1 X
Manufacturer.  --—-—- 0K
PartNumber. -
_ Cancel
SelectResistor
Resistor Properties

Resistance[Q]:
Tolerance[%]: |:I
PowerRatingW}: | |
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[ LTspice XVl - [Draft1]
4 File Edit Hierarchy View Si Tools Window Help

a X

PEEHTFONQAAAR R ERE IDEHRN OB LD+ 3 XDV OD Crmridacp

Fig. 1.39 Value of resistor R1 is shown on the schematic

Table 1.1 Prefixes that can be used in LTspice

Unit (prefix) Unit Multiple
T Tera 1012

G Giga 10°

Meg Mega 10°

k Kilo 10

m Milli 1073

u Micro 10-¢

n Nano 107

p Pico 10-12

f Femto 101

Right click on the resistor R2 and enter 1k to the Resistance [Q2] box (Fig. 1.40). Then click the OK
button. After clicking the OK button, the schematic changes to what is shown in Fig. 1.41. The value

of resistor R2 is shown behind it.
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Fig. 1.40 Entering the
value of resistor R2

W Resistor - R2 X
Manufacturer: === 0K
PartNumber, - =

| Cancel
Resistor Properties

Resistance[Q]: |I|
Tolerance[%]: |:I
PowerRatingW}: | |

[ LTspice XVl - [Draft1]

A, Fle Edit Hierarchy View Si

= a X
Tools Window Help =[a]=

PBEFEHTLLIRAARE N EBR DN OB LB XODODCimiidp

Fig. 1.41 Value of resistor R2 is shown on the schematic

You can change the components labels by right clicking on them and entering the new name. For
instance, if you right click on the “R1” label in Fig. 1.41, the window shown in Fig. 1.42 appears and
permits you to enter a new name to the resistor.
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Fig. 1.42 Entering a
new name [}T Enter new reference designator for R1 X
Justification Font Size
Bottom v 1.5(default) v
g Cancel
[Jvertical Text
R1|

You can use the Label Net icon (Fig. 1.43) to give the desired names to the circuit nodes. After
clicking the Label Net icon, the window shown in Fig. 1.44 appears and permits you to enter the
desired name.

/L@ = 3

Fig. 1.43 Label Net icon

Net Name X
24

<7 (O GND(global node 0)

\l/ O com
222 |

Port Type: None v

Cancel OK

Fig. 1.44 Net Name window

Let’s give the name “out” to the node which is connected to the upper terminal of resistor R2. To
do this, click the Label Net icon and enter “out” to Net Name window and click the OK button
(Fig. 1.45). After clicking the OK button, the entered name (out) is attached to the mouse pointer and
a small square is under it. Place the square on the upper terminal of resistor R2 (Fig. 1.46) and click.
After clicking, the upper terminal of R2 is renamed to “out” (Fig. 1.47).



26 1 Simulation of Electric Circuits with LTspice®

[ Net Name X

(O GND(global node 0)

Ocom

out

Port Type: None v

Fig. 1.45 Entering “out” to Net Name window

[ LTspice XVl - [Draft1] - o *
A File Edit Hierarchy View Si Tools Window Help ~[a]#

PEFEHTPFSRAQARRI BB DR OB LSO+ 3 XDVODCimiidar |

Fig. 1.46 Assigning the name “out” to upper terminal of R2 (=right terminal of R1)
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[ LTspice XVl - [Draft1]
file Edit Hierarchy View Simulate Iools Window Help

BEEPAERAAR G ERE IDON OB LD+ 3 FDVODC i

Fig. 1.47 Upper terminal of R2 (=right terminal of R1) is renamed to out

Rename the node connected to the positive terminal of voltage source to “in” (Fig. 1.48).

[ LTspice XVl - [Draft1]
file Edit Hierarchy View Simulate Iools Window Help

BEEPAERAAR G ERE IDON OB LD+ 3 FDVODC i

Fig. 1.48 Renaming the input node to “in”




28 1 Simulation of Electric Circuits with LTspice®

You can use the Search icon to search for a component. This is a very useful in large schematics
that have many components. After clicking the Search icon (Fig. 1.49), a text box is added to the right
of toolbar, and you can enter the search term in it (Fig. 1.50). For instance, in Figs. 1.51 and 1.52, node
“out” and resistor R2 are searched, respectively.

Fig. 1.49 Search icon

Fig. 1.50 Appeared

search box m] X
- & x

A0 L® s+ 33 !

P LTspice XVl - [Draft1] - o b2
A e gdt_ Herarcy i Tools Window _Help Tol=
B#iﬂ[?lﬂ-al&q@sﬁlﬁiﬁlatﬂl&ﬂiﬁﬂlégliémé"' 3 ¥ o

Fig. 1.51 Node “out” is highlighted
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[ LTspice XVl - [Draft1] - o *
A e EdtHerarcy i Tools Window _Help Tol=
B#iﬂt?lﬁ-al&qam%iﬂla!ﬂlMhEHI@QILérm?"- 3 ¥ i

Fig. 1.52 Resistor R2 is highlighted

You can add text to the schematic by clicking the Text icon (Fig. 1.53). After clicking the Text icon,
the window shown in Fig. 1.54 appears and permits you to enter the desired text. After entering the
desired text, click the OK button and then click on the schematic to add the text to it (Fig. 1.55).

Fig. 1.53 Text icon
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[ Edit Text on the Schematic: X
How to netlist this text Justification Font Size l 0K I
Comment  Lett v | 15(defaul) v T
(O SPICE directive [JVertical Text e
This is a simple resistive circuif A
v
Type Ctrl-M to start a new line. v

Fig. 1.54 Comment radio button

[ LTspice XVl - [Draft1] - & *
A Eile Edit Hierarchy View Si Tools Window Help -lalx

PSR FLRAGRE EBE IDEAOE LD +3 IDVODCriidor

Fig. 1.55 Addition of a comment to the schematic

You can zoom in/out with the aid of mouse scroll button or the icons shown in Fig. 1.56. If you
press the spacebar key of your keyboard, the best settings are selected to show the drawn schematic.
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Simulate Tools

QARR

Fig. 1.56 Zoom icons

When you open a new schematic in LTspice, the default name Drafn (n shows a number) is assigned
to it. If you want to save the file with your desired name, you need to use the File> Save As (Fig. 1.57).
After Save As the file with desired name, you can click the Save icon (Fig. 1.58) to save the changes
you apply to the schematic file.

[ LTspice XVII -
-( File Edit Hierarchy View Simulate _
[ [») New Schematic Ctrl+N

?:D- New Symbol
@ QOpen... Ctrl+O
& save Ctrl+S
e
B Close

Fig. 1.57 File> Save As

BT LTspice J - [Draft1]

'l: File E Hierarchy

D& | | X
Save '

Fig. 1.58 Save icon

The Run icon (Fig. 1.59) can be used to determine the type of simulation and run the simulation.
In this example, we want to study the behavior of circuit for [0, 100 ms] time interval. In order to do
this, click the Run icon, then enter 100m to the Stop time box (Fig. 1.60), and click the OK button.
After clicking the OK button, the “.trans 100m” text is added to the schematic and a black window
will be added to the LTspice environment (Fig. 1.61). The selected circuit waveforms will be shown
in this black window. The “.trans 100m” line tells the LTspice to calculate the circuit voltages and
currents for [0, 100 ms] interval.
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[ LTspice XVil - [Draft1
{ File Edit Hierarc iew

DPEHE T F D

Run

Fig. 1.59 Runicon

[ Edit Simulation Command X

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt
Perform a non-linear. time-domain simulation.
Stop time: | 100m| '
Time to start saving data: I ‘

Maximum Timestep: | |
Start external DC supply voltages at0V: []
Stop simulating if steady state is detected: [

Don'treset T=0 when steady state is detected:
Step the load current source: ||
Skip initial operating point solution: [

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

Aran 100m

Fig. 1.60 Edit Simulation Command window
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¥ LTspice XVIl - Draftl - o X
Eile Edit Hierarchy View Simulate Tools Window Help |
PEE XA R ERT IDENESB L LR £33 DYV An op
£ Dran 4 Drat

B = o] | &3

4 Draftl

in R1

R L
1k

S
.tran 100m

Fig. 1.61 Transient simulation is done

Put your mouse cursor on the node “out” and click it. After clicking the node, its voltage (with
respect to ground) is shown (Fig. 1.62). According to Fig. 1.62, the voltage of node “out” is 5 V which

is the correct value.
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¥ LTspice XVIl - Draftl - o X
Eile Edit Hierarchy View Simulate Tools Window Help |
PEEHTAFOAQAR R HBRR IDEASE LR3I DO Aa op

£ Dran 4 Drat

4 Drami = x|

in R1

R L

1k

S
.tran 100m

Fig. 1.62 Voltage of node “out”

If you right click on the time axis, the window shown in Fig. 1.63 appears. You can enter the range
that you want to be shown in this window. For instance, if you want to see the [0, 10 ms] interval, you
need to enter 0 and 10m to the Left and Right boxes, respectively (Fig. 1.64). After clicking the OK
button, the [0,10 ms] time interval is shown (Fig. 1.65). If you right click on the vertical axis, the
Vertical Axis window (Fig. 1.66) appears and permits you to enter the desired range. The upper bound
of desired range must be entered to the Top box, and lower bound of desired range must be entered to
the Bottom box.

W Horizontal Axis X
Quantity Plotted: | ime | Eye Diagram
Axis Limits
Left [ 0s tick: 10ms Right [ 100ms
[JLogarithmic Cancel ] 0K

Fig. 1.63 Horizontal Axis window
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[ Horizontal Axis X
Quantity Plotted: | ime Eye Diagram
Axis Limits
Left [ 0s tick: 2ms Right [ 10ms
[JLogarithmic Cancel ] oK
L 1
Fig. 1.64 Entering the new values to Horizontal Axis window
_i;f LTspice ><\|"r|--5'aft1 = - = 0 X |
Eile Edit Hierarchy View Simulate Tools Window Help
PEETFHAQRUAR R HRBW IDEHOAB LB 3 xDUOD An op |
£ Dra1 4 Dratl
B S| @R

4 Dratt =N o X"
I R1
G
1k
tran 100m
x=63Tms y= 500583V
Fig. 1.65 Time interval of [0, 10 ms] is shown on the output window
Fig. 1.66 Vertical Axis
window W Vertical Axis X
Axis Limits OK
Top: l 5.005V
: Cancel
Tick: | 1mV
Bottom: | 4.994V
(] Logarithmic
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LTspice can select the best range for vertical axis automatically. In order to do this, right click on
the graph and click the Autorange Y-axis (Fig. 1.67). You can click the Autorange icon (Fig. 1.68) as
well.

ﬁ Zoom to Fit

A viongerau
View »

g_,‘m Add Traces

Add Plot Pane
Delete this Pane

Jv' Sync. Horiz. Axes

Draw 4
Edit 4
Marching Waveforms »
File 4
[~ Float Window
Fig. 1.67 Autorange Y-axis
Window

REAESS
Autorangel

Fig. 1.68 Autorange icon

You can select the desired color for the graphs (traces), axis, back ground, etc. Click the Tools>
Color Preferences (Fig. 1.69) in order to do this. After clicking the Tools> Color Preferences, the
window shown in Fig. 1.70 appears and permits you to select the desired color for each item.
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Jools Window Help

08 Copy bitmap to Clipboard
@ Write image to .emf file
“F Control Panel

@ Color Preferences

. Sync Release

Fig. 1.69 Tools> Color Preferences

Fig. 1.70 Color Palette
Editor

37

W Color Palette Editor

¥ waveForm 4 Schematic [Z) Netlist

Click on an item above to change its color.

Selected Item: | Trace V(1) b
Selected Item Col

Trace V(2)
Red: | [Trace V(3)
Trace Vi4)
Trace V(5)
Blue: | |Trace V()
Trace V(7)
Trace V(8)

Green:

Cancel

Apply
Defaults

Trace V(9)
Trace V(10)
Trace V(11)
Trace V(12)
Axis
Inactive Axis
Grid
Background
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If you right click on the V(out) (Fig. 1.71), the window shown in Fig. 1.72 appears. If you click the

Delete this Trace button, the graph is removed from the screen. You can change the color of graph with
the aid of Default Color drop down list (Fig. 1.73).

B LTspice XVl - Draftl

Eile Edit Hierarchy Wiew Simulate Tools Window Help

PEETXFOIAQAUARIR EBRE +2OHOSE LR s3 w80 An P

E2 Drat1 £ Dvati

30ms

4 Draftl

S
- R1
P e
1k
tran 100m
Fig. 1.71 Right clicking on V(out) opens the window shown in Fig. 1.72
[ expression Editor - F(V(out),..) X
DefaultColor: | D - Attached Cursor: {(none) v
Enter an algebraic expression to plot Cancel
V(out)

Delete this Trace

Fig. 1.72 Expression Editor window
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W Expression Editor - F(V(out),...) X
Default Color: | R | Attached Cursor: (none) v l | OK |
It
Enter an algebraic st Cancel
V(out)
Delete this Trace

Fig. 1.73 Available colors

You can right click on the graph and check the Grid box (Fig. 1.74) to add grid to the graph

(Fig. 1.75).

Fig.1.74 Grid is (o =
checked Q Zoom to Fit

1€ Autorange Y-axis

.
a0 |

12" Add Traces
Add Plot Pane
«* Delete this Pane
|7 Sync. Horiz. Axes
Draw
Edit

«*, Mark Data Points
% Visible Traces
JF Select Steps
@ Step Legend

» E”mManual Limits

4 % Reset Colors

Marching Waveforms

File
[~ Float Window

; ALy, FFT
/&) SPICE Error Log
4 Plot Defs File

68 Copy bitmap to Clipboard

@ Write image to .emf file
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¥ LTspice XVII - Draftl - o X
Eile View PlotSettings Simulation Tools Window Help

PEEFOAAAR RIERE oM OE ) ‘
E2 Drat1 £ Drat

12 Drattt =n)o(8]

1 =) 3
. R1
in
1k &
1 Vi °
(_)" R2
1k
R

x = 5266ms_y = 5.00561V
Fig. 1.75 Addition of grid to output graph

If you click the maximize button (Fig. 1.75), you can see a bigger picture of the graph (Fig. 1.76).
You can click the Restore Down button (Fig. 1.77) to return to Fig. 1.75.

BT LTspice XVl - [Draft1] = o >4
t:,." Eile Yiew PlotSettings Simwlation Jools Window Help
PEETFL QAR BIEBE M o8 2

[E et o

10ms Oms 50ms 60ms 70ms BOms

¥ =T409ms vy = 500533V

Fig. 1.76 Output graph is maximized
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Fig. 1.77 Restore down button

You can copy the drawn graph into the clipboard and paste it in another software. In order to do
this, right click on the graph and click the Copy bitmap to Clipboard (Fig. 1.78). This capability is

very useful when you want to prepare a report/presentation and you want to show the circuit
waveforms.

Fig. 1.78 Copy bitmap [ =
to Clipboard E\ Zoom to Fit

ig Autorange Y-axis

] | -

;# Add Traces «, Mark Data Points
T=T Add Plot Pane % Visible Traces
52T Delete this Pane 8 Select Steps
|7 Sync. Horiz. Axes @ Step Legend
Draw » Eﬂﬂ Manual Limits
Edit 4 % Reset Colors
Marching Waveforms » 1LL» il
/@) SPICE Error Log
File ¥ Plot Defs File

[~ Float Window m Copy bitmap to Clipboard

@ Write image to .emf file

Let’s measure voltage of resistor R1 (voltage difference between node “in” and “out,”i.e., Vi, — Vou).
In order to do this, put the mouse cursor on the node “in” and hold down the mouse left button, this
shows a red probe on the node “in.” Don’t release the mouse left button and drag the red probe toward
node “out.”” When you reach the destination node (node “out”), the probe color becomes black. Now
release the mouse left button. After releasing the mouse left button, the voltage difference between
node “in” and node “out” appears on the screen (Fig. 1.79).
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¥ LTspice XVIl - Draftl
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHTAFONAAAR R HRR DA OB LSRR 0D An op

£ Dran 4 Drat

30ms

i R1

R L

1k

S
.tran 100m

x = 53.28ms y = 500461V

Fig. 1.79 Voltage difference between node “in” and “out”

Let’s measure the current of voltage source V1, resistor R1 and R2. You can measure the current of
an element by putting the mouse cursor on it and clicking on it. Current of voltage source V1, resistor
R1 and R2 is shown in Figs. 1.80, 1.81, and 1.82, respectively. Note that current of source V1 and
resistor R1 is negative, and current of resistor R2 is positive. When you put your mouse cursor on an
element and click it, LTspice measures the current that enters the positive terminal of component. The
current that enters the positive terminal is assumed to be positive. The positive terminal of the voltage
source is the terminal with + label. The positive terminal of a diode is the anode terminal. Positive
terminal of resistors, inductors, and capacitors has no special symbol. However, there are some rules
that help you determine the positive terminal. If you add a resistor (or inductor or capacitor) to the
schematic without any rotation, the positive terminal is the upper one (Fig. 1.83). If you press the
Ctrl+R once before placing the component, the positive terminal is the right terminal. If you press the
Ctrl+E after Ctrl+R, the positive terminal comes to left (Fig. 1.83).

60ms

Fig. 1.80 Current drawn from voltage source
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90ms

20ms 4 70ms ] 90ms

Fig. 1.82 Current through resistor R2

+
R1 R2

- y + <4 -
LA Ry
(a) (b) (©)

43

Fig. 1.83 (a) Default position of + and — terminals (b) Ctrl+R is pressed once (¢) Ctrl+R is pressed once and after that

Ctrl+E is pressed

The positive terminals of the circuit components are shown in Fig. 1.84. Resistor R1 is rotated by
pressing the Ctrl+R, so the positive terminal is the right one. The circuit current comes out from the
positive terminal of V1 and R1, so the current of these components is negative. The circuit current

enters the positive terminal of resistor R2, so the current of resistor R2 is positive.
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Fig. 1.84 Positive terminals of components

If you click on the I(R1) in Fig. 1.81 and change the I(R1) to —I(R1) (Fig. 1.85), the graph becomes
positive (Fig. 1.86).

¥ expression Editor - F(I(R1),..) X
Default Color: | I - Attached Cursor: (none)  ~
| Enter an algebraic expression to plot Cancel
-(R1)

Delete this Trace

Fig. 1.85 —I(R1) is entered to the text box

10ms 30ms G0ms 90ms

Fig. 1.86 Graph of —I(R1)

You can see the component power by holding down the Alt key and clicking on the component. For
instance, the power of resistor R2 is shown in Fig. 1.87. The power is positive since the resistor con-
sumes power. If you hold down the Alt key and click on the voltage source V1, you will see the graph
shown in Fig. 1.88. The graph shown in Fig. 1.88 is negative since the power source supplies power
to the circuit.
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¥ LTspice XVIl - Draftl - o X
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHTAFONAAAR R HRR DA OB LSRR 0D An op
£ Dran 4 Drat

B S| @R

4 Draftl == @

R1
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@ .

1k

S
.tran 100m

Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe R2.

Fig. 1.87 Graph of V(out)*I(R2)

10ms 40ms

Fig. 1.88 Graph of V(in)*I(V1)

You can edit the simulation parameters by clicking the Simulate> Edit Simulation Cmd (Fig. 1.89).
After clicking the Edit Simulation Cmd, the window shown in Fig. 1.90 appears and permits you to
apply the desired changes to the simulation parameters. Enter 80m to the Time to start saving data box
(Fig. 1.91) and click the OK button. After clicking the OK button, the schematic changes to what is
shown in Fig. 1.92. If you run the simulation, the result shown in Fig. 1.93 appears. The points 0 and
20 ms of the graph shown in Fig. 1.93 show the behavior of the circuit at t = 80 ms and t = 100 ms,
respectively. The behavior of the circuit for [0, 80 ms] interval is not shown in this graph.
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Simulate Tools Window Helg

,‘.\Ff Run

Pause Ctrl+P
-:@] Halt Ctrl+H
Clear Waveforms ()

Efficiency Calculation

ci;‘ Control Panel

Edit Simulation Cmd

Fig. 1.89 Simulate> Edit Simulation Cmd

Fig. 1.90 Edit
Simulation Command
window

[ Edit Simulation Command X

Transient AC Analysis DCsweep Noise DC Transfer DCop pnt
Perform a non-linear, ime-domain simulation,

Stop time: 100m

Time to start saving data: ‘:

Start external DC supply voltages atov: [_]

Stop simulating if steady state is detected: []
Don'treset T=0 when steady state is detected:

Step the load current source: [_]

Skip initial operating point solution: [_]

Syntax: _tran <Tstop> [<option> [<option>] ..]

Jtran 100m
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Fig. 1.91 Entering the
desired simulation
settings to the Edit
Simulation Command
window

W Edit Simulation Command

Transient AC Analysis DCsweep Noise DC Transfer DCop pnt
Perform a non-linear, time-domain simulation.

S ——

Time to start saving data: | 80m |

Maximum Timestep: I |
Start external DC supply voltages atov: []
Stop simulating if steady state is detected: []
Don'treset T=0 when steady state is detected:
Step the load current source: [
Skip initial operating point solution: [_]

Syntax: tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ...]

[ ran 0 100m 80m

Fig. 1.92 Simulation command is added to the schematic
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[ LTspice XVl - Draft1
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFOAQAAR R HBRR IDEANSB LR 3 DO An <P

1, Dratl = Drat

10ms 12ms 14ms 16ms

in
1k

out
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x = 10.35ms _y = 5.00420V

Fig. 1.93 Simulation result for [80 ms, 100 ms] interval

1.4 Example 2: .param Command

In the previous circuit, we entered the components values by right clicking on them. You can use
variables to determine the components values as well. This example shows how to use variables to
determine components values. Schematic of previous example is shown in Fig. 1.94. Right click on
the resistor R1 and R2 and changes the Resistance[€2] box to {R1} and {R2}, respectively (Figs. 1.95

and 1.96).

R1

;

1k
Vi
0

G §

A~ N

n 100m

o

.tr

Fig. 1.94 Schematic of Example 1
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EY Resistor - R1

Manufacturer. -
PartNumber. - -

Select Resistor

Resistor Properties

Resistance[Q]:
Tolerance[%): S
Power Rating[W]: S

Cancel

Fig. 1.95 Entering the {R1} to the Resistance[€] box of Resistor R1

EY Resistor - R2

Manufacturer. -
PartNumber. -—— =

Select Resistor

Resistor Properties

Resistance[Q): {R2}
Tolerance[%]: S
Power Rating[W]: S

Cancel

Fig. 1.96 Entering the {R2} to the Resistance[€2] box of resistor R2

Click the SPICE Directive icon (Fig. 1.97) and enter the commands shown in Fig. 1.98. The com-
mands assign 1 kQ to R1 and R2. After entering the commands, click the OK button and click on the
schematic. After clicking on the schematic, the entered commands are added to it (Fig. 1.99). If you
run the simulation, the results shown in previous example are obtained. If you right click on the .
param commands shown in Fig. 1.99, the window shown in Fig. 1.98 appears again and permits you

to change the values of R1 and R2.

Fig. 1.97 SPICE Directive icon
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[<¥ Edit Text on the Schematic: X
How to netlist this text Justification Font Size | oK I
O Comment | Lett v| | 15(defaul) v/ —
(@ SPICE directive [Jvertical Text
.paramR1 1k ~
.param R2 1k
W
Type Ctr-Mto starta newtine.‘ P

Fig. 1.98 Edit Text on the Schematic window

Fig. 1.99 Entered commands are added to the schematic

1.5 Example 3: Potentiometer

You can’t find potentiometer in ready to use LTspice blocks. However, you can simulate a potentiometer
with two resistors and few lines of code. This example shows how a potentiometer can be simulated in
LTspice. Draw the schematic shown in Fig. 1.100. This example simulates a potentiometer with value of
5 kQ. Variable val determines the position of wiper. If you simulate the circuit, the result shown in
Fig. 1.101 appears on the screen. Voltage of node “outl” is 5 V and voltage of node “out2” is 3.5 V.

Fig. 1.100 Schematic
of Example 3
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B¥ (Tspice XVIl - Draft32

Elle Edit Hierarchy View Simulate Tools Window Help

PEEHSAFIQAAR IR EBYE RSB LR F3DU0D Aa 2p |

[ Drat3z 4 Drat32

+ Draft32 =1
R3
in ot ~param val=70
5k .param R=5k
.param Ra=(1-(val/100))*R
R1 .param Rb=val/100*R
Cjﬂ {Ra}
10 R2
{Rb}
Arn 10m

{Ready

Fig. 1.101 Simulation result

Let’s check the obtained results. The calculations shown in Fig. 1.102 show that the LTspice results
are correct.

Command Window ®

>> V1=10;val=70;R=5e3;R1l=(1-(val/100)) *R;R2=(val/100) *R;R3=5e3;
>> Voutl=R2/ (R1+R2+R3) *V1

Voutl =
3.5000
>> Vout2=(R1+R2)/ (R1+R2+R3) *V1

Vout2 =

Jx >>

Fig. 1.102 MATLAB calculations
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1.6  Example 4: Obtaining the DC Operating Point of the Circuit

In DC steady state, the inductors and capacitors act as short circuit and open circuit, respectively. LTspice
can find the steady-state DC voltages/currents easily. This example shows how to obtain the steady-state
DC voltages/currents of an electric circuit. DC steady-state analysis is not limited to electric circuits; it
can be used to obtain the operating point of electronic circuits as well. For instance, Example 8 in Chap.

2 used the DC steady-state analysis to obtain the operating point of a transistor amplifier.
Consider the circuit shown in Fig. 1.103. The DC steady-state equivalent of this circuit is shown in

Fig. 1.104. According to this figure, V, =12V, V, =6V, V;=0V, V, =0V, and / = 6 mA.

R1 2
ANA—
s 1kQ
c1 R2
==1pF §1kn
V1 4 3
— 12V
T R3 L1
Stk $1mH
0
Fig. 1.103 Circuit for Example 4
R1 2
AAA
: 1kQ l
R2
§1m
v 3
1N
T R3
10kQ ¢
0 &

Fig. 1.104 DC equivalent of Fig. 1.103

Draw the circuit in LTspice (Fig. 1.105).
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Fig. 1.105 LTspice equivalent of Fig. 1.103

Click the Run icon (Fig. 1.106) and open the DC op pnt tab (Fig. 1.107). After clicking the OK
button, the .op command is added to the schematic (Fig. 1.108) and the result shown in Fig. 1.109
appears. The obtained results are quite close to the expected values. Note that e shows power of ten.
For instance, node 4 voltage is 6e-14 which means 6 x 10714 V.

[ LTspice XViI -
4 File Edit Hierarchy

PE T

Fig. 1.106 Run icon

[ Edit Simulation Command X

Transient AC Analysis DCsweep Noise DC Transfer DCop pnt

Compute the DC operating point treating capacitances as open circuits and
inductances as short circuits.

Fig. 1.107 DC op pnt tab
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Fig. 1.108 .op command is added to the schematic

[ = cAUsers\farzinasadi\Documents\LTspiceXVINDCOperatingPoint.asc

V(1) :
v(2):
v(4):
v(3):

I(cl):
I(Ll):
I(R3):
I(R2):
I(R1):
I(Vl1):

-=-= Operating Point =---

12

6
6e-014
6e-006
6e-018
0.006
6e-018
0.006
0.006
-0.006

voltage
voltage
voltage
voltage
device_current
device_current
device_current
device_current
device_current
device_current

Fig. 1.109 Simulation result

You can run the DC operating point analysis by clicking the SPICE Directive icon (Fig. 1.110) as
well. After clicking the SPICE Directive icon, enter the “.op” to text box (Fig. 1.111) and click the OK
button. Now the schematic looks like Fig. 1.108. If you run the simulation, the result shown in
Fig. 1.109 appears.
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- a

@é:ﬁk.n

Fig. 1.110 SPICE Directive icon

[©¥ Edit Text on the Schematic: X
How to netlist this text Justification Font Size | oK I
O Comment | Left v | 15defaul) |
A Cancel
(@ SPICE directive [Jvertical Text
.op ~
W
Type Ctrl-M to start a new line. i

Fig. 1.111 Entering the .op to the text box

1.7  Example 5: DC Transfer Analysis

The DC transfer function analysis calculates the DC gain and input impedance and output impedance
of a circuit. Let’s study an example. Consider the circuit shown in Fig. 1.112.

Fig. 1.112 Schematic
for Example 5

Let’s do some hand analysis. The DC steady-state equivalent circuit is shown in Fig. 1.113 (The
inductors are replaced with short circuit and capacitors are replaced with open circuit). According
to this figure, v =10V,V  =6.6667V,I =—mA and input impedance seen by V1 is 3 kQ. The

mn oul 3

out

gain of circuit is v =0.666607 . The output impedance seen from node “out” can be calculated with

1
the aid of circuit shown in Fig. 1.114. The output impedance seen from node “out” is % =0.66667 kQ.
+
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Remember that independent sources must be killed (i.e., voltage sources must be replaced with short
circuit, and current sources must be replaced with open circuit) in the calculation of output
impedance.

Fig.1.113 DC
equivalent circuit for
Fig. 1.112

Fig. 1.114 Equivalent
circuit for calculation of
output impedance

Let’s check our hand analysis results with LTspice. Click the Run icon and open the DC Transfer
tab. Enter V(out) and V1 to Output and Source boxes, respectively (Fig. 1.115) and click the OK but-
ton. The settings shown in Fig. 1.115 calculate the gain (voltage difference between node “out” and
ground divided by value of voltage source V1), input impedance seen by V1 and out impedance seen
between node “out” and ground. After clicking the OK button, the schematic changes to what is
shown in Fig. 1.116, and result shown in Fig. 1.117 appears. Obtained results are the same as hand
analysis.
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[ Edit Simulation Command

Transient AC Analysis DCsweep Noise DC Transfer DCop pnt

Find the DC small-signal transfer function.

Syntax: .ff V(<out>[.<ref>]) <src>

o

Source: %

| V(outy V1

Fig. 1.115 DC Transfer tab

Fig.1.116 .tf command
is added to the

schematic
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[}7 * C\Users\farzinasadi\Documents\LTspiceXVII\Draft1.asc X

=== Transfer Function ---

Transfer function: 0.666667 transfer
vi#Input_ impedance: 3000 impedance
output_impedance_at V(out): 666.667 impedance

Fig.1.117 Simulation result

Click the Simulate> Edit Simulation Cmd (Fig. 1.118) and change the settings to what is shown in
Fig. 1.119. The settings shown in Fig. 1.119 calculate the gain (voltage difference between node “out”
and node “a” divided by value of voltage source V1), input impedance seen by V1 and output imped-
ance seen between node “out” and node “a.” After running the simulation, the result shown in
Fig. 1.120 appears.

"Simulate' _Iools Window ﬂ_el_;

_,‘{' -

Pause Ctrl+P
M Hait Ctrl+H
Clear Waveforms (r

Efficiency Calculation

'S Control Panel

| Edit Simulation Cmd |

Fig. 1.118 Simulate> Edit Simulation Cmd
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W Edit Simulation Command

Syntax: .f V(<out>[.<ref>]) <src>

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt

Find the DC small-signal transfer function.

Output V(outa)

[ HV(outa) V1

Cancel

Fig. 1.119 Simulation settings

W * D:\Program Files\LTC\LTspiceXVil

--- Transfer Function ---

Transfer_ function: -0.333333
vifInput_impedance: 3000
output_impedance_at_V(out,a):

transfer

impedance
666.667

impedance

Fig.1.120 Simulation result
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Let’s check the result shown in Fig. 1.120. According to the DC steady-state equivalent circuit-
— 2 V.-V 3 -10
showninFig. 1.121,V,,=V,=10Vand V_, = gx 10V .So, the gainis “out _"a _ =-0.3333.The
10
1

input impedance seen by V1 is 3 kQ. According to Fig. 1.122, the output impedance seen between the node

“out” and node “a” is & =0.66667kQ .
2+1

Fig. 1.121 DC equivalent circuit of Fig. 1.112

Fig. 1.122 Equivalent
circuit for calculation of
output impedance of
Fig. 1.121

1.8 Example 6:.ic Command

This example shows how to enter the initial conditions of capacitors to LTspice. Consider the RC
circuit shown in Fig. 1.123. The initial voltage of capacitor is 2.5 V.
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1k

(o —=10u V=25V

Fig. 1.123 Circuit for Example 6

Draw the schematic shown in Fig. 1.124.

Fig. 1.124 LTspice equivalent of Fig. 1.123

Click the SPICE Directive icon (Fig. 1.125) and enter the single line code shown in Fig. 1.126.
Then click the OK button and click on the schematic to add the entered code to it (Fig. 1.127). The .ic
V(out)=2.5V tells the LTspice that the initial voltage node “out” is 2.5 V.

- = X
- & X
CS EmE 3 An 9P 4

SPICE Directive

Fig.1.125 SPICE Directive icon
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[<¥ Edit Text on the Schematic: X
How to netlist this text Justification Font Size | oK I
O Comment | Left v | 15defaul) |
5 - Cancel
(@ SPICE directive [Jvertical Text
.ic V(out)=2.5 ~
v
Type Ctrl-M to start a new line. x

Fig. 1.126 Initial condition directive

Fig. 1.127 SPICE commands are added to the schematic

Now run the simulation. The result is shown in Fig. 1.128. Note that the voltage of node “out” is
2.5V at t=0.
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¥ (Tspice XVII - RCcircuit - o X
Eile Edit Hierarchy View Simulate Tools Window Help |
PEEHTAFOQAAR R HBRR I DEASE LSRR F3 x>0 Aa op
4, RCeircuit | RCcircuit

B =1 N5

4 Recircuit = x|
f ’\R/l\/
1k =
Vi ©

g &

.tran 100m .ic V(out)=2.5

{Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe out.

Fig. 1.128 Simulation result

Right click on the .ic command in the schematic. The window shown in Fig. 1.129 appears. Click
the Cancel button. The window shown in Fig. 1.130 appears. If you check the Comment button
(Fig. 1.131), the command .ic V(out)=2.5 will be ignored (it has no effect on the simulation). The
LTspice uses blue color to show the comments on schematic (Fig. 1.132).

[T ic Statement Editor X
IC statement v]
Name Value
V(out) 25

Syntax .ic <net>=<value>...

ic V(out)=25 |

Delete Insert Cancel

Fig. 1.129 .ic Statement Editor window



Fig. 1.

[©¥ Edit Text on the Schematic:

How to netlist this text Justification Font Size | oK I
(O Comment | Left M v =
(@ SPICE directive [Dvertical Text
Jic V(out)=2.5 A
W
Type Ctrl-M to start a new line. i
130 Edit Text on the Schematic window
[<¥ Edit Text on the Schematic: X

How to netlist this text Justification FontSize | oK I
(® Comment | Left M v =
- L . 2
(O SPICE directive [Jvertical Text
.ic V(out)=2.5 A
g
Type Ctrl-M to start a new line. 3
Fig.1.131 Comment radio button is selected
P LTspice XVl - [RCcircuit] - o X

{ﬁnaﬁt, y i Tools Window Help

B dT S GlﬁﬂﬂﬁlﬁiﬂlE!EI S BENEB LR3I RXDYO D Cimeadasr

£ RCeircuit 4, RCcircwt2

Fig. 1

.132 .ic V(out)=2.5 directive is converted into comment
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Left click on the V(out) (Fig. 1.133). After left clicking on V(out), a vertical line (Fig. 1.134) and
a window (Fig. 1.135) are added to the graph. You can move the vertical line (cursor) with your mouse
and the coordinate of intersection of vertical line and graph is shown in the opened window. If you
close the window shown in Fig. 1.135, the vertical line is removed from the graph.

P LTspice XVl - RCcircuit
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEFAFIQRAARIR HBE IRERN S LR 3 wxDPOD An <P

1, RCeircuit | RCcircuit

-( RCcircuit =

-
=
out

i =

.tran 100m .ic V(out)=2.5

Fig. 1.133 Clicking on V(out) opens the window shown in Fig. 1.134

X Lrspice 001 - RCcircuit - o .
Ele Yiew PotSettings Simulation Jools Window Help
P& T FHHRQAAR RIERE e OS5 2
| € Rccicut [ RCcircut
RCeircut = | &

Aran 100m ic V(out)=2.5

x = B091ms  y = 11133V

Fig. 1.134 A vertical line is added to the simulation output
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Fig. 1.135 Coordinates

of the cursor W RCcircuit X
Cursor 1
V(vout)
Horz |  49.956025ms Vert|  9.9492502v
Cursor 2

Diff (Cursor2 - Cursor1)

If you click the V(out) for second time, second cursor is added to the graph (Fig. 1.136). The
Cursor 2 and Diff (Cursor2 — Cursorl) section of the opened window is activated as well (Fig. 1.137).

P LTspice vl - RCcircuit = o x
Eile Yiew Plot Settings Simulation Jools Window Help

DEEHTFORARECAERE L4 BEHh SE 2

£ Recrcut B RCcircut

£ Recircuit o |-E):

90ms

in

es
-
=
out

c1
_10|.|

.tran 100m .ic V(out)=2.5

X =9894ms y = 66TV

Fig. 1.136 Addition of second cursor to the output

Fig. 1.137 Coordinates

of the cursors I [57 RCcircuit X

Cursor 1

V(out)
Horz|  1.055400ms Vert|  3.2420847v
Cursor 2

V(out)
Horz |  23.043096ms Vet|  9.2530182v
Diff (Cursor2 - Cursorl)
Horz:|  21.987687ms Vet|  6.0100335v
Freq: | 45.48Hz Slope: | 273.336
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1.9 Example 7: RL Circuit Analysis

In this example, we want to analyze the RL circuit shown in Fig. 1.138. The initial current of inductor
is 100 mA.

10

\I/i0=100mA

(o % 10m

Fig. 1.138 Circuit for Example 7

Draw the schematic shown in Fig. 1.139. The .ic I(L1)=100 m line tells the LTspice that 100 mA
current enters to the + terminal of inductor. The positive terminal of un rotated vertical inductors is the

upper terminal (Fig. 1.83).

Fig. 1.139 LTspice equivalent of Fig. 1.138

Right click on the inductor. Note that the inductor has a default series resistance of 1 mQ. When
Series Resistance [Q2] box is empty, the LTspice uses the default value of 1 mQ (Fig. 1.140).
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Fig.1.140 The
inductor has default W Inductor - L1 X
series resistance of 1
mQ
Manufacturer: -
PartNumber. -
Cancel
Select Inductor
Show Phase Dot[_|
Inductor Properties
Inductance[H]:
Peak Current[A]:

Series Resistance[Q]: '
Parallel Resistance[Q]:

Parallel Capacitance[F]:

(Series resistance defaults to TmQ) «

Run the simulation. The result shown in Fig. 1.141 shows the inductor current. Note that the induc-
tor current starts from +100 mA=+0.1 A.

Fig. 1.141 Inductor current

113

The voltage of node “out” is shown in Fig. 1.142. Note that the voltage at t = 0 is
I0V-10Q2x100mA =9 V.

Fig. 1.142 Voltage of node “out”
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1.10 Example 8: Switch Block

In this example, we want to simulate the circuit shown in Fig. 1.143. The switch S2 is closed for [0,
50 ps] interval. Switch S1 is open during this interval. At t = 50 ps, switch S2 is opened and switch S1
is closed. Initial current of inductor is zero.

The switch S1 and S2 in Fig. 1.143 can be simulated with the aid of Voltage controlled switch
block (Fig. 1.144). The sw block is a voltage controlled switch. LTspice has current controlled

switches as well (Fig. 1.145). We use the voltage controlled switch in this example.

10

S1

s2
f
o 8

100

+ |

MW\

gwm

AV

@ 10

Fig. 1.143 Circuit for Example 8

W Select Component Symbol X
Top Directory:  C:\Users\farzinasadi\Documents\L TspiceXVIl\ib\sym v
Voltage controlled switch
Open this macromodel's test fixture
s
(£ C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\
f load npn4 SOAtherm-HeatSink
FerriteBead load2 pif SOAtherm-PCB
FerriteBead2 Ipnp pmos SW
g Itine pmos4 tline
g2 mesfet pnp TVSdiode
h njf pnp2 varactor
ind nmos pnp4 voltage
ind2 nmos4 polcap zener
1ISO16750-2 npn res
1ISO7637-2 npn2 res2
LED npn3 schottky
< >

Fig. 1.144 Voltage controlled switch
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y Select Component Symbol X

TopDirecmy: | i R ot !l'-TS_ iceXVINlib\sym Vl
Current controlled switch

[esw |

(2] C\Users\farzinasadi\Documents\L T spiceXVIN\lib\sym\
[Sp_eciaIFuncﬁons] f load npn4 SOAt

FermiteBead load2 pif SOAt
FeriteBead2 Ipnp pmos swW
g Itline pmos4 tline

mesfet pnp TVSc

njf pnp2 varac

nmos pnp4 volta

nmos4 polcap zene
1SO16750-2 npn res

npn2 res2

npn3

Fig. 1.145 Current controlled switch

Draw the schematic shown in Fig. 1.146.

Fig. 1.146 First sketch for circuit shown in Fig. 1.143
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Right click on the VS1. The window shown in Fig. 1.147 appears. Click the Advanced button.

Fig. 1.147 Voltage
Source window W Voltage Source - VS1 X
— [ ox ]
Cancel
Series Resistance[Q]: l |
Advanced

After clicking the advanced button, the window shown in Fig. 1.148 appears. Change the settings
to what is shown in Fig. 1.149 and click the OK button. The settings shown in Fig. 1.149 produce the
waveform shown in Fig. 1.150.

W Independent Voltage Source - VS1 X
Functions DC Value

@ (none) DC value: ‘:|
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles) ks s R iaBon VBl o Schamahe
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(OEXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(AC)

() SFFM(Voff Vamp Fcar MDI Fsig) AC Amplitude: :I
OPWLEI VIR V2.) ACPhase:| |
O PWLFILE: Bieioe Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Additional PWL Points

Make this information visible on schematic: Cancel

Fig. 1.148 Independent Voltage Source — VS1 window



72 1 Simulation of Electric Circuits with LTspice®

I W Independent Voltage Source - VS1 X
Functions DC Value
O (none)
(O PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)

[ O SFFM(VoffVamp Fcar MDI Fsig) AC Amplitude:

' @PWLIIviERv2.) AC Phase: _
() PWLFILE: Make this information visible on schematic:

Parasitic Properties
Series Resistance[(]:

time1[s]: 0
value 1V} 0 Parallel Capacitance[F]:
time2[s}: T 50u Make this information visible on schematic: [/]
value2[V]: 0
time3[s]: 50.07u
| value3[V]: 1
time4s]: |
valued[V]: .

Additional PWL Points

Make this information visible on schematic: [/] Cancel

Fig. 1.149 Settings of VS1 voltage source

Fig. 1.150 Waveform generated with the settings shown in Fig. 1.149



1.10 Example 8: Switch Block 73

Right click on the VS2, then click the advanced button and change the settings to what is shown in
Fig. 1.151. The settings shown in Fig. 1.151 produce the waveform shown in Fig. 1.152.

W Independent Voltage Source - VS2 X
Functions DC Value
O (none)
(O PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles) "
'f_,' SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)
(O SFFM(Voff Vamp Fcar MDI Fsig) AC Amplitude:
@ PWL(tI vi2v2.) AC Phase:

(_:' PWL FILE: Make this information visible on schematic:

Parasitic Properties
Series Resistance[(l]:

time1[s]: 0
valuel[V]: 1 Parallel Capacitance[F]:
time2[s]; [ 50u Make this information visible on schematic:
value2[V]: 1
time3[s]: 50.07u
value3[V] 0
time4[s]:
valued[V].

Additional PWL Points

Make this information visible on schematic: Cancel

Fig. 1.151 Settings of VS2 voltage source

Fig. 1.152 Waveform generated with the settings shown in Fig. 1.151
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Now your schematic looks like Fig. 1.153.

Fig.1.153 Settings of VS1 and VS2 are added to the schematic

Right click on the SW’s in Fig. 1.153 and change them to MYSW (Fig. 1.154).

[ Enter new Value for S1 X
Justification Font Size 0K
o Left R R A—
[“] vettical Text Cancel
MYSW

Fig. 1.154 Changing the name of voltage controlled switch to MYSW

Now your schematic looks like Fig. 1.155.

Fig. 1.155 New name of voltage controlled switches are added to the schematic
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If you run the simulation, the error message shown in Fig. 1.156 appears. The model for the voltage
switches is not given to the LTspice. That is why the error message shown in Fig. 1.156 appears.

Fig. 1.156 Model of

voltage controlled LTspice XVII X
switches are not defined

Can't find definition of model "MYSW"

Select OK to continue the simulation with
the default model or Cancel to quit now.

oK  Cancel

We need to use the .model command in order to determine the simulation model of switch S1 and
S2. Add the .model MYSW SW(Ron=1m Roff=1Meg Vt=.5 Vh=0) line to the schematic (Fig. 1.157).

Fig. 1.157 Model of voltage controlled switches are defined with .model command

The schematic shown in Fig. 1.158 can be used to simulate the circuit as well.

Fig. 1.158 LTspice equivalent of Fig. 1.143
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The .model MYSW SW(Ron=1m Roff=1Meg Vt=.5 Vh=0) line tells the LTspice that on state resis-
tance (resistance between switch terminals when the switch is closed) is 1 mQ, off state resistance
(resistance between switch terminals when the switch is opened) is 10 MQ. When the control voltage
is less than 0.5 'V, the switch is off and when the control voltage is greater than 0.5 V, the switch is on.
.model section of LTspice help gives more information about the .model command (Fig. 1.159).

j.) LTspiceHelp

o e & O
Hide Back Pnnt  Qptions
Contents [Index || Search |

Type in the keyword to find:
[moDEL

AC - Perform an AC analysis

BACKANNO - Annotale the subcircuit pin names on to il
DC - Perorm a DC source sweep analysis

[END

[ENDS

[Ferret-- Download a File Given the URL

.GLOBAL - Declare global nodes

AC - setinitial conditions

ANCLUDE - include another file

LIB ~ Include a library

LOADBIAS - Load a previously solved DC solution
MACHINE - Arbitrary State Machine

MEASURE -- Evaluate User-Defined Electical Quantitic

NET -- Compute Network Parameters in a AC Analysis
NODESET -- supply hints for initial DC solution
NOISE - Perform a noise analysis

{OP - Find the DC operating point

[OPTIONS - Set simulator options

PARAM - User-defined paramaters

SAVE -- Limit the amount of saved data.
SAVEBIAS - Save operating point to disk
STEP - Parameler sweeps

SUBCKT - define a subcircuit

.TEMP - Temperalure swaeps

TEXT - User-Defined Strings.

_TF - Find the DC small signal transfer function
TRAN - Do a non-linear transient analysis
.TRAN Modifiers

WAVE - Wiite selected nodes to a wav file.

A Special functions.

Adding Atinbutes

Adding the Pins

Assisted Mode

Antached Cursors

Atribute Visibility

Automatic Symbol Generation

Axis Control

B. Arbitrary behavioral voltage or curent sources.
C. Capacitor

Circuit description.

Circuit Element Quick Reference

~

Display

.MODEL -- Define a SPICE Model A

Defines a model for a diode, transistor, switch, lossy
transmission line or uniform RC line

Some circuit elements, for example, transistors, have
many parameters. Instead of defining every transistor
parameter for every instance of a transistor,
transistors are grouped by model name and have
parameters in common. The transistors of the same
model can have different sizes and the electrical
behavior is scaled to the size of the instance.

Syntax: .model <modname> <type>[(<parameter list>)]
The parameter list depends on the type of model. Below
is a list of model types:
Type Associated Circuit Element
SW Voltage Controlled Switch
CSW Current Controlled Switch
URC Uniform Distributed RC Line
LTRA Lossy Transmission Line
D Diode
NPN NPN Bipolar Transistor
ENP PNP Bipolar Transistor
NJF N-channel JFET model
BJF P-channel JFET model
NMOS N-channel MOSFET
BMOS P-channel MOSFET ¥

Fig. 1.159 .model section of LTspice help

If you click the SW in Fig. 1.159, the detailed description of parameters of voltage controlled
switch appears on the screen (Fig. 1.160).
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(% TspiceHelp

4 ¢ & O

Hide Back Print  Qplions

Ind | | %
Conlanis | D°6% | Sench | S. Voltage Controlled Switch
Type in the keyword to find.

[moDEL Symbol Names: SW

AL - Perform an AC analysis ~
BACKANNO - Annotate the subcircuit pin names on 1o Syntax: S5xxx nl n2 nc+ nc- <model> [on,off]
DC - Pedom a DC source sweep analysis
END

ENDS Example:
Ferret - Download a File Given the URL
GLOBAL - Declare global nodes i . .
IC ~ setinitial conditions 51 out 0 in : 0 MySwitch

INCLUDE - include another file .model MySwitch SW(Ron=.l1 Roff=1Meg Vt=0 Vh=-.5 Lser=10n
LIB - Include a library Vser=.6)

LOADBIAS - Load a previously solved DC solution a

MACHINE - Arbitrary State Machine

'“QE - Evaluate User-Defined Electiical Quanit The voltage between nodes nc+ and nc- controls the switch's
NET - Compule Network Parameers in 3 AC Analysis impgdance be tween nodes nl an;i n:'z . A model card is _requ ired to
NODESET - supply hints for initial DC solution define the behavior of the switch. See the schematic

gg’?il;:;‘:%’g :;‘:’r'::n;":";::‘ file .\examples\Educational\Vswitch.asc to see an example of a
OPTIONS - Set simulator options model card placed directly on a schematic as a SPICE
PARAM -~ User-defined parameters directive.

SAVE - Limit the amount of saved data

SAVEBIAS -- Save operating point to disk ¥
STEP - Parameter sweeps Voltage Controlled Switch Model Parameters
SUBCKT - define a subcircuit
TEMP -- Temperature sweeps
TEXT - User-Defined Stings 3 i 3

TF - Find the DC small signal transfer funclion Hans Descraption Unita:| Default
TRAN - Do a non-linear ransient analysis T 0.0
TRAN Modiers vt Threshold v 0.0
WAVE - Write selected nodes to a wav file. voltage
A Special functions. =
Adding Atributes Vh Hysteresis v 0.0

Addina the Pins v voltage

=
o
<

Ron On resistance Q

Fig. 1.160 Voltage controlled switch section of LTspice help

Run the simulation. The result shown in Fig. 1.161 appears.

W LTspice XVl - RLcircuit i - (m] .
File Edit Hierarchy View Simulate Tools Window Help
PEEHTAFOAAAR R HBRR I DENSB LR 3 DO Aa op

B2 Rlcicuit £ Reircuit

L1 V52
0050u050.01u1) <, PWL(0 1 50u 1 50.01u 0)

Jtran 100u .icI{L1)=0
.model MYSW SW(Ron=1m Roff=10Meg Vt=.5 Vh=0)

x = 64.17ps  y = 43.54mA

Fig. 1.161 Simulation result
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1.11 Example 9: Measurement of Phase Difference

In this example, we want to measure the phase difference between point B and A in Fig. 1.162. The
input voltage has frequency of 60 Hz and peak value of 1 V. From basic circuit theory,
_ JxLxw v, = JXLx2pf v, - Jx5mx377 v, - 1.885) V, = 042667V,
R+ jxLxw R+jxLx2pf 4+ jx5mx377 4+1.885j
V4 and Vi show the phasor of voltage of nodes A and B, respectively. So, the phase difference between
point B and A is 64.76°.

B

A R1 B
AMA
40
Vi L1
™\ 1Vpk $5mH
~ J60Hz
=/ 0°

Fig. 1.162 Circuit for Example 9

Draw the schematic shown in Fig. 1.163. Settings of voltage source V1 is shown in Fig. 1.164.

[ LTspice XVl - [PhaseDifference] - o b2
A Eile Edit Hierarchy View Si Tools Window Help o=

DS ETFHRAARE [ DRE SRR OB L SB+ 3 FDODODC i

Fig. 1.163 LTspice equivalent of Fig. 1.162
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[ ¥ Independent Voltage Source - V1

Functions
[ Ofnone)

Difference

O PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(OEXP(V1V2 Td1 Taul Td2 Tau2)
(O SFFM(Voff Vamp Fcar MDI Fsig)

OPWLIIvIRv2.)
(O PWLFILE:

DC offset[V]: .

| Amplitude[V]: :
Freq[Hz): .

| Tdelay[s]:
! Theta[1/s]: |
Phi[deg]: _

Ncycles: .

Make this information visible on schematic:

DC Value

Small signal AC analysis(.AC)
AC Amplitude:
AC Phase: |
Make this information visible on schematic:
Parasitic Properties
Series Resistance[(l]:
Parallel Capacitance([F]:

Make this information visible on schematic:

Cancel

79

Fig. 1.164 Settings of voltage source V1

Run the simulation and click on the node “in” and node “out” to see their voltages (Fig. 1.165).

| ¥ LTspice XVil - PhaseDifference
Eil

e Edit Hjerarchy Yiew Simulate Jools Window Help

PEE LA R HRTE i O IISDF3 DB OD

[ =4 PhaseDlerence 1, PhaseDiference

=

60ms

i -
Aa op
=& %] |

160ms 180ms

140ms

-( PhaseDifference

vi

SINE(O 1 60 0 0 0)

.t% 200m

L1
5m

X = 14281ms _y = 1095V

Fig. 1.165 Simulation result
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Maximize the graph page and use the magnifier icon (Fig. 1.166) to zoom into the steady-state
portion of the graph (Fig. 1.167).

& O QR

Fig. 1.166 Magnifier icon

¥ (Tspice XVIl - [PhaseDifference] - & X
I:;:Eiie View Plot Settings Simulation Tools Window Help

PEEHTF AR BIEHRR tDEMH OHE )

2 PhaseDiflerence 4 PhaseDlerence

1 160ms 164ms 168ms 5 B0 184ms 192ms 196ms
x = 181.82ms y = 1.226V

Fig. 1.167 Zoomed output
Add two cursors to the graph and measure the time difference between the starting points of the

waveforms (Fig. 1.168). According to Fig. 1.169, the time difference between the starting points of
the waveforms is about 3 ms.
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¥ (Tspice XVIl - [PhaseDifference] - & X
I:;:Eiie View Plot Settings Simulation Tools Window Help

PEEHTF AR BIEHRR tDEMH OHE )

2 PhaseDiflerence 4 PhaseDlerence

180ms 184ms 196ms

= 197.54ms  y = 1.273V

Fig. 1.168 Measurement of time difference between the two waveforms

Fig. 1.169 Time

difference between the W PhaseDifference X
two waveforms is
Cursor 1
around 3 ms V(out)
Horz:|  180.34768ms Vert|  1.8083198mv
Cursor2
V(out)
Horz:|  183.33907ms Vert|  385.3479mv
Diff (Cursor2 - Cursor1)
Horz |  2.9913941ms Vert|  383.53958mV
Freq:|  334.20220Hz Slope: | 128.214

The phase difference is calculated with the aid of commands shown in Fig. 1.170. The obtained
result is quite close to the correct value.
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Command Window

fx >>

>> T=1/60;
>> Delta=2.9913%41e-3;
>> DeltaPhi=Delta/T*360

DeltaPhi =

64.6141

Fig. 1.170 MATLAB calculations

1.12 Example 10: Calculation of RMS and Average Values

This example shows how to calculate the RMS and average values in LTspice. Draw the schematic
shown in Fig. 1.171. Settings of voltage source V1 is shown in Fig. 1.172. The settings shown in

Fig. 1.172 produce 10 + 20 sin (27 x 60 x ¢ + 30°) V.

O

in \;itA out
1k
Vi
R2
2.2k
SINE(10 20 60 0 0 30)

.tran 100m

Fig. 1.171 LTspice schematic of Example 10
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W Independent Voltage Source - V1

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s):
Theta[1/s]:
Phi[deg]:

Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 1.172 Voltage source V1 settings

Hold down the Ctrl key and click on the I(R2) (Fig. 1.173). After clicking, the window shown in

Fig. 1.174 appears.
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W LTspice XV - LinearCircuitPower = 0 e

Elle Edit Hierarchy View Simulate Tools Window Help

PEEHTAFOQAAAR R HBRR I DEASE LSRR  F3 ¥xDODOD An op |

E2 LinearCircuitPower &, LingarCircuitP ower

30ms 50ms
4 LinearCircuitPower = E '
in \/R\l/\ out
1k

Vi

&) =3

= 2.2k
SINE(10 20 60 0 0 30)
.t§I7I'I 100m

Fig. 1.173 Simulation result

Fig.1.174 Average and
RMS values for [0, W Waveform: |(R2) b 4

100 ms] interval

Interval Start Os
Interval End: 100ms _
Average: 3.1266mA| l
RMS: | 54119mA |

According to Fig. 1.174, the average and RMS values for interval [0, 100 ms] are 3.1266 mA and
5.4119 mA, respectively. The MATLAB commands shown in Fig. 1.175 shows that obtained results
are correct.
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Fig. 1.175 MATLAB
calculations

Command Win

>> format long

>> Rl=1e3;R2=2.2e3;f=60;w=2*pi*f;phil=pi/6;
>> syms t

>> V1=10+20*sin (w*t+phi0);

>> I=V1/(R1+R2);

>> T1=0;T2=100e-3;

>> eval(l/(T2-T1)*int(I,t,T1,T2))

ans =
0.003125000000000

>> eval (sqrt(1/(T2-T1)*int(I~2,t,T1,T2)))

ans =

0.005412658773653

f:5>>|

Right click on the time axis and enter 69 ms to the Left box (Fig. 1.176). After clicking the OK
button, the [69 ms, 100 ms] portion of graph is shown on the screen (Fig. 1.177).

[ Horizontal Axis X
Quantity Plotted: [ﬁme I Eye Diagram
Auxis Limits
Left | 69ms tick: | 3ms Right | 100mg
[JLogarithmic Cancel | oK |

Fig. 1.176 Horizontal Axis window
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Bf LTspice XVl - LinearCircuitPower = 0 ®
| Eile View PlotSettings gimulation Tools Window Help

PE DL AQAR I RIERT IDERSS )

£ LinearCircutPower £ LinearCircuitP ower

| LinearCircuitPower = @

mA
OmA

« = | =) || &3
R1
in \/\/\ out
1k
Vi
&) =E
= 2.2k
SINE(10 20 60 0 0 30)
.t$nzr| 100m

{Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe R2.

Fig. 1.177 Output graph is shown for [69 ms, 100 ms] interval

Hold down the control and click on the I(R2). After clicking, the window shown in Fig. 1.178
appears.

Fig. 1.178 Average and
RMS values for [69 ms, ¥ waveform: I(R2) X

100 ms] interval

Interval Start 69ms
Interval End: 100ms _
Average: 2.753mA| l
RMS: | 5.1484mA |

According to Fig. 1.178, the average and RMS values for interval [69 ms, 100 ms] are 2.753 mA
and 5.1484 mA, respectively. The MATLAB commands shown in Fig. 1.179 shows that obtained
results are correct. Note that LTspice uses the portion of graph that is shown on the screen to calculate
the average and RMS values. The portion that is not shown on the screen has no effect on the calcula-
tion of average and RMS values.
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If you want to calculate the average and RMS values accurately, you need to select an integer num-
ber of cycles from the steady-state portion of waveform. For instance, assume that the frequency of
waveform is 50 Hz and the circuit is in steady state for t > 10 ms. In this case, you can right click on
the time axis and enter 11 ms to the Left box and 31 ms to the Right box. Since the time difference
between these two values is 20 ms, one full cycle is shown on the screen. Now you can hold down the
Ctrl key and click the title of waveform to see its average and RMS values.

Fig. 1.179 MATLAB
calculations

Command Window

>> format long

>> Rl=1le3;R2=2.2e3; f=60;w=2*pi*f;phiO=pi/é6;
>> syms t

>> V1=10+20*sin (w*t+phi0) ;

>> I=V1/(R1+R2);

>> T1=6%e-3;T2=100e-3;

>> eval(1l/(T2-T1)*int(I,t,T1,T2))

ans =
0.002751041151000
>> eval (sqgrt(1/(T2-T1) *int (I1*2,t,T1,T2)))
ans =
0.005148861353919

f15>>|

You can measure the average power as well. After running the simulation, hold down the Alt key
and click on the component that you want to measure its average power. After clicking, the power
waveform of the component is shown on the screen. If you hold down the Ctrl key and click on the
waveform label, the average value of power waveform will be shown.

Let’s measure the average power of voltage source V1. The power waveform of voltage source V1
is shown in Fig. 1.180. Hold down the Ctrl key and click on the V(in)*I(V1). According to Fig. 1.181,
the average value of power drawn from voltage source V1 is 93.745 mW.
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W LTspice XV - LinearCircuitPower = 0 e
Eile View PlotSettings Simulation Tools Window Help

PE DL AQAR I RIERT IREHSS o)

£ LinearCircuPower 12 LinearCircuitPower

[}. LinearCircuitPower

SEerx

1 = | @ | &3
- R1
in \/\/\ out
1k
Vi
@) s
= 2.2k
SINE(10 20 60 0 0 30)
.t§a7n 100m

%= 55.02ms y = 17.86mW

Fig. 1.180 Graph of V(in)*I(V1)

Fig. 1.181 Average and
integral of Fig. 1.180 [ waveform: V(in)*I(V1) X
Interval Start Os
Interval End: 100ms
Average: -93.745mW
Integral: -9.3745mJ

The MATLAB calculations shown in Fig. 1.182 proves that the obtained result is correct.
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Fig. 1.182 MATLAB
calculations

Command Window

>> format long

>> syms t

>> I=V1/(R1+R2);
>> T1=0;T2=100e-3;
Pavg =

0.093750000000000

E =
0.009375000000000

fe >>

>> Rl=1e3;R2=2.2e3;f=60;w=2*pi*f;phiO=pi/6;

>> V1=10+20*sin (w*t+phi0);

>> Pavg=eval (1/(T2-T1) *int (V1*I,t,T1,T2))

>> E=eval (int (V1*I,t,T1,T2))

1.13 Example 11: .meas Command

In the previous example we introduced a method to measure the average and RMS values of wave-
forms shown on the screen. You can measure the average and RMS values with the aid of .meas com-
mand as well. This example uses the .meas command to measure the average and RMS values of
previous example. Add the .meas IRMS RMS —I(V 1) to the schematic of previous example (Fig. 1.183).
This command measures the RMS of —I(V1) and put the result in a variable named IRMS. I(V1) is the
current that enters the + terminal of voltage source V1. So, —I(V1) is the current leaves the + terminal

of voltage source V1.

R1

1k
@)
T SINE(10 20 60 0 0 30)
.tran 100m

.meas IRMS RMS -I(V1)

Fig. 1.183 LTspice schematic of Example 11

R2
2.2k
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Run the simulation (Fig. 1.184).

¥ (Tspice XVII - LinearCircuitPower - o X
File Edit Hierarchy View Simulate Tools Window Help

PEEHTAFONQAAAR R HBRR IDEANSB LR 3 DO An op
1, LinearCircusPower | LinearCircuitPower

B = | @R

10ms
4 LinearCireuitPower =&
o M
Vi 1k
R2
2.2k
SINE(10 20 60 0 0 30)
.tran 100m
.meas IRMS RMS -I(V1)
x = 60.22ms

Fig. 1.184 Schematic shown in Fig. 1.183 is run

Now press the Ctrl+L or click the View> SPICE Error Log (Fig. 1.185) to open the SPICE Error
Log window.
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View Simulate Tools Window

@\ Zoom Area Ctrl+Z |

Q Zoom Back Ctrl+B

ﬁ\ Zoom to Eit

’:{ Pan

[~ Show Grid Ctrl+G

[ MarkUnconn.Pins ‘U’

|~ Mark Anchors A
Bill of Materials 4

Efficiency Report L4
Q) SPICE Netlist

8| SPICE Error Log

£ visible Traces
{€] Autorange Y-axis

Marching Waves »
# Set Probe Reference

¢ Toolbar
[¢ status Bar
[¢" Window Tabs

Fig. 1.185 View> SPICE Error Log

The result is shown in Fig. 1.186. According to Fig. 1.186, the RMS of current for [0, 0.1 s] time
interval is 5.41156 mA. The obtained result is the same as the result of previous example.

B’ SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVINLinearCircuitPower.log X

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc ~
Direct Newton iteration for .op point succeeded.

irms: BRMS(-i(v1l))=0.00541156 FROM 0 TO 0.1

Date: Sat Jun 26 19:28:22 2021
Total elapsed time: 0.073 seconds.

tnom = 27

temp = 27

|method = modified trap
totiter = 2085
traniter = 2082
tranpoints = 1042
accept = 1042

rejected = 0

Imatrix size = 3

fillins = 0

solver = Normal

Matrix Compilerl: 3 opcodes 0.0/[0.0]/0.0

Iiat::l.x Compiler2: 15 oocodes 0.0/10.01/0.0 50

Fig.1.186 Simulation result
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Click the Simulate> Edit Simulation Cmd (Fig. 1.187).

Simulate Tools Window Helg
& Run
Pause Ctrl+P
M Hait Ctrl+H
Clear Waveforms ‘0
Efficiency Calculation  *
S Control Panel

e -

Fig. 1.187 Simulate> Edit Simulation Cmd

Enter 69m to the Time to start saving data box (Fig. 1.188) and click the OK button. The schematic
shows the changes that you applied to the simulation command (Fig. 1.189).

Fig.1.188 Simulation

settings [& Eedit Simulation Command X

Transient AC Analysis DCsweep MNoise DC Transfer DC op pnt
Perform a non-linear, ime-domain simulation.

Stop time: | 100m| |
Time to start saving data:

Start external DC supply voltages at0V: []

Stop simulating if steady state is detected: []
Don'treset T=0 when steady state is detected:

Step the load current source: []

Skip initial operating point solution: [_]

Syntax: tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ...]

| tran 0 100m 69m

o

Fig. 1.189 Schematic for settings shown in Fig. 1.188
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Run the simulation. Result of simulation is shown in Fig. 1.190. According to Fig. 1.190, the RMS for
[69 ms, 100 ms] time interval is 5.14752 mA (Note that O and 31 ms in Fig. 1.190 represent the t = 69 ms
and t = 100 ms, respectively). The obtained result is the same as the result of previous example.

W SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVINLinearCircuitPower.log X

k:ircuit : * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc -~
Direct Newton iteration for .op point succeeded.

irms: RMS(-i(v1l))=0.00514752 FROM 0 TO 0.031

Date: Sat Jun 26 19:30:45 2021
Total elapsed time: 0.041 seconds.

tnom = 27

temp = 27

|method = modified trap

totiter = 2091

traniter = 2088

tranpoints = 1045

accept = 1045

rejected = 0

matrix size = 3

fillins = 0

solver = Normal

Matrix Compilerl: 50 bytes object code size 0.0/0.5/[0.0]
&at:ix Compiler2: 175 bvtes obiect code size 0.0/0.0/710.01 Y.

Fig. 1.190 Simulation result

Let’s measure the average power of input voltage source. Add the .meas AveragePower
AVG -I(V1)*V(V1) command to the schematic (Fig. 1.191). This command measures the average
value of —I(V1)*V(V1) on the [0, 100 ms] time interval and put the result in a variable named
AveragePower.

in \/R{l/\ out
1k
Vi
& -
= 2.2k
SINE(10 20 60 0 0 30)
.tran 0 100m

.meas AveragePower AVG -I(V1)*V(in)

Fig. 1.191 Addition of .meas command to the schematic

Run the simulation (Fig. 1.192).
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BT (Tspice xvrl--Li'\ea'C.r(u-t?ower = O X
Eile Edit Hierarchy View Simulate Tools Window Help

PEETXOQRAYE R ERT IDENESB L LR+ 3 DYV Aa op |
EE LinearCircuitPower & LingarCircuitP ower

[} = | BHE3

10ms 2 30ms 50ms

4 LinearCircuitPower =1
in Pl out
Vi 1k
R2
2.2k
SINE(10 20 60 0 0 30)
.tran 0 100m
.meas AveragePower AVG -I(V1)*V(in)

x = 60.14ms

Fig.1.192 Schematic shown in Fig. 1.191 is run

Press the Ctrl+L (or click the View> SPICE Error Log). The result shown in Fig. 1.193 appears on
the screen. According to Fig. 1.193, the average value of power drawn from the source V1 on the [0,
0.1 s] time interval is 93.7329 mA. The obtained result is the same as the result of previous example.

! BT SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVI\LinearCircuitPower.log X

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc ~
Direct Newton iteration for .op point succeeded.

averagepower: AVG(-i(vl)*v(in))=0.0937329 FROM 0 TO 0.1

Date: Sat Jun 26 19:40:38 2021
Total elapsed time: 0.062 seconds.

tnom = 27

temp = 27

method = modified trap

totiter = 2085

traniter = 2082

tranpoints = 1042

accept = 1042

rejected = 0

matrix size = 3

fillins = 0

solver = Normal

Matrix Compilerl: 50 bytes object code size 0.0/0.0/[0.0]
Matrix Compiler2: 175 bvtes obtect code size 0.0/0.0/10.01 v

Fig. 1.193 Simulation result
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You can use the .meas command to measure the maximum and minimum values as well. For
instance, the commands shown in Fig. 1.194 measure the maximum and minimum values of power
drawn from the input source. Result is shown in Fig. 1.195.

2 R1
in

VAN
1k
Vi
) =
s 2.2k
SINE(10 20 60 0 0 30)
.tran 0 100m

.meas AveragePower AVG -I(V1)*V(in)
.meas MaxPower Max -I(V1)*V(in)
.meas MinPower Min -I(V1)*V(in)

Fig. 1.194 Measurement of maximum and minimum with .meas command

W SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVINLinearCircuitPower.log X

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc -~
Direct Newton iteration for .op point succeeded.

averagepower: AVG(-i(vl)*v(in))=0.0937329 FROM 0 TO 0.1
maxpower: MAX(-i(vl)*v(in))=0.280552 FROM 0 TO 0.1
minpower: MIN(-i(vl)*v(in))=-8.60717e-010 FROM 0 TO 0.1

Date: Sat Jun 26 19:45:10 2021
Total elapsed time: 0.076 seccnds.

tnom = 27

temp = 27

|method = modified trap
totiter = 2085
traniter = 2082
tranpoints = 1042
accept = 1042
rejected = 0
matrix size = 3
fillins = 0
solver = Normal

Fig. 1.195 Simulation result

According to the result obtained in Fig. 1.195, the maximum power drawn from the input source is
280.552 mW and minimum is about zero. Let’s check the result with the aid of cursors. According to
Fig. 1.196 the maximum of power waveform is about 281.25 mW which is a little bit bigger than the
value suggested by .meas command. According to Fig. 1.197 the minimum is 122.9 nW which can be
considered as zero.
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Fig. 1.196 Maximum

of graph is around W LinearCircuitPower X
281.25 mW

Cursor 1

V(in)* (V1)

Horz |  69.445068ms Vert|  281.24948mwW

Cursor2

Horz: | - N/A-- vert | -- N/A--

Diff (Cursor2 - Cursor1)

Horz I -- N/A-- Vert I -- N/A--

Freq; | - N/A- Slope: | - N/A--

Fig. 1.197 Minimum

of graph is around W LinearCircuitPower X
122.93 mW

Cursor 1

V(in)* (V1)

Horz |  63.885849ms Vert|  122.93461nW

Cursor2

Horz: | - N/A-- vert | - N/A--

Diff (Cursor2 - Cursor1)

Horz | - N/A-- - N/A-

Freq; | - N/A-- - N/A--

You can obtain more accurate results by decreasing the time step of simulation. For instance, in
Fig. 1.198 the maximum step size is limited to 100 ns. After running the simulation, the maximum power
becomes 281.249 mW (Fig. 1.199) which is equal to the value we found with the aid of cursors.

Iy Edit Simulation Command ¥

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt

Perform a non-linear, time-domain simulation.

T e

Start external DC supply voltages at0V: []

Stop simulating if steady state is detected: [_]
Don'treset T=0 when steady state is detected

Step the load current source: [ ]

Skip initial operating point solution: [_]

Syntax tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ..]

tran 0 100m 0 100n

Fig. 1.198 Step size of simulation is set to 100 ns
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W SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVIl\LinearCircuitPower.log X
iCircuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc

irect Newton iteration for .op point succeeded.

ragepower: AVG(-i(vl)*wv(in))=0.0937344 FROM 0 TO 0.1
r: MAX(=-i(vl)*v(in))=0.281249 FROM 0 TO 0.1

npower: MIN(-i(vl)*v(in))=4.75646e-011 FROM 0 TO 0.1

te: Wed Jun 30 11:23:01 2021
tal elapsed time: 4.762 seconds.

tnom = 27

temp = 27

|method = modified trap

totiter = 2000037

traniter = 2000034

tranpoints = 1000018

ccept = 1000018

rejected = 0
trix size = 3

fillins = 0

solver = Normal
trix Compilerl: 3 opcodes 0.0/[0.0]/0.0
trix Compiler2: off [0.0]/0.0/0.0

Fig. 1.199 Simulation result

You can calculate the integrals of a waveform with the aid of .meas commands as well. For instance,
the command in Fig. 1.200, calculate the integral of power waveform in the [69 ms, 89 ms] interval
(Fig. 1.201).

Fig. 1.200 Measurement
of energy with .meas
command




98 1 Simulation of Electric Circuits with LTspice®

W SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVIl\LinearCircuitPower.log x

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc
Direct Newton iteration for .op point succeeded.

energy: INTEG(-i(vl)*v(in))=0.00231942 FROM 0.069 TO 0.089

Date: Wed Jun 30 12:04:03 2021
Total elapsed time: 0.046 seconds.

tnom = 27

temp = 27

imethed = modified trap

totiter = 2085

traniter = 2082

tranpoints = 1042

accept = 1042

rejected = 0

|matrix size = 3

fillins = 0

solver = Normal

Matrix Compilerl: 50 bytes object code size 0.1/0.0/[0.0]
Matrix Compiler2: off [0.0]/0.0/0.0

Fig. 1.201 Simulation result

Let’s check the obtained result. The following MATLAB code calculates the integral of power
waveform on the [69 ms, 89 ms] time interval.

format long
f=60;phiO=pi/6;R1=1e3;R2=2.2e3;
syms t

Vin=10+20*sin (2*pi*f*t+phi0) ;
I=Vin/ (R1+R2) ;

pP=Vin*I;
time=linspace(0,0.1,2500);
Energy=eval (int (p, t, 69e-3,89e-3))

Output of the code is shown in Fig. 1.202. Obtained result is the same as Fig. 1.201.
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Command Window

Energy =
0.002319465474245

Jfx >> v

Fig. 1.202 Output of MATLAB code

Peak-Peak values can be calculated with .meas command as well. For instance, the command
shown in Fig. 1.203 calculates the peak-peak of circuit current. According to the result shown in
Fig. 1.204, the peak-peak current is 12.4851 mA.

- R1

in V/\/\ out

ik

) =

SINE(10 20 60 0 0 30)

.tran 0 100m
.meas IPP PP -I(V1)

Fig. 1.203 Measurement of peak-peak with .meas command

[ SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVil\LinearCircuitPower.log x|

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\LinearCircuitPower.asc
Direct Newton iteration for .op point succeeded.

ipp: PP(-i(v1))=0.0124851 FROM 0 TO 0.1

Date: Wed Jun 30 12:12:19 2021
Total elapsed time: 0.061 seconds.

tnom = 27

temp = 27

method = modified trap

totiter = 2085

traniter = 2082

tranpoints = 1042

accept = 1042

rejected = 0

matrix size = 3

fillins = 0

solver = Normal

Matrix Compilerl: 50 bytes object code size 0.0/0.0/[0.0]
Matrix Compiler2: 175 bytes cbject code size 0.0/0.0/[0.0]

Fig. 1.204 Simulation result
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Let’s check the obtained result. The following MATLAB code draws the graph of circuit current.

f=60;phiO=pi/6;R1=1e3;R2=2.2e3;

syms t
Vin=10+20*sin (2*pi*f*t+phi0) ;

I=Vin/ (R1+R2) ;
ezplot(I, [0, 0.1])

Output of this code is shown in Fig. 1.205. You can click on the graph to read the peak values (Fig. 1.206).
According to Fig. 1.207, the peak-peak value is 12.5 mA which is quite close to LTspice result.

Fig. 1.205 Output of —
F
MATLAB code =ik A
File Edit View Insert Tools Desktop Window Help

EEDEEEIDY

<102 sin(7/6 + 120 t 7)/160 + 1/320

107 |
N AN N

001 002 003 004 005 006 007 008 009 0.1

t
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Fig.1t296 Maximum 2 Figure 1 = o %
and minimum of graph
shown in Fig. 1.205 File Edit View Insert Tools Desktop Window Help >
DEEdsA/0E[RE
%1072 sin(w/6 + 120 t 7)/160 + 1/320
101
N i\ \ 3 f
\ f 15 I.“(\ \ .[ \ X0.08614 |
87 | [ f \I J.' \ Y 0.009375 | |
|
N O T A Y B O e
6f | [ | I [ I | ]
Y A U A O | |

2r | [ \ ! E [ | ; 5 | r
of I\ IIIII | | I\ .'I{ l", rJ I\ flf \lh /

|I |[ L', II| | { l', I|I I|I
\/ \JII \/ ﬁ?(ﬂlgt:;szs | 1

| f
V Y; v V J

0.012500000000000

fx >>

Fig. 1.207 Peak-peak of Fig. 1.206 is around 12.5 mA

The help page of .meas command (Fig. 1.208) is the best reference to learn more details about this
command.
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[ UspiceHelp i o X
o e & O
Hide Back Pnnt  Qptions .
f“‘“‘_‘“m“” E‘::':n';' .MEASURE -- Evaluate User-Defined Electrical "
@ in k&mﬂ 4
42 Quantities
[meas
AC-PerformanAC analysis ~ ||| There are two basic different types of .MEASURE
-%_mg;:gm‘;::&fxmwg‘ms°"‘°" statements. Those that refer to a point along the
END ot abscissa (the independent variable plotted along the
ENDS - horizontal axis, i.e., the time axis of a .tran
-g';&?ﬂﬁa;;';fm?m analysis) and .MEASURE statements that refer to a
IC - setinitial conditions range over the absacissa. The first version, those that
-l’]‘&%ﬂf“;mwﬂmrﬂe point to one point on the abscissa, are used to print
jl_mi,\sffea:;"m,iousl“d,edmwmn a data value or gxprgssion thereof at a specific point
MACHINE - Arbitrary State Machine or when a condition is met. The following syntax is
l-.i Evaluate User-Defined E fric Juanbl used:
NET - Compute Network Parameters ina AC Analysis
NODESET - supply hints for initial DC solution Syntax: .MEAS[SURE] [ACI|IDC|OP|TRAN|TF|NOISE] <name>
Pl Iy b biorp g + [<FIND|DERIV|PARAM> <expr>]
.OPTIONS - Set simulator options + [WHEN <expr> | AT=<expr>]]
PARAM - User-defined paramaters == -
el Pl e iy sopebote + [TD=<wvall>] [<RISE|FALL|CROSS>=[<countl>|LAST]]
SAVEBIAS - Save operating point to disk . .
STEP - Parameter sweeps Note one can optionally state the type of analysis to
?gaf,“f“::r:‘r::r:“:::::: which the .MEAS statement applies. This allows you to
TEXT - User-Defined Stings use certain .MEAS statements only for certain analysis
;E;NFh%meOCS:I_nallsignal_lansfﬂlﬁmcion types. The name is required to give the result a
plendtn b et e parameter name that can be used in other .MEAS
WAVE - Wiite selected nodes to a wav file. statements. Below are example .MEAS statements that
A Special functions. i
dg ARibuins refer to a single point along the abscissa:
Adding the Pins
Assisted Mode .MEAS TRAN resl FIND V(out) AT=5m
Antached Cursors
Attribute Visibility :
Automatic Symbol Generation Print the walue of V(out) at t=5ms labeled as
Axis Control resl.
B. Arbitrary behavioral voltage or curent sources.
C. Capacitor
Circuit description. .MEAS TRAN res2 FIND V(out)*I(Vout) WHEN V(x)=3*V(y)
ElfmnEla!'ngnIQuldt Reference v
Display Print the wvalue of the expression V{out)*I(Vout) >
the first time the condition V(x)=3*V(y) is met.

Fig. 1.208 .meas section of LTspice Help

1.14 Example 12: Observing the Waveform

In the previous examples we learned that after running the simulation, holding down the Alt key and clicking
on the component shows the power waveform of the component. In this example, we learn another
way to draw the power waveform of a component. In this example, we will draw the power wave-
forms of the circuit shown in Fig. 1.209. The input voltage of this circuit is
1202 sin (2 X T x60x1t+ 45°) =169.7sin (2 X x60xt+ 45°) . The initial current of the inductor is zero.

R1
AAA—
100
V1
3~ 120Vrms
~ }J60Hz L1
=/ 45° $10mH

Fig. 1.209 Circuit of Example 12
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Draw the schematic shown in Fig. 1.210. The voltage source is used to measure the circuit current.
It measures the current that enter its + terminal. Settings of voltage source V2 is shown in Fig. 1.211.

v2
in [ x|\ R} out
t+ I \/
=y b
Py
I'.\ A _.'l
T SINE(0 169.7 60 0 0 45)

Aran 100m  .ic I(L1)=0

Fig. 1.210 LTspice equivalent of Fig. 1.209

Fig. 1.211 Settings of

voltage source V2 ¥ voltage Source - V2 X
DC value[V]: 0| I
: 5 Cancel
Series Resistance[Q]:
Advanced
Run the simulation (Fig. 1.212).
W L-n'wice XVl - n;;\;E';\'-avefo.rm = (m] X
File View PlotSettings Simulation Tools Window Help
B &) || F RINTEHR®E IoM OHE o)
£ PowerWavelorm £ PowerWaveform
1 PowerWaveform = s

20ms 30ms

R1 Py

10

SINE(0 169.7 60 0 0 45) 200

i% 100m  .icI(L1)=0

x = 324Tms

Fig. 1.212 Simulation is run
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Right click on the black window and click the Add Traces (Fig. 1.213).

Q Zoom to Eit
iﬁ Autorange Y-axis
View 4

&‘M Add Traces
Add Plot Pane

BT Delete this Pane
|7 Sync. Horiz. Axes

Draw »
Edit »
Marching Waveforms »
File »

[~ Float Window

Fig. 1.213 Add Traces permits you to define desired outputs for the simulation

Enter —I(V2)*V(in) to the Expression(s) to add box (Fig. 1.214) and click the OK button. After
clicking the OK button, the graph shown in Fig. 1.215 appears. —I(V2)*V(in) is the instantaneous
power of voltage source V1. You can obtain the instantaneous power graph of voltage source V1 by
entering I(V1)*V(in) to the Expression(s) to add box as well (Fig. 1.216).

Fig.1.214 Add Traces

to Plot window [&¥ Add Traces to Plot X

Only listraces matching

| [ ox ]

Avadsbls dat [#] Asterisks match colons Cancel

V(in)
Viout)
V(n001)
ILT)
I(R1)
Itv1)
IvV2)

time

Expression(s) to add:

-I(V2)"V(in)|

[] AutoRange
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. [ LTspice XVII - PowerWaveform = o X
Eile Edit Hierarchy Yiew 3Simulate Jools Window Heip
PEEHTXHAQAARE | HRF b #H A8 (SR s3xD00 An op

[ € PoweWavelorm |2 PowerWavetom

70ms 80ms 90ms

SINE(0 169.7 60 0 0 45) o

Aran 100m  .ic I(L1)=0

x=90.11ms _y = 0.368KW ) -

Fig. 1.215 Graph of —I(V2)*V(in)

. BT LTspice XVIl - PowerWaveform
Eile Edit Hierarchy Yiew 3Simulate Jools Window Heip
PEEHTXHAQAARE | HRF b #H A8 (SR s3xD00 An op

[ € PoweWavelorm |2 PowerWavetom

90ms

SINE(0 169.7 60 0 0 45) o

Aran 100m  .ic I(L1)=0

x = 5825ms _y = 0.52TKW

Fig.1.216 Graph of I(V1)*V(in)
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Let’s measure the maximum and minimum of the waveform shown in Fig. 1.215. According to
Fig. 1.217, the maximum and minimum are about 86.333 W and —2.603 kW, respectively.

Fig. 1.217 Maximum
and minimum of
waveform shown in
Fig. 1.215

86.333012wW

-2.6030509KW

-2.6893839KW

W PowerWaveform
Cursor 1
V(in)*I(V1)
Horz:|  90.065026ms Vert |
Cursor 2
V(in)*I(v1)
Horz:|  94.211082ms Vert |
Diff (Cursor2 - Cursor1)
| Horz: | 4.1460554ms Vert |
| Freq: [ 241.19311Hz Slope: |

-648661

You can measure the average power by holding down the Ctrl key and click on the —I(V2)*V(in)
(Fig. 1.218). According to Fig. 1.219, the average power is about —1.266 kW.

. B LTspice XVIl - PowerWaveform
Eile Edit Hierarchy Yiew 3Simulate Jools Window Heip
PEEHTXIAQAARE N HRF b0 M A8 (SR s3xD00 An op

£ PowerWavelorn |2 PowerWave

I

T0ms

'( PowerWaveform

=16 s

out

L1
10m

SINE(0 169.7 60 0 0 45)

Aran 100m  .ic I(L1)=0

Fig. 1.218 Graph of —I(V2)*V(in)
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[ waveform: -1(v2)*V(in) X
Interval Start. | 0s |
Interval End: | 100ms |

Average: | -1.2656KW |
Integral: | -126.56J |

Fig. 1.219 Average and integral of —I(V2)*V(in) for interval of [0, 100 ms]

Right click on the —I(V2)*V(in) (Fig. 1.218). Expression editor window appears (Fig. 1.220).
Clear the —I(V2)*V(in) and enter I(V2)*(V(in)-V(out)) and click the OK button (Fig. 1.221). After
clicking the OK button, graph of I(V2)*(V(in)-V(out)) appears on the screen (Fig. 1.222). I(V2)*(V(in)-
V(out)) is the instantaneous power of resistor.

¥ Eexpression Editor X
Defautt Color: | IEEEG—_— - | Attached Cursor: (one) | [ oK |
Enter an algebraic expression to plot Cancel
-Iv2)"V(in)|
Delete this Trace
Fig. 1.220 Expression Editor window
X

Iy Expression Editor
Default Color: | INEG—_— - | Attached Cursor: (one) | [ ok |

Enter an algebraic expression to plot Cancel

1(V2)*(V(in)-V(out))

Delete this Trace

Fig. 1.221 1(V2)*(V(in)-V(out)) is entered to the box
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. [T LTspice XVII - PowerWaveform - o X
File Edit Hierarchy Wiew Simulate Tools Window Help
ME R DX RAAR IR HRE IBDEASB LLTD 3 00D An op |

| E2 PowerWaveform £, PowerWavelorm

80ms 90ms

L1
10m

SINE(0 169.7 60 0 0 45)

-

Atrin100m  .icI(L1)=0

x = 5044ms y = 2593KW

Fig. 1.222 Graph of instantaneous power dissipated in the resistor

Use the same method to see the graph of I(V2)*V(out) (Fig. 1.223). I(V2)*V(out) shows the
instantaneous power of inductor.

. [T LTspice XVII - PowerWaveform - o X
Eile View PlotSettings Simulation Tools Window Help
PEEFFONQQAARRIERR IEM OF o) {

2 PowerWavelorm £ PowerWavetorm

100W
ow
-100W
-200W

20ms -1 80ms 90ms 100ms|

SINE(0 169.7 60 0 0 45) L

Arin100m  .icI(L1)=0

x = 54.16ms _y = 687.30W

Fig. 1.223 Instantaneous power of inductor
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Let’s check the obtained results. The following MATLAB code draws the instantaneous power of
circuit components.

clc
clear all

R1=10;L1=10e-3;f=60;T=1/f;w=2*pi*f;phiO=pi/4;Vm=169.7;
syms 1 (t) VI1(t)

V1=Vm*sin (w*t+phi0) ;

ode=L1*diff (i, t)+R1*i==V1;

cond=1i (0)==0;

iSol (t)=dsolve (ode, cond) ;

pVl=simplify (-Vm*sin (w*t+phi0) *iSol) ;
figure (1)

ezplot(pVvl, [0 0.11])

title('Instantaneous power of AC source')
grid minor

pPRl=simplify (R1*iSol"2);

figure (2)

ezplot (pR1, [0 0.17)

title('Instantaneous power of resistor')
grid minor

VL1=V1-R1*iSol;

pLl=simplify (VL1*iSol);

figure (3)

ezplot(pLl, [0 0.1])

title('Instantaneous power of inductor')
grid minor

o\

Average power 1is calculated in the steady state region of
currennt waveform. t0 must big enough to enter the steady
% state region.

t0=65e-3;

Paverage=eval (1/T*int (V1*iSol, t0, t0+T))

o©

After running the code, the results shown in Figs. 1.224, 1.225, 1.226, and 1.227 are obtained.

Command Window

Paverage =

1.2607e+03

Jx >> |

Fig. 1.224 Average value of power drawn from the source
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Fig. 1.225 Graph of

. & Figure 1 - O X
instantaneous power
drawn from the AC Eile Edit View Insert Tools Desktop Window Help L
source (Min: —2608, DNede @ 08 RE
Max: 86.59) }
Instantaneous power of AC source
0 L

-500 }

-1000 1

-1500 | J

-2500 ]

0 001 002 003 004 005 006 007 008 009 01
t

Fig. 1.226 Graph of

. & Figure 2 - O X
instantaneous power
dissipated in the resistor file Edit View Insert Tools Desktop Window Help »
(Min: 0.0256, Max: NEEdsA0&8 K E
2521) :
Instantaneous power of resistor
2500
2000 - 1
1500 i
1000 A 1
500 i
0 -

0 001 002 003 004 005 006 007 008 009 01
t




1.14 Example 12: Observing the Waveform

m

Fig. 1.227 Graph of
instantaneous power of
inductor (Min: —475.3,
Max: 475.3)

"4 Figure 3 = o
File Edit View Insert Tools Desktop Window Help

EEDEEEIDY

Instantaneous power of inductor

af| | lﬂ

o |

0 001 002 003 004 005 006 007 008 009 01
t

You can use cursors to compare the MATLAB results with LTspice. For instance, according to
MATLAB output (Fig. 1.225), the minimum and maximum of instantaneous power of V1 is —2.608 kW
and 86.59 W, respectively. According to LTspice result shown in Fig. 1.217, the minimum and maxi-
mum of instantaneous power of V1 is —2.603 kW and 86.333 W, respectively. The LTspice results are
quite close to the MATLAB results.

If you decrease the step size of LTspice simulation, the minimum and maximum of LTspice graph
become closer to the MATLAB graph. For instance, if we decrease the maximum step size to 100 ns
(Fig. 1.228), the minimum and maximum of the LTspice graph become —2.608 kW and 86.53 W,

respectively (Fig. 1.229).

Fig. 1.228 Simulation
settings

W Edit Simulation Command

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt

Perform a non-linear, time-domain simulation.

Time to start saving data: 0

Start external DC supply voltages atoVv: [_]

Stop simulating if steady state is detected: [
Don'treset T=0 when steady state is detected:

Step the load current source: [_]

Skip initial operating point solution: [_]

Syntax: _tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ...]

Mran 0 100m 0 100n
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Fig. 1.229 Minimum |
and maximum of the W PowerWaveform X

—I(V2)*V(in) graph s

-1(V2)"V(in)
Horz:|  94.20639ms Vert|  -2.6076683KW
Cursor 2

-1(V2)"V(in)
Horz:|  40.070609ms Vert|  86.52943w
Diff (Cursor2 - Cursor1)
Horz |  -54.135781ms Vert|  2.6941977KW
Freq:|  18.472071Hz Slope: | -49767.4

1.15 Example 13: Calculation of Power Factor

In this example, we want to measure the power factor of previous example. The power factor is
P .
defined as 3’ where P shows the average power and S shows the apparent power. According to

Fig. 1.219, the average power drawn from the source is 1.2656 kW. The apparent power can be calcu-
lated by multiplying the RMS of input voltage source into the RMS of current drawn from it. So, we
need to measure the RMS of input voltage source and the RMS of current drawn from it. Let’s mea-
sure the RMS of input voltage source. In order to do this, run the schematic of Example 12 and draw
the voltage of node “in” (Fig. 1.230).

B¥ (Tspice XVI - PowerWaveform N = (m] X
Eile Edit Hierarchy View Simulate Tools Window Help
PEETXONQRAAYE R EHRT IDENESB L LR £33 DYV Aa op |

E2 PowerWaveform £, PowerWavelorm

SINE(0 169.7 60 0 0 45) 200

.ﬂ% 100m  .icI(L1)=0

x = 28.79ms y = 202.86V

Fig. 1.230 Graph of voltage of node “in”
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13

According to Fig. 1.231, the RMS of voltage of node “in” is 119.88 V.

[T Waveform: V(in) X
Interval Start Os
Interval End: 100ms _
Average: 4.7397m\{ ]
RMS: 119.88V |

Fig. 1.231 Average and RMS values of node “in” voltage for interval of [0, 100 ms]

Draw the graph of current drawn from voltage source V1. According to Fig. 1.232, the RMS of
current drawn from voltage source V1 is 11.27 A (Fig. 1.233).

Bf LTspice XVII - PowerWaveform
| Ele Edit Hierarchy View Simulate Tools Window Help
PEEHTAFOQAAR R HBRE B

E2 PowerWaveform £, PowerWavetorm

HWEB LB I XDYOD

SINE(0 169.7 60 0 0 45)

10

.

JdcI(L1)=0

x=5397Tms y = 20.29A

Fig. 1.232 Graph of current drawn from source V1 (=current enter to the + terminal of V2)

[ Waveform: I(v2) X
Interval Start: Os
Interval End: 100ms _
Average: 55.046mA| ]
RMS: I

11.27A l

Fig. 1.233 Average and RMS values of current drawn from voltage source V1 for [0, 100 ms] interval
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If you want to measure the RMS of current accurately, right click on the time axis and enter
83.333 ms to the Left box (Fig. 1.234) and click OK. Then hold down the Ctrl key and click on the
I(V2). Result is shown in Fig. 1.235. With these settings, only the last cycle of the waveform (i.e.,
[83.333 ms, 100 ms] time interval) is used for calculation of RMS and the transient region of graph
does not enter the calculations.

[ Horizontal Axis X

Quantity Plotted: | time | Eye Diagram
Axis Limits

Left I 83.333ms tick: I 10ms Right 100ms

Fig. 1.234 Horizontal Axis window

[ waveform: 1(v2) X
Interval Start. | 83.333ms |
Interval End: | 100ms |

Average: 150.47pA |
RMS: | 11212A |

Fig. 1.235 Average and RMS values of current drawn from voltage source V1 for [83.333 ms, 100 ms] interval

The power factor is calculated with the aid of commands shown in Fig. 1.236.

Vindow

Command V

>> P=1.2656e3;
>> $=119.88%*11.27

1.3510e+03
>> pf=P/S
pf =

0.9368

fx >>|

Fig. 1.236 MATLAB calculation



1.15 Example 13: Calculation of Power Factor 115

Let’s check the obtained result. The following MATLAB code calculates the power factor of the
circuit.

clc
clear all

R1=10;L1=10e-3;£f=60;T=1/f;w=2*pi*f;phiO=pi/4;Vm=169.7;

syms 1(t) V1(t)

V1=Vm*sin (w*t+phi0) ;
ode=L1*diff (i, t)+R1*i==V1;
cond=1 (0)==0;

iSol (t)=dsolve (ode, cond) ;

o°

value of t0 is arbitrary

however it must be selected

from the steady state region

s of the graph

t0=65e-3;
Paverage=1/T*int (V1*iSol, t0, t0+T) ;
IRMS=sqrt (1/T*int (iSol"2,t, t0, t0+T)) ;
VRMS=sqgrt (1/T*int (V1°2,t, t0, t0+T)) ;
S=IRMS*VRMS;

pf=eval (Paverage/S)

o o©

\o

Output of the code is shown in Fig. 1.237. The obtained result is quite close to the result obtained
in Fig. 1.236.

Command Window @&

pf

0.9357

Jx >>

Fig. 1.237 Output of MATLAB code

Since the circuit is linear, the power factor can be calculated with the aid cos(A¢g) formula. Ag
shows the phase difference between the voltage of the source and the current drawn from it.
Figure 1.238 uses this method to calculate the power factor of the circuit. Result of this method is the
same as Fig. 1.237.
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Command Window
>> R1=10;L1=10e-3; f=60;w=2%pi*f;
>> pf=cos(atan(L1*w/R1))

0.9357

fe >> |

Fig. 1.238 MATLAB code

1.16 Example 14: Thevenin Equivalent Circuit

In this example, we want to find the Thevenin equivalent circuit with respect to the terminals “a” and
“b” for the circuit shown in Fig. 1.239.

Fig. 1.239 Circuit of 2k i a

Example 14 AVAVAY:

Figure 1.239 contains voltage-dependent voltage source and current-dependent current source. The
voltage-dependent voltage source and current-dependent current source can be simulated with the aid
of blocks shown in Figs. 1.240 and 1.241, respectively.
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W Select Component Symbol X

Top Directory:  Ci\Users\farzinasadi\Documents\L TspiceXVIllib\sym v
Voltage dependent voltage source

£ C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches) FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo:
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csSwW ind nmos pnp4
[OpAmps] current ind2 nmos4 polcz|
[Optos] diode 1ISO16750-2 npn res
[PowerProducts] NG S07637-2 npn2 res2
[References] e2 LED npn3 schot
< e ————— >

coc

Fig. 1.240 Voltage-dependent voltage source block
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y Select Component Symbol X
TopDirecmy: |C-'1I| e HB B e T oo “".'Iﬂilfl"m- Vl

Linear current dependent current source

I |
(21 C:\Users\farzinasadi\Documents\L TspiceXVil\lib\sym\
[ADC] [SpecialFunctions] G o> npnd
[Comparators] [Switches] FemteBead load2 pif
[Contrib] bi FeriteBead2 Ipnp pmo:
[DAC] bi2 g Htline pmo:
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csw ind nmos pnp4
[OpAmps] current ind2 nmos4 polcz
[Optos] diode 1S016750-2 npn res
[PowerProducts] e IS07637-2 npn2 res2
[References] e2 LED npn3 schot
S e | >

Fig. 1.241 Linear current-dependent current source block

Draw the schematic shown in Fig. 1.242.

Fig. 1.242 First sketch for circuit shown in Fig. 1.239
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Connect the negative control terminal of E1 to ground. Connect the positive control terminal of E1
to a label with name “a” (Fig. 1.243).

Fig.1.243 Negative control terminal of E1l is connected to ground and positive control terminal is connected to node “a”

Figure 1.244 is equivalent to the circuit shown in Fig. 1.243. You can use Fig. 1.244 if you prefer.

Fig. 1.244 This schematic is equivalent to Fig. 1.243

Right click on the voltage-dependent voltage source E1 and enter 3 to the Value box (Fig. 1.245).
Then click the OK button. After clicking the OK button, the schematic changes to what is shown in
Fig. 1.246. Gain of the voltage-dependent voltage source E1 is shown behind it.
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Fig. 1.245 Value of
voltage gain for
voltage-dependent

voltage source El is Ci\Users\farzinasadi\Documents\L TspiceXVil\iib\symie.asy

shown on the schematic

P component Attribute Editor X

Attribute Value Vis. A
Prefix E

InstName E1 X
SpiceModel

ok == 3 X |
Value2

SpiceLine

Spiceline2 v

Fig. 1.246 Settings of E1 is shown on the schematic

Let’s simulates the current-dependent current source of Fig. 1.239. In order to do this, right click
on the current-dependent current source F1 and enter V2 20 to the Value box (Fig. 1.247). Then click
the OK button. After clicking the OK button, the schematic changes to what is shown in Fig. 1.248.
Note that voltage source V2 is used to determine the current that controls the current-dependent cur-
rent source F1.
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Fig. 1.247 Settings of
current-dependent
current source F1

P component Attribute Editor X
. C\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\fasy

Attribute Value Vis. A
Prefix F
InstName F1 X
SpiceModel
Value2
Spiceline
Spiceline2 v

fiz

Fig. 1.248 Settings of current-dependent current source F1 are shown on the schematic

Add the command shown in Fig. 1.249 to the schematic.

Fig. 1.249 Transient command is added to the schematic
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Run the simulation and measure the voltage of node “a.” According to Fig. 1.250, the open circuit
voltage of node “a” is —5 V. So, the Thevenin voltage is =5 V.

B LTspice XVl - Thevenin
File Edit Hierarchy Wiew Simulate Tools Window Help

PE LA IR I ERE +REALSS LIP3 XDVOD An op |

1, Thevenin |2 Thevenin

10ms 20ms

.tSaZ 100m

x = 61.76ms y = -4.99356V

Fig. 1.250 Simulation result

Add the voltage source V3 to the schematic (Fig. 1.251). The voltage source V3 short circuit the
output of circuit. The ratio of Thevenin voltage to the current pass through V3 gives the Thevenin

resistor.
R1 V2
iy — - 2
Y
Cjﬂ El F1 V3
= R2 B
s : 25 <—>
3 V2 20 0
.t:;az 100m

Fig. 1.251 Measurement of output short circuit current
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Run the simulation and measure the current of voltage source V3. According to Fig. 1.252, the

_5—V=IOOQ-

current of voltage source V3 is —50 mA. So, the Thevenin resistor is
-50mA

B LTspice XVl - Thevenin
Eile Edit Hierarchy View Simulate Tools Window Help
PEE XA R ERT IDENESB L LR £33 DYV Aa op |

E Thevenin £ Thevenin

Q) T @20

V220 1]

tr‘ai 100m

x=44.94ms y = -48.834mA

Fig. 1.252 Simulation result
The Thevenin equivalent circuit of Fig. 1.239 is shown in Fig. 1.253.

100 4

b

O

Fig. 1.253 Thevenin equivalent circuit of studied example (circuit shown in Fig. 1.239)

1.17 Example 15: Current-Dependent Voltage Source

We used current-dependent current source and voltage-dependent voltage source in the previous
example. This example shows how to simulate circuits contain current-dependent voltage sources.
Consider the circuit shown in Fig. 1.254. We want to use LTspice to measure the voltage of node
“out.” From basic circuit theory, we expect the voltage of node “out” to be 10 V.
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-

out

& 3 O™ 2w

Fig. 1.254 Circuit for Example 15

In LTspice, current-dependent voltage sources can be simulated with the aid of block shown in
Fig. 1.255.

W Select Component Symbol X

Top Directory: l&\Usets\fauzhasadﬁDocmeﬂs\LTspioeX\ﬂﬂﬂ:\s‘ym v |

Linear current dependent voltage source

[£1 C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym}

npn4 SOAtherm-HeatSink
pif SOAtherm-PCB
pmos sw
pmos4 tline
pnp TVSdiode
pnp2 varactor
pnp4 voltage
polcap zener
res
res2
schottky
e —— >

Fig. 1.255 Current-dependent voltage source block
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Draw the schematic shown in Fig. 1.256. Settings of current-dependent voltage source H1 is shown
in Fig. 1.257.

Fig. 1.256 LTspice equivalent of Fig. 1.254

Fig. 1.257 Current-
dependent voltage
source settings

P component Attribute Editor X

Ci\Users\farzinasadi\Documents\L TspiceXVilliib\symih.asy

Attribute Value Vis. A
Prefix H

InstName H1 X
SpiceModel

ok === [ ———————————— | %
Value2

Spiceline

Spiceline2 v

co

Run the simulation and draw the voltage of node “out.” According to Fig. 1.258, the voltage of
node “out” is 10 V.
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[ LTspice XVil - Drafts = 0 X
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHDFIQRAUAR IR EREIDERSB LD 3 D00 An op |

EZ Drats 4 Ovats

A Drafts =)
v2
® .
Vi L H1
ar R1 ar R2
QO =, s
5 V220
Jran 100:%

Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe out.

Fig. 1.258 Simulation result

1.18 Example 16:Voltage-Dependent Current Source
In this example, we see how to simulate voltage-dependent current sources in LTspice. Consider the

schematic shown in Fig. 1.259. This circuit contains a voltage-dependent current source. We want to
measure the value of V.. From basic circuit theory, V, + 2V, — 0.3V, =50r V,=1.8518 V.

out

0.3

Fig. 1.259 Circuit for Example 16
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The voltage-dependent current source can be simulated with the aid of block shown in Fig. 1.260.

y Select Component Symbol X

Top Directory: |0:1Usausifauz‘n'asaﬁ00cme’m\LTspieeXVM\sym- e |
Voltage dependent current source

(2] C\Users\farzinasadi\Documents\L T spiceXVINlib\sym\

[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches) FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo:
[DAC] bi2 I i< pmo;
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csSwW ind nmos pnp4
[OpAmps] current ind2 nmos4 polcg|
[Optos] diode ISO16750-2 npn res
[PowerProducts] e I1S07637-2 npn2 res2
[References] e2 LED npn3 schot
< e ————— >

coc o]

Fig. 1.260 Voltage-dependent current source block

Draw the schematic shown in Fig. 1.261. Settings of voltage-dependent current source G1 is shown
in Fig. 1.262.

Fig.1.261 LTspice equivalent for Fig. 1.259
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128
Fig. 1.262 Settings of s N i
voltage-dependent | P Component Attribute Editor X
current source
Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\g.asy
Attribute Value Vis. A
Prefix G
InstName G1 X
SpiceModel
Mihio == | P | ]
Value2
Spiceline
Spiceline2 :
Cancel

Run the simulation. According to Fig. 1.263, the voltage difference between nodes “a” and “b” is
1.8518 V.

_@' LTspice xv:u-._avanﬁ — _ D X
Eile Edit Hierarchy Wiew Simulate Tools Window Help

DEEFFORARR R SRY SDANEE LD +3 IDDODC i
£ Orats 4 Dratt
: === |

50ms

%= 84.54ms y = 1.854270V

Fig. 1.263 Simulation result
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1.19 Example 17:Three-Phase Circuits

Three-phase circuits can be simulated in LTspice easily. A delta connected three-phase source with
frequency of 60 Hz and line-line voltage of 120 V is simulated in Fig. 1.264. You need to put small
resistors in series with the sources for convergence issues. If you try to simulate the schematic shown
in Fig. 1.265, the error message shown in Fig. 1.266 appears.

The schematic shown in Fig. 1.267 generated no error as well. However, it is not balanced. So, it
is recommended to use the schematic shown in Fig. 1.264.

Fig. 1.264 Delta connected three-phase source

Fig. 1.265 Connection of three sources without any internal resistances leads to an error
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Fig. 1.266 Error K
message for connection LTspice XVII X
shown in Fig. 1.265

Voltage source V2 is in a loop involving voltage source V3 and other
voltage sources and/or inductors making an over-defined circuit matrix.

You will need to correct the dircuit or add some series resistance.

Fig. 1.267 Unbalanced delta connected three-phase source

You can put some resistors (or resistor-inductor) in series with the phases to simulate the internal
impedance of the source (Fig. 1.268).
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Fig. 1.268 Delta connected three-phase source with internal resistances

Settings of V1, V2 and V3 are shown in Figs. 1.269, 1.270, and 1.271.

[ Independent Voltage Source - V1
Functions
O (none)
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
@ SINE(Voffset Vamp Freq Td Theta PhiNcycles)
(OEXP(V1V2Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fear MDI Fsig)
OPWL{ vIRv2.)
Opwire
DC offset{V]: 0
Amplitude[V]: | 1697
Freq[Hz]: 60
Tdelay[s]: 0
Theta[1/s}: 0
Phifdeg): | -120
Neycles:
| Addiional PWLPoinss
Make this information visible on schematic:

DC Value

Make this information visible on schematic: ||

Small signal AC analysis(.AC)
[T —
R

Make this information visible on schematic:
Parasitic Properties

Series Resistance[Q]:

Parallel Capacitance[F]:

Make this information visible on schematic: [/]

Fig. 1.269 Settings of source V1
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[ Independent Voltage Source - V2
Functions
(O (none)
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)

(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)
QOPWLtIvizv2.)

(OPWLFILE: Browse

DC offset{V]: 0

Amplitude[V]: 169.7
Freq[Hz]: 60
Tdelay[s]: 0
Theta[1/s]: 0

Phi[deg]: 120

Neycles:

Additional PWL Points

Make this information visible on schematic:

X
DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpide: | |
AC Phase: :|

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]: [:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 1.270 Settings of source V2

[ Independent Voltage Source - V3
Functions
(O (none)
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)

(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)
QOPWLtIvizv2.)

(OPWLFILE: Browse
DC offset{V]: 0
Amplitude[V]: 169.7
Freq[Hz]: 60
Tdelay[s]: 0
Theta[1/s]: 0
Phi[deg]: 0
Neycles:

Additional PWL Points

Make this information visible on schematic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpide: | |
AC Phase: :|

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]: [:

Parallel Capacitance[F]:
Make this information visible on schematic:

Fig.1.271 Settings of source V3
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A'Y connected three-phase source with line-line voltage of 207.8 V and frequency of 60 Hz is
simulated in Fig. 1.272. Settings of the V1, V2, and V3 are shown in Figs. 1.269, 1.270, and 1.271,
respectively.

Fig. 1.272 Y connected three-phase source

Let’s study an example. Consider the schematic shown in Fig. 1.273.

Fig. 1.273 Sample simulation

Run the simulation. After simulation is done, hold down the Alt key and click on the resistor R1.
This draws the instantaneous power of resistor R1 for you (Fig. 1.274). Note that that the frequency
of instantaneous power is 120 Hz which is two times the frequency of input AC source. In other
words, the period of instantaneous power is 8.333 ms. Hold down the Ctrl key and click on the
V(phaseA,NOO1)*I(R1) to measure the average power of resistor R1. According to Fig. 1.275, the
average power of resistor R1 is 97.271 W.
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B¥ (Tspice XVI - ThreePhaseWye - 0 X |

Elle Edit Hierarchy View Simulate Tools Window Help

PEEFAFIRAARIR HBRE IBDEANSB TR ¥xDVO0D An 2p

E2 ThreePhaseWye + ThreePhaseWye

50ms

Vi v2 v3 10 100m é7
NE(0 169.7 60 0 0 -120) SINE(0 169.7 60 0 0 0) SINE(0 169.7 60 0 0 120) i =
phasec———/N\/—— 0 1 -
Jdc1(L1)=0 {L,v 1 1o
ran 100m :: Eg;:g

%= 67.52ms y = 265.71W

Fig. 1.274 Simulation result

[ Waveform: V(phaseANO001)*I(R1) %
Interval Start. | Os
Interval End: 100ms
Average: 97271MW
Integral: 9.7271J '

Fig. 1.275 Average value and integral of V(phaseA,NOO1)*I(R1) for [0, 100 ms] interval

If you want to measure the average power accurately, you need not to allow the transient region
affect the calculations. Let’s use the last cycle of the waveform for calculation of average power. Right
click on the time axis and change the Left box to 91.667 ms and click the OK button (Fig. 1.276). The
[91.667 ms, 100 ms] portion of the waveform appears on the screen (Fig. 1.277). Hold down the Ctrl
key and click on the V(phaseA,NOO1)*I(R1). This calculates the average power on the [91.667 ms,
100 ms] time interval. According to the result shown in Fig. 1.278, the average power is 94.411 W.
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E" Horizontal Axis X
Quantity Plotted: | time Eye Diagram
Axis Limits
Left 91.667ms tick: 8.333ms Right 100ms

[] Logarithmic Cancel

Fig. 1.276 Horizontal Axis window

. [ LTspice XVl - ThreePhaseWye
Eile View PlotSettings Simulation Jools Window Help
MEEHTFIHAQAREIERR 208 OS5 2]

£, ThreePhaseWye EZ ThreePhaseWye

z 5 | 53

R1 L1

bR ——— A== O ———
10 100m
R2 L2

phaseB———/\"—— 0§ ——

Vi V2 v3 10 100m V4
'SINE(D 169.7 60 0 0 -120) SINE(0 169.7 60 0 0 0) SINE(D 169.7 60 0 0 120) R3 3
phasec———/\"—— 0§ ———— -
i = 10 100m
JAran 100m ¢ ;ESLS é
Jc 1{L3)=0
x = 97.00130ms  y = 280.23W
Fig. 1.277 Output waveform for [91.667 ms, 100 ms] interval
[ Waveform: V(phaseANO001)*I(R1) X
Interval Start 91.667ms
Interval End: | 100ms
Average: 94.411W] ]
r N
Integral: 786.73mJ |

Fig. 1.278 Average value and integral of V(phaseA,N0O1)*I(R1) for [91.667 ms, 100 ms] interval
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Let’s check the obtained results and see which one is more accurate. The following MATLAB code
calculates the average power of the circuit.

clc

clear all
R1=10;L1=100e-3;f=60;T=1/f;w=2*pi*f;Vm=169.7;
syms 1l (t) V1(t)

V1=Vm*sin (w*t-2*pi/3);
odel=L1*diff (i1, t)+R1*11==V1;

cond=11 (0)==0;

iPhaseA (t)=dsolve (odel, cond) ;

p=V1*iPhaseAl;

t0 must be big enough to use the steady state
% region of current waveform for average power
% calculation

t0=300e-3;

Paverage=eval (1/T*int (p, t0, t0+T))

oo

After running the code, the result shown in Fig. 1.279 is obtained. So, the measurement which
ignores the transient region is more accurate.

Paverage

94.6544

fx >

Fig. 1.279 Output of MATLAB code

Let’s measure the current in the neutral wire. It changes the schematic to what is shown in
Fig. 1.280.

Fig. 1.280 Measurement of current in neutral line
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Run the simulation and click on the voltage source V4 to see its current. The current of voltage
source V4 is shown in Fig. 1.281. Its maximum is about 120 x 107> A. So, we can deduce that the
current in the neutral wire is zero. This is expected since the load is balanced.

WLTsDiceXVII--ThreePnaseWye ) - ] % |
Eile Edit Hierarchy View Simulate Tools Window Help

PeETFEQAR KR EBE (DN OS L SBD L+ 3 TOVOD e op |
E2 ThreePhaseWye + ThreePhaseWye

B ==

120fA
1001A-
80fA

GOfA

4 ThreePhaseWye = E .
R1 L
phasen———— AN 1) ————
10 100m
R2 L2
vi V2 V3 10 100m Vi
INE(0 169.7 60 0 0 -120) SINE(0 169.7 60 0 0 0) SINE(D 169.7 60 0 0 120) o s
phasec———N\A— ) ——— :
JcI(L1)=0 10 100m
tran 500m . I{L2)=0
A I{L3)=0

x = 357.21ms_y = 131.431A

Fig. 1.281 Simulation result

1.20 Example 18:.step Command

In this example, we want to find the value of resistor Rload (Fig. 1.282) which consumes the maxi-
mum power.

R1 L1

e st

m” 100mH

V1

120Vrms Rload
60Hz

00

Fig. 1.282 Circuit for Example 18
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Let’s solve this problem with MATLAB. The following MATLAB code draws the graph of average
resistor power as a function of resistor value.

syms Rload

R=10;L=100e-3; f=60;,w=2*pi*f;
XL=j*L*w;
I=120*exp (3J*0) / (R+Rload+XL) ;
P=Rload*abs (I)"2;
ezplot (P, [10 80])

Output of the above code is shown in Fig. 1.283. Zoom in the curve to measure the maximum.
According to Fig. 1.284 the maximum occurred at 39 Q.

Fig.1.283 Output of

= -
MATLAB code &l Figure 1 =

Eile Edit View Insert Tools Desktop Window Help i
=LY
(14400 Rioad)/abs(Rload + 7 12i + 10)?

150

T

140 i

130 b /

120 - /

100 |

10 20 30 40 50 60 70 80
Rload




1.20 Example 18:.step Command 139

Fig. 1.284 Maximum

Fi 1 e B X
occurs at around 39 Q 8l Figure

File Edit View Insert Tools Desktop Window Help ~
NDade 3|08 rE

(14400 Rioad)/abs(Rioad + = 1., 4 goead

146.930205

X39
Y 146.9

146.9302

146.930195

146.93019

146.930185

146.93018

38.98 38.985 38.99 38.995 39 39.005 39.01 39.015 39.02 39.025
Rload

Let’s solve this problem with LTspice. Draw the schematic shown in Fig. 1.285. The .step com-
mand changes the value of variable Rload from 10 Q to 80 Q with 5 Q steps.

Fig. 1.285 Value of resistor R2 changes from 10 Q to 80 Q with 5 Q steps

Run the simulation (Fig. 1.286).
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. W LTspice XVl - OptimLoad 22 o b4 |
Eile View PlotSettings Simulation Jools Window Help
| TS e — & OS5 2
£ OptmLoad K2 OptimLoad
= | &

t; OptimLoad

| £

R1 L1

out

10 100m

vi

O

SINE(0 169.7 60 0 0 0)

%p param Rload 10 80 0.1
.tran 100m

[Run: 201/701]

Fig. 1.286 Simulation is run

Hold down the Alt key and click on the resistor R2. The result shown in Fig. 1.287 appears.

. B¥ (Tspice XVil - OptimLoad - ] X
Eile View PlotSettings Simulation Tools Window Help

PERTEOQAQAR RIIERT IDEH OB )

2 Opsmload . OptimLoad '

15 optimLoad = [ =

80ms

.step param Rload 10 80 5
.tran 100m

x = 7342ms y = 356.19W

Fig. 1.287 Simulation result
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Maximize the graph window (Fig. 1.288).

BT LTspice XVl - [OptimLoad]
I:;-;Eiie View Plot Settings Simulation Tools Window Help

PEEHTFOAQAR BIEHRR I BDEMH OHS )

2 OpsmLoad  OptimLoad

270W

60W—

= 84.97Tms y = 340.03W

Fig. 1.288 Output window is maximized

Zoom into the steady-state region (Fig. 1.289).

[ [F LTspice Vil - [OptimLoad]
|EZ File iew Piot Settings Simulation Tools Window Help

PEHTFIAQAR BEOERE s+ HOHS ©

| & OptimLoad £ Opsmioad

3 90ms
x = 9226ms y = 304.56W

Fig. 1.289 Steady-state region of result
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Click on the V(out)*I(R2). This activates the cursor. Use the mouse pointer to put the cursor in the
time instant that maximum occurs. Now press the keyboard up and down arrow keys to move the hori-
zontal line to the maximum (Fig. 1.290).

B (Tspice XVIl - [OptimLoad] - (m] X
Ha-n File View PlotSettings Simulation Jools Window Help
PEE XK RIERE IDEMN O )

2 OpsmLoad { OptimLoad

120W

GOW

it3 90ms

% =97.95ms y = 305.93W

Fig. 1.290 A cursor is added to the output screen

Right click on the cursor. This shows the value of Rload which is associated with the current loca-
tion of the cursor. Since we put the cursor at maximum of the graph, the shown value is the resistor
value which consumes the maximum power. According to Fig. 1.291, the resistor which consumes
maximum power is 40 Q.

Cursor Step Information X

o Cursor 1: Rload=40 (Run: 7/15)

OK

Fig. 1.291 Rload = 40 Q consumes the maximum power
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You can calculate the value of load resistor which consumes the maximum power with higher

accuracy by decreasing the increase in the load resistor. The schematic shown in Fig. 1.292 increase
the Rload from 10 Q to 80 Q with 0.5 Q steps.

R1 L1

IRRT 100th
(") R2

T SINE(0 169.7 60 0 0 0) {Rload}

<7

.step param Rload 10 80 0.5
.tran 100m

Fig. 1.292 Value of resistor R2 changes from 10 Q to 80 Q with 0.5 Q steps

Run the simulation. Hold down the Alt key and click on the Rload. The graph shown in Fig. 1.293
appears.

B¥ (Tspice XVil - OptimLoad
Elle Edit Hierarchy View Simulate Jools Window Help

P& HT A0 QAARE ERE IRCNOH LB 43 TODO0 An o

k2 Opsmload 4 OptimLoad

40ms 50ms 60ms

4 OptimLoad

.step param Rload 10 80 0.5
.tran 100m

k= T7.55ms y = 354.88W

Fig. 1.293 Simulation result
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Zoom into the steady-state region of the graph and use the aforementioned method to find the
maximum of the graph (Fig. 1.294). According to Fig. 1.295, the load resistor which consumes the
maximum power is 39 Q.

?-L-Y-spice XV - f.Onl-r.r!i.&ac-:j - (m] .X
Ha-n File View PlotSettings Simulation Jools Window Help
PEE XK ROERE IDEMN OE )

2 OpsmLoad < OptimLoad

97. ] 97.1ms
x=97.822ms y= 204.641W

Fig. 1.294 A cursor is used to find the maximum of graph

Cursor Step Information X

o Cursor 1: Rload=39 (Run: 59/141)

Fig. 1.295 Rload = 39 Q consumes the maximum power
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1.21 Example 19: Coupled Inductors

The circuits which contain coupled inductors can be simulated easily in LTspice. As an example, let’s

simulate the circuit shown in Fig. 1.296. Vin is a step voltage and M is the mutual inductance between
M 09m 0.8581

L1 and L2. The coupling coefficient between the two coils is k = =
JLL, /lmxl.Im

| Ti
L1 M=09mH |,

“/-‘—‘-\“ E
L1 L2
1mH 1.1mH

T

Fig. 1.296 Circuit for Example 19

From basic circuit theory,

di di
L (;LI_M ’Lzzvm()
{ t dt
Ri, +L, d;Ltz - dﬁ’; =0

Take the Laplace transform of both side:

5 M

O e ]

So,

ACE,
, SO
(115 +10000)x 10000
1,,(s) 5% x(29s +100000)
{Iw (s)} ) 90000
5(29s +100000)

You can use the following MATLAB commands to see the time domain graph of /;; and I, . Output
of the code is shown in Figs. 1.297 and 1.298.

s=tf('s'");
I1=(11*s+10000)*10000/s/(29*s+100000) ;
I2=90000/(29*s+100000) ;

figure (1)
step(I1,[0:0.06/100:0.06]),grid on
figure (2)

step(I2), grid on



146 1 Simulation of Electric Circuits with LTspice®

Fig. 1.297 Output of

MATLAB code i Figure 1 = B =

Eile Edit View Insert Tools Desktop Window Help =]

Neds AR RE

Step Response
70 . . - - -
60 -
50 -
St
2
E’ 30
2
10 1
0 | | | | i
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (seconds)
Fig. 1.298 Output of P =
MATLAB code i Figure 2 kS
Eile Edit View Insert Tools Desktop Window Help Ll
Nade @ 0B KE
Step Response

0 0.5 1 1.5 2 25 3
Time (seconds) %1073

Let’s solve this problem with LTspice. Draw the schematic shown in Fig. 1.299. V2 and V3 are
used to measure the current /;; and I;,, respectively.
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Fig. 1.299 Uncompleted LTspice schematic

Right click on the L1 and L2 and do the settings similar to Figs. 1.300 and 1.301 and click the OK
button.

[ Inductor - L1 X

Manufacturer: ===
PartNumber. -

| Selectinductor |
‘Sthhase Dot[v]

Inductor Properties
Peak Current[A]: [:l
SeriesResistance(Q):| |
Parallel Resistance[Q): | |
Parallel Capacitance[F]: [:’

(Series resistance defaults to TmQ)
Fig. 1.300 Inductor L1 properties

[ Inductor - L2 X

Manufacturer: -
m [ox ]
Cancel

»Show Phase Dot[v]
Inductor Properties

O
S
SeriesResistance(Q) | |
Parallel Resistance(@): | |
ParallelCapacitancelF. | |

(Series resistance defaults to TmQ)

Fig. 1.301 Inductor L2 properties
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Now the schematic changes to what is shown in Fig. 1.302.

Fig. 1.302 Values of inductors are shown on the schematic

Click on the Drag icon (Fig. 1.303). After clicking the Drag icon, click on the L1 and use Ctrl+R
and Ctrl+E to rotate the L1 (Fig. 1.304).

¥
B E

Fig. 1.303 Drag icon

Fig.1.304 L1 is rotated

Use the same technique to rotate the inductor L2 (Fig. 1.305).

Fig. 1.305 L2 is rotated
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Use the drag icon to move the labels to the sides of the inductors (Fig. 1.306).

Fig. 1.306 Inductor labels are placed in desired places

Connect the inductor L1 and L2 to the circuit (Fig. 1.307).

Fig. 1.307 Inductors are connected to the rest of circuit

Right click on V1 and enter its DC value (Fig. 1.308). Click the Advanced button and change the
settings to what is shown in Fig. 1.309. Then click the OK button. After clicking the OK button, the
schematic changes to what is shown in Fig. 1.310.

Fig. 1.308 Settings of

voltage source V1 [ voltage Source - V1 X
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[ Independent Voltage Source - V1
Functions

@ (none)
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2)
(O SFFM(Voff Vamp Fcar MDI Fsig)
OPwLtIviRv2.)

Make this information visible on schematic: []

OPWLFILE:  Browse

DC Value

S ——

Make this information visible on schematic: [/]

Small signal AC analysis(.AC)
Y —
R

Make this information visible on schematic:

Parasitic Properties
» Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic: [»/]

Te-6

Cancel ||

Fig. 1.309 Advanced settings of voltage source V1

Fig. 1.310 DC source V1 has voltage of 1 V and series resistance of 1 pQ

Note that you need to put a small resistor between the voltage source and inductor. Otherwise the
error message shown in Fig. 1.311 appears and you cannot simulate the circuit. To avoid this error, the

Series Resistance[€2] box is filled with 1e-6 which means 1 p€ (Fig. 1.309).
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Fig. 1.311 Generated ]
error message LTspice XVII X

Voltage source V2 is in a loop involving inductor L1 and other
voltage sources and/or inductors making an over-defined circuit matrix.

You will need to correct the circuit or add some series resistance.

OK

Click the SPICE Directive icon (Fig. 1.312) and enter the commands shown in Fig. 1.313 and click
the OK button. The schematic changes to what is shown in Fig. 1.314. The k1 L1 L2 0.8581 line sets
the coupling between L1 and L2 to 0.8581. the .ic I(L1)=0 and .ic I(L2)=0 lines set the initial current
of inductors to 0 A.

C EmE 3 Aa 9P |
| SPICE Directive

Fig.1.312 SPICE Directive

[ Edit Text on the Schematic: X

How to netlist this text Justification Font Size

(O Comment Left v| | 15(defauly v

C |
(@ SPICE directive [Jvertical Text =

k1L1120.8581
icliL1)=0
icl(L2)=0

Type Ctrl-M to start a new line.

Fig. 1.313 Defining the magnetic coupling between the inductors
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Fig. 1.314 LTspice equivalent of Fig. 1.296

Click the Run icon and set up a transient simulation with Stop time of 100 ms (Fig. 1.315). The
schematic changes to what is shown in Fig. 1.316.

Fig.1.315 Simulation

Settings [ Edit Simulation Command X

Transient ACAnalysis DCsweep Noise DC Transfer DCoppnt
Perform a non-linear, time-domain simulation.

Stop time: | 100m |

Time to start saving data: | |

Maximum Timestep: | |
Start external DC supply voltages atov: []
Stop simulating if steady state is detected: []
Don'treset T=0 when steady state is detected: | |
Step the load current source: []
Skip initial operating point solution: [_]

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

I.t'an 100m

Fig. 1.316 Simulation command is added to the schematic
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The schematic is ready for simulation. Click the Run button and draw the current of voltage source
V2 and V3. Result is shown in Figs. 1.317 and 1.318. You can use cursors to ensure that the obtained
results are the same as the MATLAB result.

10ms

Fig. 1.318 Graph of [(V3)
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1.22 Example 20: Step Response of Circuits

In this example, we want to simulate the step response of a simple RLC circuit with zero initial condi-
tions. Draw the schematic shown in Fig. 1.319.

Fig. 1.319 Schematic for Example 20

Right click on the voltage source V1 and click the Advanced button (Fig. 1.320). Then change the
settings to what is shown in Fig. 1.321. Settings shown in Fig. 1.321 generate the waveform shown in
Fig. 1.322. After clicking the OK button in Fig. 1.321, the schematic changes to what is shown in
Fig. 1.323.

Fig. 1.320 Settings for
voltage source V1 W Voltage Source - V1 X
.
Series Resistance[Q]: | |
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¥ Independent Voltage Source - V1 X
Functions DC Value
O(none) DCwvalue

(OEXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
@PWL{TvI2v2.)

OPWLFILE:

(O PULSE(V1V2 Tdelay Trise Tfall Ton Period Neycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

time1[s]:

valuel[V]:

time2[s};

10n

value2[V]:

time3[s]:

m

value3[V]:

timed[s):

valued[V];

Additional PWL Points |

Make this information visible on schematic:

Make this information visible on schematic: ||

Small signal AC analysis(.AC)
AcAmpige |
acprese |

Make this information visible on schematic:
Parasitic Properties

Series Resistance[Q]:

Parallel Capacitance[F]:

Make this information visible on schematic:

Cancel | oK

Fig. 1.321 Advanced settings for voltage source V1

10mn

3 4

Im t

Fig. 1.322 Waveform generated with settings shown in Fig. 1.321

Fig. 1.323 Settings of voltage source V1 are shown on the schematic
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Run the simulation. Voltage of node “out” and inductor current are shown in Figs. 1.324 and 1.325,
respectively.

[ LTspice XVIl - StepResponse = o X

Eile Edit Hjerarchy View Simulate Jools Window Help
PEEHFTFIRQAACRE EHRF +2E#MH OSSR F3XxDVODC An op

2 StepResponse 4, StepResponse

50us 100ps

4, StepResponse =0

R1 L1

out

PWL(0010n11m 1)

Jtran 0.5m

x=20233ps _y = 1.506V
Fig. 1.324 Graph of V(out)

[ LTspice XVil - StepResponse = o w
Eile Edit Hjerarchy Yiew 3Simulate Jools Window Help
MEETFHIQRAQAR R ERT i i A8 D3 xDOHO Aa op

€ SwpResponse | SwpResponse

100ps

:El-l
PWL(0 0 10n 1 1m 1)

.tran 0.5m

Fig. 1.325 Graph of I(L1)
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Let’s check the results. The transfer function of the circuit can be written
1
Ve (s Cs 1
as — ( ) = ' = 3 . The commands shown in Fig. 1.326 draws the step
LCs"+RCis+1

v (S) R, +Lls+L
Cs
response of this transfer function. Output of these commands are shown in Fig. 1.327. The result is the

same as the LTspice result.

Fig. 1.326 MATLAB .
C(')?nmands Command Window
>> R1=2;L1=50e-6;Cl=5e-6;
>> H=tf([1], [L1*C1l R1*C1l 1]):
>> step(H,0.5e-3)
Jx >>
Fig. 1.327 Output of — —
MATLAB commands #i Figure 1 - -
Eile Edit View Insert Tools Desktop Window Help > |
EE DY
Step Response
1.4 : .
=t |\
1 IJI I"‘I\ /"--"“H._____ Tl — I i
; N
gosl |
g |
o II
So6f |
0.4 ,'I
02}
0 / 1 1 i i
0 1 2 3 4 5
Time (seconds) <10
1, (s) 1 C,s
= = 3 .The
LCs +RCis+1

The transfer function of the circuit can be written as
1 (s) R +Ls+—
Cs

1

commands shown in Fig. 1.328 draws the step response of this transfer function. Output of these com-
mands are shown in Fig. 1.329. The result is the same as the LTspice result.
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Command Window

>> R1=2;L1=50e-6;Cl=5e-6;
>> H=tf([C1l 0], [L1*Cl R1*Cl 1]):
>> step(H,0.5e-3)

S>> |

Fig. 1.328 MATLAB commands

Fig. 1.329 Output of

MATLAB commands $i Figure 1

o b4
File Edit View Insert Tools Desktop Window Help

Dede (@ 08 R [E

Step Response
0.25 - -

0.2} !"'\

015 |

Amplitude

/
-0.05 \

-0.1

2 3 5
Time (seconds) <107

Now, right click on the voltage source V1 in Fig. 1.323 and change the settings to what is shown in

Fig. 1.330. These settings generate the voltage waveform shown in Fig. 1.331. After clicking the OK
button in Fig. 1.330, the schematic changes to what is shown in Fig. 1.332.
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¥ independent Voltage Source - V1 X
Functions DC Value
O {none) DCwvalue:
O PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles) Make this information visible on schematic: -
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)
(O SFEM(Voff Vamp Fear MDI Fig) ACAmpiude: | |
@PWLH VIRV2.) ACPhase:| |
OPWLFILE: Make this information visible on schematic:
Parasitic Properties
time1[s]: 0 Series Resistance[Q]:
value1[V]: 1 Parallel Capacitance[F]:
ime2[s}: = Make this information visible on schematic:
value2[V]: 1
time3[s]:
value3[V]:
time4[s]:
value4[V]:
Additional PWL Points
Make this information visible on schematic: [~] Cancel | | 0K |

Fig. 1.330 New settings of voltage source V1

VA
1

Fig. 1.331 Waveform generated with settings shown in Fig. 1.330

1m

>
t

Fig. 1.332 Settings of voltage source V1 are shown on the schematic
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Run the simulation and draw the voltage of node “out.” The result shown in Fig. 1.333 appears
which is not what we expected. Let’s find the reason.

| W LTspice X\"il.:;[ea!\‘es:o'a—se T _ B - o » |
| Eile Edit Hijerarchy Yiew Simulate Tools Window Help
PEE XA AR BB IBDEHSE LD =3 ZXDHDOD Aa 9p

I StepResponse 1 StepResponse

150ps 200ps 250ps 300ps

C septespense =0
R1 L1

out

PWL(011m1)

.tran 0.5m

x = 270.32ps vy = 1.000947V

Fig. 1.333 Graph of V(out)

LTspice uses the result of operating point analysis to determine the initial condition of the circuit
when no initial conditions are determined in the schematic. So, although we didn’t wrote any .op com-
mand in the schematic, the .op command is run by LTspice and its results are used to determine the
starting point of .trans command.

The waveform shown in Fig. 1.322 is zero at t = 0. Figure 1.334 shows the steady-state DC equiva-
lent circuit of schematic shown in Fig. 1.323. According to Fig. 1.334, voltage of node “out” is zero
and current of inductor is zero at t = 0. So, the transient analysis starts from zero initial conditions.

out

Fig. 1.334 Steady-state DC equivalent circuit of Fig. 1.323
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The waveform shown in Fig. 1.331 is one at t = 0. Figure 1.335 shows the steady-state DC equiva-
lent circuit of schematic shown in Fig. 1.332. According to Fig. 1.335, voltage of node “out” is one and
current of inductor is zero at t = 0. So, the transient analysis starts from none zero initial conditions. You
can force the simulation to start from zero initial conditions with the aid of .ic command (Fig. 1.336).

Fig. 1.335 Steady-state DC equivalent circuit of Fig. 1.332

Fig. 1.336 Simulation starts from zero initial conditions

After running the schematic shown in Fig. 1.336, the results shown in Figs. 1.337 and 1.338 are
obtained. These are the expected results.
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. BT LTspice XVII - StepResponse
Eile Edit Hierarchy Yiew 3Simulate Jools Window Heip
PEMETFHRAAK ERIEaE tBREA S8 D3 xDP0D Aa op

k2 StepResponse 4, StepResponse

400us 450ps

'( StepResponse = .= E
R1 L1

PWL(011m 1)

-ic V(out)=0
.tran 0.5m LicI(L1)=0

x = 33009us y= 1501V

Fig. 1.337 Graph of V(out)

BT LTspice XVII - StepResponse
Eile Edit Hierarchy Yiew 3imulate Jools Window Heip
PEMETFOHRAAK ERIEaE tBREA S8 D3 xDP0D Aa op

[ StepResponse 1, StepResponse

E0mA

30mA

OmA
-30mA-

-60mA

-90mA
Ops

4, StepResponse || o(E) E

PWL(011m 1)

.ic V(out)=0
.tran 0.5m LicI(L1)=0

x = 231.38us y = 228.18mA

Fig. 1.338 Graph of I(L1)
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1.23 Example 21: Impulse Response of the Circuit

In this example, we want to see the impulse response of the RLC circuit of previous example. Change
the schematic of previous example to what is shown in Fig. 1.339. Settings of voltage source V1 are
shown in Fig. 1.340. These settings generate the voltage waveform shown in Fig. 1.341. Integral of
the waveform shown in Fig. 1.341 is 1, and it is short enough to simulate the impulse input.

You can apply a pulse with smaller amplitude to the circuit as well. For instance, you can apply the
pulse shown in Fig. 1.342 to the circuit and multiply the output response by 107 to obtain the unit
impulse response of the circuit.

R1 L1
out
QO
2 50p
=Y c1
& i
PWL(0 0 10n 1e8 20n 0)
N
tv 0.5 .ic V(out)=0
Al Ve NicI(11)=0
Fig. 1.339 Schematic of Example 21
[ Independent Voltage Source - V1 X
Functions DC Value

(O (none)
(O PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles)

(O SINE(Voffset Vamp Freq Td Theta Phi Neycles)

Make this information visible on schematic

OEXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(AC)

(O) SFFM(Voff Vamp Fcar MDI Fsig) AC Amplitude:
@PWL(tviv2.) AC Phase:

O PWLFILE: R Make this information visible on schematic:

Parasitic Properties

time1[s]: 0 Series Resistance[Q]: !—1
value [V} Parallel Capacitance[F]: |—‘

Make this information visible on schematic:

H

o

time2[s]: 10n
value2[V]: II

time3[s]: 20n
value3[V]: Ii

imedisk [ |
valued[V]):

Additional PWL Points

Make this information visible on schematic: Cancel

Fig. 1.340 Settings of voltage source V1
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~
1 T e
10 ns 20 ns
Fig. 1.341 Waveform generated with settings shown in Fig. 1.340
N
10+
e 83
T I -
10 ns 20 ns

Fig. 1.342 The circuit can be stimulated with a smaller pulse

Run the simulation and draw the voltage of node “out.” The result is shown in Fig. 1.343.
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[T LTspice XVil - ImpulseResponse i o X
Eile Edit Hierarchy View Simulate Tools Window Help
PMERSAFHNAQAAAR R HBE IDEN OSB3 ¥xDO0D Aa 2P

1 ImpulseResp 2 ImpuiseResp

150ps 200us 400ps

R1 L1

out

vi c1

Sp
PWL(0 0 10n 1e8 20n 0) ];

.ic V(out)=0
.tran 0.5m e I(‘l?l)io

x = 183.68ps  y = 39.27KV

Fig. 1.343 Graph of V(out)

Let’s check the result. The MATLAB code shown in Fig. 1.344 draws the impulse response of the
1
V. (s Cs
circuit (—2 ( ) = Cs = > !
Vi (s) R1+Lls+i LC;s*+RCs+1
Cs

MATLAB result and LTspice result are the same.

). Output of this code is shown in Fig. 1.345.

Command Window

>> R1=2;L1=50e-6;Cl=5e-6;
>> H=tf([1], [L1*C1l R1*C1 1]);
>> impulse (H, 0.5e-3)

fi>> |

Fig. 1.344 MATLAB code
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Fig. 1.345 Output of = -
MATLAB code skt kS
File Edit View Insert Tools Desktop Window Help 1'
Nede @ 08| k([E
10° Impulse Response
5 - .
Al “
[ 1
{ 1
| {
3H |
|I I'|
g2 |
3 | ]|
= | \
g0 |
< 1 \
\
II
0Fr H1 /’/\_;/’_“
b3
1 \
v/
-2 . - .
0 1 2 3 4 5
Time (seconds) <107
1.24 Example 22: Exporting the Simulation Result into MATLAB

LTspice waveforms can be exported to MATLAB. Importing the waveforms into MATLAB environ-
ment permits further analysis with the aid of tools that MATLAB provides.

Let’s import the result of previous analysis into the MATLAB environment. Right click on the
black area in Fig. 1.343. Then click the File and Export data as text (Fig. 1.346).

Fig. 1.346 Exporting
the data as a text file

Q\ Zoom to Fit
i_g Autorange Y-axis
View »
;“r Add Traces
Add Plot Pane
EE¥ Delete this Pane

[7 Sync. Horiz. Axes

Draw 4
Edit L
Marching Waveforms L4

Ctrl+S
|~ Float Window Ei Save Plot Settings As
Reload Plot Settings

& print..

Ctri+P
G print Preview

Export data as tex

. ETJ Execute MEAS Script

Convert to Fast Access
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After clicking the Export data as text, Select Traces to Export window appears on the screen
(Fig. 1.347). Use the Browse button to determine the path that output file is saved. Select the
waveform(s) that you want to be saved in the output file and click the OK button. Note that the output
file format is .txt. So, you can read it with Excel as well.

Fig. 1.347 Select

Traces to Export W Select Traces to Export X
window

File: |C:\Users\falzinasaanocurnents\LTspiceXVIr\ImpulseResponse,bct |

Select Waveforms to Export Browse
Ctrl-Click to toggle

V(n001)
V(n002)
I(C1)
L)
I(R1)
I(V1)

The generated text file is shown in Fig. 1.348. First column is always the simulation time.
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Fig. 1.348 Generated
data

] *ImpulseResponse - Notepad

File Edit Format View Help
ftime  v(out)

©.000000000000000e+000
7.851376186899705e-013
1.570275237379941e-012
2.355412856069912e-012
3.140550474759882e-012
3.925688093449853e-012
4.,710825712139823e-012
5.495963330829792e-012
6.149990915368399%e-012
7.458046084445611e-012
1.007415642260004e-011
1.325416577047346e-011
1.731160531548333e-011
2.204299721199238e-011
2.806183147286414e-011
3.532308446955227e-011
4,451486448736466e-011
5.576574126603243e-011
6.993072937456480e-011
8.740505638495802e-011
1.093237578788715e-010
1.364816075576377e-010
1.704640338419727e-010
2.126735103816066e-010
2.654090617869503e-010
3.310051661488053e-010
4,128819108290709%¢e-010

F AARAANCACACAAE A AAN

= O

©.000000e+000
2.790833e-010
5.663318e-010
8.617454e-010
1.165324e-009
1.477068e-009
1.796977e-009
2.125051e-009
2.444673e-009
3.261318e-009
5.563983e-009
9.818962e-009
1.828134e-008
3.371959e-008
6.430975e-008
1.217640e-007
2.348094e-007
4.499463e-007
8.707657e-007
1.677530e-006
3.249547e-006
6.275885e-006
1.215840e-005
2.351009e-005
4.554154e-005
8.811523e-005
1.706652e-004

S AANA AN~ AAA

Ln1,Col1 100%  Windows (CRLF) UTF-8

X

Now open the MATLAB and enter the commands shown in Fig. 1.349. Output of theses commands
are shown in Fig. 1.350. The graph is the same as Fig. 1.343. So, we imported the data into MATLAB
successfully.
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Command Window

>> F=importdata('C:\Users\farzinasadi\Documents\LTspiceXVII\ImpulseResponse.txt");
>> time=F.data(:,1):;

>> Vout=F.data(:,2);

>> plot (time, Vout)

fx >>

Fig. 1.349 MATLAB commands

Fig. 1.350 Output of

4 Figure 1 -
MATLAB commands e - -
File Edit View Insert Tools Desktop Window Help k]
Neéde 208 RE
5 x10%
4N\
| '|I
II II
3K |
| \
| I|
2 |
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1 |
| i
T T ————
i
=1 \ r
\/
_2 .
0 1 2. 3 4 5 6
= — S o B e

Let’s obtain the mathematical equation of the graph shown in Fig. 1.350. From basic circuit theory

we know that such a response belongs to function f{¢) = ae™®"

sin (wt). Value of @ can be found easily.
Just zoom in the graph of Fig. 1.350 with the aid of Zoom in icon (Fig. 1.351) to find the location of

first intersection with time axis. According to Fig. 1.352, the intersection happened at 1.04744 x 10—,
2r
So n=—

= =5.9986x10*. So, f(t) = ae ™ sin (5.9986 x 10%*). Now we need to find the
1.04744x10™*
value of a and b.
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Fig. 1.351 Zoom In

icon & Figure 1 - o x
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Let’s use Curve Fitting Toolbox® to find the best values for @ and 5. Run the Curve Fitting Toolbox
with the aid of cftool command (Fig. 1.353) and do the settings similar to Fig. 1.354. According to
Fig. 1.354, a = 6.663 x 10* and b = 2 x 10* So, equation of impulse response of the circuit is
6.663x10*e """ sin(5.9986x10%¢).

Fig. 1.353 cftool command

Command Window (¥)

> citool

Jx >> |

4\ Curve Fitting Tool

‘Eire Fit View Tools Desktop Window Help

| & [l | SR @2 o B =

|
{1 | untitled fit1 +

Fit name: untitled fit 1

Xdata: time =4
¥ data: Vout i

Zdata:  (none) ¥
Weights: | (none) il
Resuits

General model:
f{x) = a*exp{-b*x)*sin(5.9986e +04*x)

Custom Equation«
¥

= f{ x 3

= (m] X
A X

BODBO

4 Auto fit

Fit

=f1 a'exp:~b‘x}‘sin(S.QﬁBéeMlel« Stop

Fit Options...

]
unlitled fit 1

Coefficients (with 95% confidence bounc 52 1
a= 6.663e+04 (6.662e+04, 6664e- | £
b= 2e+04 (1999e+04, 2e+04) ‘ ok
Goodness of fit | \ ; L " s
| SSE: 5.275e+04 "i 25 3 35 4 45 5
<1 | time o
Table of Fits r.“._
Fitname «  Data Fit type SSE R-square DFE Adj R-5q RMSE # Coeff Validation .. Validation .. Validation ..
M untitled fi.. Vout vs. time |a*exp(-b*x)*..|5.2750e+04 |1.0000 581 1.0000 |9.5285 12
Fig. 1.354 Curve Fitting Tool
The commands shown in Fig. 1.355 show the LTspice result and graph of

(1) =6.663x10*e>""""sin(5.9986x10*r) simulatanously. Output of this code is shown in
Fig. 1.356. The two graphs overlap. This shows that f(¢)=6.663x10" eI sin(5.9986 x10* t) isa
good function to represent our data.
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Command Wi

>> F=importdata('C:\Users\farzinasadi\Documents\LTspiceXVII\ImpulseResponse.txt');
>> time=F.data(:,1);

>> Vout=F.data(:,2);

>> plot(time, Vout)

»>> hold on

>> plot (time, 6.663ed4*exp(-2e4*time) . *sin(5.9986ed4*time), 'r--")

Jx >>

Fig. 1.355 MATLAB commands

{4\ Figure 1 - O X
File Edit View Insert Tools Desktop Window Help k]
Nade @ 08| R [E

. x10* . . . . .

_2 L L I I I

Fig. 1.356 Output of MATLAB commands

The MATLAB codc:, shown in Fig. 1.357 draws the difference between LTspice result and
f(1)=6.663x10"e """ sin (5.9986 x10* t) function. The output of this code is shown in Fig. 1.358.
According to Fig. 1.358, the maximum error is less than 60.
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>> F=importdata('C:\Users\farzinasadi\Documents\LTspiceXVII\ImpulseResponse.txt');
>> time=F.data(:,1);

>> Vout=F.data(:,2);

>> plot(time,Vout-6.663ed4*exp(-2ed4*time).*sin(5.9986e4*time))

Fig. 1.357 MATLAB commands

Fig. 1.358 Output of

MATLAB commands 4l Figure 1 = =R

File Edit View Insert Tools Desktop Window Help k]

Dede (@ 08 R [E

60 T T T T .

40 r

M

-20 -ll
|
-40 §
-60 :
0 1 2 3 4 5 6
%1074

1.25 Exercises

1. Simulate the circuit shown in Fig. 1.359 with LTspice. Initial conditions are shown on the Figure.

0.1A
R Yl somn =mame 2V
L L,

Fig. 1.359 Circuit of Exercise 1
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2. In the circuit shown in Fig. 1.360, V; = 10 + 25 sin (27 x 60¢). Initial conditions are V= 10 V and
i, =0 A. Use LTspice to observe the circuit current.
Hint: Use two .ic commands, i.e., .ic V(a)=0 and .ic V(out)=0.

50 a 15 e

I
+ Ve —

@ 1 %o‘a

Fig. 1.360 Circuit of Exercise 2

3. (a) Calculate the current i in the circuit of Fig. 1.361.
(b) Use LTspice to check the result of part (a).

Fig. 1.361 Circuit of 20
Exercise 3

3i

4. (a) Find the Thevenin equivalent circuit with respect to the terminals “a” and “b” for the circuit
shown in Fig. 1.362.
(b) Use LTspice to check the result of part (a).

Fig. 1.362 Circuit of 10 10 10

Exercise 4 __I\/\/\,_.__/\/\/\/_,_/\N\,—g
(v § 10 D
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5. Use LTspice to find the Thevenin equivalent circuit with respect to the terminals “a” and “b” for
the circuit shown in Fig. 1.363.

10 a

(o ;s

Fig. 1.363 Circuit of Exercise 5

6. Set up an LTspice simulation to measure the RMS of a triangular wave. Use MATLAB or hand
calculation to verify the result.
7. Use LTspice to find the value of the load resistor Rload (Fig. 1.364) which consumes the maximum

power.

L1
100mH
V1
A~ 120Vrms §Rload
C’\,)GIJHZ
- 00

Fig. 1.364 Circuit of Exercise 7

8. Calculate the impulse response of the circuit shown in Fig. 1.339 (output is capacitor voltage).
Compare your result with the function f(f) found in Example 22.
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Simulation of Electronic Circuits 2
with LTspice®

2.1 Introduction

In this chapter, you will learn how to analyze electronic circuits in LTspice. The theory behind the
studied circuits can be found in any standard electronic/microelectronic text book [1-3]. Similar to
previous chapter, doing some hand calculations for the given circuits and comparing the hand analysis
results with LTspice results are recommended.

2.2 Example 1: Transformer

This example shows how to simulate a transformer in LTspice. Consider the schematic shown in
Fig. 2.1. We want to add a transformer to this circuit to reduce the input voltage to about 35 V. A
transformer with turn ratio of 9:1 can do this for us.

Fig. 2.1 Uncompleted schematic of Example 1

Add two inductors to the schematic (Fig. 2.2).

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 177
F. Asadi, Essential Circuit Analysis using LTspice®, https://doi.org/10.1007/978-3-031-09853-6_2
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Fig. 2.2 Addition of inductor L1 and L1 to schematic in Fig. 2.1

2
L N
The relationship between inductances and turn ratio is given by —% =[ij formula. L,, L,

s

N,,and N, show the primary winding inductance, secondary winding inductance, number of primary

winding turns, and number of secondary winding turns, respectively. So, for a 9:1 transformer,

L N

s s

2 2
L N
2= (_”J = [?) =81 or L,=81L,. If we assume L, = 100 pH, then L, = 8100 pH. Enter theseval-

ues to the software (Fig. 2.3). Note that real transformers have primary and secondary inductances that
are much bigger than numbers used in this example (generally in the mH range).

Fig. 2.3 Determining the values of inductors

Connect the inductors to the circuit (Fig. 2.4).

Fig. 2.4 Inductors are connected to the rest of circuit
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You can use the Edit > Draw Line (Fig. 2.5) to draw two parallel lines between the windings
(Fig. 2.6). These two lines have no effect on the simulation; however, they show that the circuit con-
tains a transfer clearly.

[ LTspice XVl - [Transformer]
A file | Edit Hierarchy View
B ED unde F
] (> Redo  Shift+F9
Aa Text T
Op SPICE Directive’s'
SPICE Analysis
< Resistor R
== Capadtor '
3 Inductor 1
SZ Diode D
- Component  F2
Em Rotate Ctri+R
ﬁ Mirror  Ctri+E

(@) Label Net  F4

<L PlaceGND G
|- Place BUS tap
& Delete £5
B3 puplicate  F6
@ Move F7
{7 Drag F8
Braste Culsv
Draw »

Fig. 2.5 Edit> Draw Wire

Fig. 2.6 Two parallel lines are drawn between the inductors

Click the SPICE directive icon (Fig. 2.7) and enter the commands shown in Fig. 2.8. The k1 L1
L2 1 line defines a magnetic coupling with coupling factor of 1 between the two windings.
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- () X

- R
O EmE 3Aa 9P

I e v

Fig.2.7 SPICE Directive icon

[©¥ Edit Text on the Schematic:
How to netlist this text Justification Font Size

X

[ox 1]

O Comment | Lett v | 15(defauly v cl

(@ SPICE directive [Dvertical Text
kiL1L21 A
v
Type Ctrl-M to start a new line.

Fig. 2.8 Magnetic coupling factor between L1 and L2 is set to 1

Set the initial conditions of the circuit. Now the schematic of half wave rectifier with output filter

capacitor is ready (Fig. 2.9).

Fig. 2.9 Completed schematic of Example 1

Run the simulation. Voltage of node “out” is shown in Fig. 2.10.
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[T LTspice XVl - Transformer = 0 X

File Edit Hierarchy Wiew Simulate Tools Window Help

PEEFAFIQRAARIR HBE I RERNSB LR 3 w00 D An <P

1, Transformer |2 Transformer

4 Transformer == @
kiti2i1 D1 ot
Vi L1 Ceo
8100p :C g o
ﬂfi?. :;:11 50 0 0 0) 1000y 100

.tran 100m .ic V(out)=0
Lic I(L1)=0
Lic I(L2)=0

x = 5812ms y = 3829V
Fig. 2.10 Simulation result
Let’s measure the output voltage ripple. Add two cursors to the graph, put the cursor 1 in the mini-

mum of the graph, and put the cursor 2 in the maximum of the graph (Fig. 2.11). According to
Fig. 2.12, the ripple of output voltage is about 5.508 V.

[T LTspice XVl - Transtormer - O 4
Eile View PlotSettings Simulation Tools Window Help

MEE T £ QAR BROER®E b OHE (2]

£ Transtormer £ Tramsfomer

|z Transformer - =%=

il
D1
Kil1121 ot
vi 1o or2 P
8100y Toop EIEE e RS
SINE(0 311 50 0 0 0) 1000 100
Rser=0.1

.tran 100m .ic V(out)=0
JicI(L1)=0
[icI(L2)=0

Fig. 2:1 l;ls_geMeﬁs;gggment of output voltage ripple
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Fig. 2.12 Measurement
of output voltage ripple W Transformer X
Cursor 1
V(out)
Horz |  62.814944ms Vert|  27.572048V
Cursor2
V(out)
Horz:|  64.813206ms Vert|  33.080256v
Diff (Cursor2 - Cursor1)
Horz |  1.9982624ms Vert|  5.508208V
Freq:|  500.43478Hz Slope: | 2756.5

You can use the cursors to measure the frequency of output voltage ripple. According to Fig. 2.13,
frequency of the output voltage ripple is 50 Hz. Remember that frequency of output voltage tipple is
equal to the frequency of input AC source for half wave rectifiers, and it is twice the frequency of input
AC source for full wave rectifiers.

Fig. 2.13 Frequency of

output voltage ripple is W Transformer X
50 Hz
Cursor 1
V(out)
Horz |  62.988705ms Vert|  27.590176\
Cursor2
V(out)
Horz:|  82.971320ms Vert | 27.7193v
Diff (Cursor2 - Cursor1)
Horz |  19.982624ms Vert|  129.12444mv
Freq: I 50.043478Hz Slope: I 6.46184

The capacitor and diode currents are shown in Figs. 2.14 and 2.15, respectively.
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W LTspice XVl - Transformer

File Edit Hierarchy Wiew Simulate Tools Window Help

ME R T FOQRAAR IR HRE IBEASB LSBT 3 00D

1, Transformer | Transformer

vi

Rser=0.1

81
SINE(0 311 50 0 0 0)

L1

c1 RL
[1000p< 100

.tran 100m .ic V(out)=0
.ic I(L1)=0
Jde I(L2)=0

% =70.20ms y= 11954

Fig. 2.14 Capacitor current

W LTspice XVl - Transformer

File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFOACAR BRI HBRE D

[ 1 Transformer |2 Transformer

=

HEBILLB3IXDYUOD

100ms|

-l: Transformer

vi

Rser=0.1

81
SINE(0 311 50 0 0 0)

L1

c1 RL
[1000p< 100

.tran 100m .ic V(out)=0
.ic I(L1)=0
Jde I(L2)=0

=)

x=5439ms y=11.71A

Fig.2.15 Diode current
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The average of current passed from the capacitor is zero (why?). Let’s measure the average current
that is passed from the diode. Right click on the time axis and enter suitable numbers to the Left and
Right boxes to select one cycle from the steady state portion of the diode current graph. The frequency
of the diode current is 50 Hz so the difference between entered numbers to Right and Left boxes must
be 20 ms to select one cycle (Fig. 2.16). After seeing one cycle of the waveform on the screen, hold
down the Alt key and click on the I(D1). This shows the average of current passed from the diode.
According to Fig. 2.17, the average current passed from the diode is 311.17 mA. You need to select a
diode which is capable to pass such an average current.

[ LTspice XVl - Transformer - o X
Eile View PlotSettings Simulation Tools Window Help

RDEEDLHRAR RIIEBE & b N OSH o

1, Transformer = Transformer

}:: Transformer =|.E @

66.86ms 68.86ms 70 ns 72 ns s 78 80.86ms

1 = | @ | &3
kitirza D2 =
o L1 (e
8100y (LN Rt
SINE(0 311 50 0 0 0) 1000 100
Rser=0.1
.tran 100m .ic V(out)=0
.ic I(L1)=0
Wic I(L2)=0
X =T71.7214ms y = 6367A
Fig. 2.16 One full cycle of diode current
[T Waveform: I(D1) X
Interval Start 62.86ms
Interval End: | 82.86ms
Average: 311.177mA ]
r -1
RMS: 1.1034A l

Fig.2.17 Average and RMS values of waveform shown in Fig. 2.16
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Let’s measure the maximum of reverse voltage applied to the diode. The diode voltage (voltage
difference between the anode and cathode, i.e., Vanote — Veatnode) 15 shown in Fig. 2.18. According to
Fig. 2.19, the maximum reverse voltage which is applied to the diode is —65.04 V. So, we need to
select a diode which is capable to withstand this reverse voltage.

[ LTspice XVl - Transformer . - o X
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHTAFOAAR R HBRR I DEASB LSRF3 ¥xDODOD Aa op
1, Transformer |2 Transformer

B = [TEHTES

'( Transformer ania(=] .
out
Vi L1
SINE(0 3115000 o?mo" '=Cl :;0
Rser=0.1 2000w
.tran 100m .ic V(out)=0
Jde I(L1)=0
.icI(L2)=0
X =5834ms y = 944V
Fig.2.18 Diode voltage waveform
Fig.2.19 Maximum -
reverse voltage applied W Transformer X
to the diode is around
65V { Cursor1
V(N002.out)
Horz |  94.934498ms Vert|  -65.041312f
Cursor2

[ —wa T A
Diff (Cursor2 - Cursor1)
| -= NfA-- J -= NfA--
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The positive region of the diode voltage graph in Fig. 2.18 gives the forward voltage drop of diode.
According to Fig. 2.20, the forward voltage drop of the diode is about 0.8 V.

_@' LTspice )(\q'l'l--_‘lrans[o.'mer . = 0 x|
Eile View PlotSettings Simulation Tools Window Help

PEEDLHRAR RIIEBE & b N OSH o

4, Transformer = Transformer

|5 Transformer =T @

83.6ms 84.0ms 8 84.Bms 8 -1 85.6ms 86.0ms

1 = = E3
out
Vi L1
SINE(0 311500 0 o?mo" = :;0
Rser=0.1 2000w

.tran 100m .ic V(out)=0
Jde I(L1)=0
[cI(L2)=0

ix = 85403ms y= 2175V

Fig. 2.20 Forward voltage drop of the diode is around 0.8 V

Let’s see the primary and secondary voltages. The primary and secondary voltages are shown in
Fig. 2.21. According to Figs. 2.22 and 2.23, the peak of primary and secondary winding voltages is
about 303.66 V and 33.73 V, respectively. Note that the peak of input voltage source is 311 V; how-
ever because of the series resistance of 0.1 Q, there is a voltage drop. If you increase the inductance
of windings, the amount of voltage drops decrease. For instance, for L, = 16200 pH and L, = 200 pH
(Fig. 2.24), the peak of primary winding voltage reaches 307.2 V and peak of secondary winding volt-
age reaches 34.13 V.



[ LTspice XVl - Transformer - o X

Elle Edit Hierarchy View Simulate Jools Window Help

@@ﬂc{i}\j 9\ G\Qg E%%&ng “a@‘?—‘bwe*3ﬁlﬂ'®@‘) P
B2 Transformer 4 Transformer

b= = @] |

50ms
4 Transformer = e .
out
Vi e
SINE(0 3115000 o?mo" '=Cl :;0
Rser=0.1 2000n

.tran 100m .ic V(out)=0
Jde I(L1)=0
[cI(L2)=0

Fig.2.21 Primary and secondary waveforms

Fig.2.22 Peak of
primary voltage is W Transformer X
around 303.65 V

Cursor 1
V(n001)
Horz |  44.806338ms Vert|  303.65695v
| Cursor2

Diff (Cursor2 - Cursor1)

Fig. 2.23 Peak of
secondary voltage is W Transformer X
around 33.73 V

Cursor 1
V(n002)
Horz |  44.806338ms Vert|  33.731520M
| Cursor2

Diff (Cursor2 - Cursor1)
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Fig.2.24 Schematic with L, = 16200 pH and L, = 200 pH

2.3 Example 2: Center Tap Transformer

We want simulate a center tap transformer in this example. Remove the diode from the previous sche-
matic (Fig. 2.25).

Fig. 2.25 Uncompleted schematic of Example 2

Click the copy icon (Fig. 2.26) and click on the L2. This makes a copy of L2 with name L3. Click
on the schematic to add the L3 to it (Fig. 2.27).

& B2 2 g |

Fig.2.26 Copy icon
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Fig. 2.27 L3 is a copy of inductor L2

Add two diodes to the schematic and convert the schematic to what is shown in Fig. 2.28. This
circuit simulates a full wave rectifier.

Fig. 2.28 Completed schematic of Example 2

The schematic shown in Fig. 2.29 is equivalent to schematic shown in Fig. 2.28.

Fig.2.29 Equivalent of schematic shown in Fig. 2.28
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Add the .trans command and initial conditions to the schematic (Fig. 2.30).

kilLilL21 D1
k2L1131 P~ out
k3L2L31 s
oL2
100p
vi L1 (o
8100, i A §R1
SINE(0 311 50 00 0) 1000p 100
Rser=0.1 °oL3
100p
.tran 0 300m 0 R\Iz
Jic V(out)=0 “ <'|'7
Jc I(L1)=0
JicI(L2)=0
JicI(L3)=0
Fig. 2.30 Addition of .trans and .ic commands to the schematic
Run the simulation. Draw the node “out” voltage (Fig. 2.31).
. B¥ (Tspice XVII - CentertapTransformer = (m] X 1
File Edit Hierarchy Wiew Simulate Tools Window Help
ME R TFORAARIR | HRE IBDEASB LLD 3 00D Aa op
[ 1 ComtentapTransiomer £ CenenapTransior

120ms

-l: CentertapTransformer

=—oE
kiLiL21
k2L1L31
k312131

vi

81
SINE(D 311 50 0 0 0)
Rser=0.1

7

Jran 0 300m 0
e Wout)=0

e L1)=0

e I{L2)=0

e [{L3)=0

Fig. 2.31 Voltage waveform of node out
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Zoom in the waveforms of node “out” and measure the output voltage ripple (Fig. 2.32). According
to Fig. 2.33, the output voltage ripple is 2.46 V.

_@' LTspice >(\«'!|-- CentertapTransformer ) = 0 X |
Elle View PlotSettings Simulation Tools Window Help

PEETFOAAAR RIERE IDEMH OE ()

k= CententapT £c P

|2 CentertapTransformer =% EI@

294ms

kiLiizi
k2LiL31 o
L=REFES]

RL

81
SINE(D 311 50 0 0 0) 100

Rser=0.1

i V{out)=0
Jel{L1)=0
K I(12)=0
- {L3)=0

Fig. 2.32 Measurement of output voltage ripple

Fig. 2.33 Peak-peak of

output voltage ripple is W CentertapTransformer X
around 2.46 V
Cursor 1
V(out)
Horz |  283.37731ms Vert|  31.165731M
Cursor 2
V(out)
Horz:|  284.96042ms Vet|  33.625342v
Diff (Cursor2 - Cursor1)
Horz |  1.5831135ms Vert|  2.4596115V
Freq:|  631.66667Hz Slope: | 1553.65

The frequency of output voltage ripple is 100 Hz (Fig. 2.34). The frequency of output voltage rip-
ple is two times the frequency of input source. This is expected since the circuit is full wave rectifier.
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Fig. 2.34 Frequency of
output voltage ripple is W CentertapTransformer X
100 Hz
Cursor 1
V(out)
Horz |  283.37731ms Vert|  31.165731V
Cursor2
V(out)
Horz:|  293.35092ms Vert|  31.08554v
Diff (Cursor2 - Cursor1)
Horz:|  9.9736148ms Vert|  -80.191162mV
Freq:|  100.26455Hz Slope: | -8.04033

24  Example 3: Impedance Seen from Transformer

In this example, we want to measure the RMS of current drawn from input source V1 (Fig. 2.35).

Fig. 2.35 Circuit for R1
Example 3 AAA
10Q R2
V1 ™ §100
120Vrms C1
60Hz §|| ——
0° n e I (T
2:1 310mH

Let’s use MATLAB to analyze the circuit. The impedance of the load (Fig. 2.36) is calculated with
the aid of commands shown in Fig. 2.37.

Z

—AAN

R1

100

c1
= 50pF

R2
10Q

L1
10mH

Fig. 2.36 Measurement of the input impedance
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code >> f=60;w=2*pi*f;R1=10;Cl=50e-6;R2=10;L1=10e-3;
>> Xe=-3j/f (w*Cl);

>> XL=j*w*Ll;

>> Z2=R2+XL;

>> Z=R1+Nc*Z2/ (Xc+22)

21.1302 + 1.7998i

fx >>

The commands shown in Fig. 2.38 calculates the RMS of current drawn from source. According to
the calculations shown in Fig. 2.38, the RMS of current drawn from input source is 1.4146 A.

>> n=2;2=21.1302 + 1.7998i;
>> I=120/ (n"2*2)

I =

1.4095 - 0.1201i
>> abs (I)
ans =

1.4146

Fig. 2.38 MATLAB code

L
The required LTspice schematic is shown in Fig. 2.39. The ratio of — must be 4 to simulate a

3
2:1transformer. Bigger values of L2 and L3 make the transformer closer to ideal case.

Fig.2.39 LTspice equivalent of circuit shown in Fig. 2.35
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Run the simulation (Fig. 2.40).

¥ LTspice XVII - Reflectedimpedance = o b4
Eile View PlotSettings Simulation Jools Window Help
DEEHTFIHAQAR R ERR s B2EHOSS 2
( Refl dh P 4 t: Reh ok n
— o Es

}:7 Reflectedimpedance

350ms 400ms

1 . [@ =
V2
@ kil2131 R1 t
5 10 o
10
N L2 g =L c
- 2 1 50p ={L1
SINE(0 169.7 60 0 0 0)
Rser=0.001 AL
o ST %
o out)=
-tran 500m icI(L1)=0
icI(L2)=0
Ready

Fig. 2.40 Waveform of current drawn from input source V1

Right click on the time axis and fill the Left and Right boxes with 483.33 ms and 500 ms, respec-
tively. This shows the graph for [483.33 ms, 500 ms] time interval (Fig. 2.41).
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. E’ LTspice XVII - Reflectedimpedance
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
PEETLHNEQEAQAR R HBER I2EMH S8 LSB 3 ¥xD00D Aa op

L Refectedimped E Ret G

'( Reflectedimpedance = EJ
V2
£ )
5

Vi L2
4

T SINE(0 169.7 60 0 0 0)
Rser=0.001

<L
.tran 0 500m 0 .ic V(out)=0
JdcI(L1)=0
[icI(L2)=0

Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe V2.

Fig. 2.41 One cycle of I(V2)

Hold down the Ctrl key and click on the I(V2). This shows the RMS of current drawn from the
input AC source (Fig. 2.42). The obtained result is quite close to MATLAB result.

[9 Waveform: I(V2) X
Interval Start _ 483.33ms
Interval End: 500ms
Average: . 112.17mA
' RMS: 141364 'J

Fig. 2.42 Average and RMS values of waveform shown in Fig. 2.41

25 Example 4: Input Impedance of Electric Circuits
. - Vi(s) . ,
In this example, we want to measure the input impedance (Z,, (s) = ) of the circuit shown in
§ - L)
ig. 2.43 as a function of frequency.
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Fig.2.43 Circuit of I R1
Example 4 lx AN
. 100
m
"y C1
o § ==50pF
2:1

The MATLAB code shown in Fig. 2.44 draws the Bode plot of the input impedance.

Fig. 2.44 MATLAB Command Window
code

>> s=tf('s');
>> ZC1=1/Cl/s;2L1=Ll*s;

>> bode(Z),grid on

f-‘g»[

>> n=2;R1=10;R2=10;L1=10e-3;C1l=50e-6;

>> Z=n~2%* (R1+(2C1* (R2+2L1)/ (2C1+R2+2L1)));

Output of the code in Fig. 2.44 is shown in Fig. 2.45.

Fig.2.45 Output of —
4 F 1 -
MATLAB code ko
File Edit View Insert Tools Desktop Window Help
DEde@0E KE
Bode Diagram
45
g \
S 40
1] C—
3 P
2
=
235t
=
30
30 T -
g or———— S
= i
@
230
o
-60 - -
10? 10° 10
Frequency (rad/s)
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. . . . Rad . . .
Note that unit of the horizontal axis is —— . You can change it into Hz easily. In order to do this,
S

right click on the graph and click the properties (Fig. 2.46).

Systems >
Characteristics >
Show >
v Grid
¥ Full View
Properties ...

Fig. 2.46 Properties permits you to change the unit of horizontal axis

After clicking the Properties, the Property Editor window is opened. Open the Units tab and select
Hz for Frequency drop down list (Fig. 2.47). Select absolute for Magnitude drop down list as well (we
don’t want to use dB for input impedance graph). After applying the changes, click the Close button.
Now, the horizontal axis has the unit of Hz (Fig. 2.48) and the vertical axis shows the magnate of
impedance in Ohms.

Fig. 2.47 Property
Editor window 4\ Property Editor: Bode Diagram = X

Labels Limits Units Style Options

Units

Frequency: Hz v Scale: log scale v
Magnitude: absolute v Scale: linear scale v
Phase: degrees i

Close Help
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Fig.2.48 The
horizontal axis has the
unit of Hz

4 Figure 1 = O X
Eile Edit View Insert Tools Desktop Window Help L

negs(ana kv E

Bode Diagram

=
£
o

Magnitude (abs)
s 8 B

(2]
o

o 88

Phase (deg)
8

2

102 10° 104

—
(=]

Frequency (Hz)

Let’s measure the peak of the input impedance. According to Fig. 2.49, the peak occurs at 208 Hz
and has the magnitude of 136 Q. The phase graph shows —17.5° at 208 Hz. So, the input impedance
at 208 Hz is 136¢7'7%" = 129.70 Q — j40.90 Q.

Fig. 2.49 Obtaining the
maximum of the graph

& Figure 1 = o X
File Edit View |Insert Tools Desktop Window Help |
AEE DG |
Bode Diagram
140 T -
— 120 System: Z
2 Frequency (Hz): 208
L Magnitude (abs): 136
o 100
o
£ w
&
= 60+
40 :
30 .
g 0
[+ 1]
w
£ 30 System: Z
- Frequency (Hz): 208
Phase (deg): -17.5
-60 .
10" 102 10° 10*
Frequency (Hz)
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Let’s check our calculations with LTspice. Open the schematic of Example 3 and remove the .trans
and .ic commands from it (Fig. 2.50).

Fig. 2.50 Schematic of Example 3 without .trans and .ic commands

Right click on the V1 and do the settings similar to Fig. 2.51. After clicking the OK button, the
schematic changes to what is shown in Fig. 2.52.

[ Independent Voltage Source - V1 X
Functions DC Value
B O
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles) N T oTaton visBle o s chematic
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(AC)
O SFFM(Voff Vamp Fcar MDI Fig) ACAmplitude: | 1|
OPwLtIvIRv2.) ACPhase:| 0 |
OPWLFILE: [ Browse | Make this information visible on schematic: [/]
Parasitic Properties
Series Resistance[Q]: |  0.001
Parallel Capacitance[F]:

Make this information visible on schematic: /]

Make this information visible on schematic:[] Cancel | [ ok |

Fig. 2.51 Settings of voltage source V1
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Fig. 2.52 Settings shown in Fig. 2.51 are shown on the schematic

Click the run button. After clicking the Run button, the Edit Simulation Command window appears.
Go to the AC Analysis tab. Do the settings similar to Fig. 2.53 and click the OK button. These settings
ask the LTspice to calculate the desired quantity (in this example input impedance) on the [10 Hz,
10 kHz] frequency range. Increasing the number entered to the Number of pointed per decade box
increases the smoothness of output; however, the required time for simulation increases as well. 100
pointes per decade is good enough for many problems.

Fig. 2.53 Simulation
setgﬁngs [ edit Simulation Command %

Transient ACAnalysis DCsweep Noise DC Transfer DCop pnt

Compute the small signal AC behavior of the circuit linearized aboutits DC operating
point.

Tipectsvesp
Number of points per decade:
Startrequency.
Stop frequency:

Syntax: .ac <oct dec, lin> <Npoints> <StartFreq> <EndFreq>

|-ac dec 100 10 10k

After clicking the OK button in Fig. 2.53, the schematic changes to what is shown in Fig. 2.54, and
the simulation is done (Fig. 2.55).
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v2 kil2L31 R1
. L2113
in @ t
0 R2
10
INvi L2 &
-
) ’ “
AC1
Rser=0.001 o
L =

.ac dec 100 10 10k

Fig.2.54 Settings shown in Fig. 2.53 are added to the schematic

W LTspice XVl - ReflectedimpedanceACSweep - (m] x
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEPFOQAQAR R EHRT +DEHSB LB 3 DO An op
[ € RefectedimpedanceACSweep |¥ ReflectedimpedanceACSweep

[ | &) e

-l: ReflectedimpedanceACSweep

v2
i
N
L]
L w1

AC1
Rser=0.001

7
.ac dec 100 10 10k

x = 2.107KHz

Fig. 2.55 Simulation is run

Right click on the black area of Fig. 2.55 and select the Add Traces (Fig. 2.56).
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Q Zoom to Eit
ig Autorange Y-axis
View »
&‘M Add Traces
Add Plot Pane
%7 Delete this Pane
|7 Sync. Horiz. Axes

Draw »

Edit »

Marching Waveforms »

File »
[~ Float Window

Fig. 2.56 Add traces can be used to add a graph to the output window

After clicking the Add Traces, the Add Traces to Plot window appears and permits you to deter-
mine what you want. Enter V(in)/I(V2) to the Expression(s) to add box and click the OK button
(Fig. 2.57). Result is shown in Fig. 2.58. The solid line shows the magnitude graph and dotted line
shows the phase graph.

Fig.2.57 Add Traces to
Plot window permits
you to select the Only listtraces matching

waveform that is shown | II]

on the screen

[&¥ Add Traces to Plot X

Avaisble datr [] Asterisks match colons Cancel

Viout)
V(n001)
V(n002)
V(n003)
I(C1)
iL1)
I(L2)
I(L3)
I(R1)
I(R2)
Iv1)
IV2)

\frequency

Expression(s) to add:
[Vimiv2)
[#] AutoRange
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_@' LTspice >(\|'l|--ReflecteclmpecanceACSweeD ) = (m] X |
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHDFIQRUAR IR ERTEIDERSB LD+ D00 Aa op
2 Refiectedimped: Sweep 1, RefectedimpedanceACSwesp

4 ReflectedimpedanceACSweep = e

AC10
Rser=0.001

<

.ac dec 100 10 10k

\x = 40.810Hz y = 44.857dB, 29.143"

Fig. 2.58 Graph of input impedance

The vertical axis of Fig. 2.58 has the unit of dB. However, we want the absolute magnitude. In
order to obtain the absolute magnitude, right click on the vertical axis of the graph and select Linear
and click the OK button (Fig. 2.59). Now, the vertical axis has the unit of Ohms (Fig. 2.60).

[ Left Vertical Axis -- Magnitude X
Range Representation

Top: | 160 Bode Y e

E ance

Tick: | 10 @ Linear
Logarithmic
Bottom: [ 30 O g.
| (O Decibel |
Don't plot the magnitude.

[ |

Fig. 2.59 Left Vertical Axis window
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_@' LTspice >(\|'r|--_Reflecteclmpeuance.-'-\.CSweeD = (m] X
Eile Edit Hierarchy View Simulate Tools Window Help

PME R X RAARIRHRE IDEANSE LB 3 20009 An op |
2 Refiectedimped: Sweep L Refectedimped ACSweep

4 ReflectedimpedanceACSweep T
V2

. )

\J

Vi

AC10
Rser=0.001

<

.ac dec 100 10 10k

Fig. 2.60 Simulation result

Let’s measure the peak of the input impedance graph shown in Fig. 2.60. According to Fig. 2.61,
the maximum input impedance occurs at 208.1 Hz and equals to 136.65¢/~ 134" Q. Obtained result is
quite close to the MATLAB result.

Fig. 2.61 Reading the

coordinate of maximum [7/-7 ReflectedimpedanceACSweep X
point
Cursor 1
V(in)/i(V2)
Freq:| 20809883Hz | Mag 136.65545¢] ®
Phase: -16.337322° O
Group De|ay; 1.2642663ms
Cursor 2

- N/A--

| Ratio (Cursor2 / Cursorl)
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Note that the MATLAB result is calculated for ideal transformer case. If you increase the value of
inductor L2 and L3, the transformer become closer to the ideal case and the obtained result become
closer to the MATLAB result. For instance, for L3 = 10 H and L2 = 40 H, the result shown in Fig. 2.62
is obtained. According to this figure, the maximum input frequency is obtained at 208 Hz and its value
is 135.7236/-1738° Q.

Fig.2.62 Obtaining the
magnitude and phase for W ReflectedimpedanceACSweep X
given frequency Eiani
V(in)/i(V2)
Freq| 2080092Hz | Mag |  135.722890 @®
Phase: -17.581652° @
Group Delay: ‘ 1.2382058ms ]
Cursor2
- N/A- Mag - N/A--
-- N/A--
- NJ/A-
Ratio (Cursor2 [ Cursorl)
~ N/A- Mag - NJA~
- N/A--
-~ N/A--

2.6 Example 5: Transfer Function of Linear Circuits

In the previous example we learned how to use AC Sweep analysis to obtain the input impedance of a
circuit. In this example, we want to use AC sweep to obtain the frequency response of other quantities.

s ‘/out (‘]w)
Let’s draw the frequency response of

— for circuit of previous example. Run the schematic of
previous example (Fig. 2.63). V., (Jo)
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206
W LTspice XVl - ReflectedimpedanceACSweep = (m] X |
Eile View PlotSettings Simulation Tools Window Help
L2 - ~
B & | F BRI B2 sk o8 ()
2 Reflectedimped Sweep £ Ref P eACSweep
|22 ReflectedimpedanceACSweep e

‘(: = || [@ | &3
V2
k112131 R1
-~
0 R2
10
Vi 12 g
4 L1
AC10
Rser=0.001 L
.ac dec 100 10 10k
x = 268.556Hz

Fig.2.63 Simulation is run

Right click on the black graph window and select Add Traces (Fig. 2.64).

E\ Zoom to Fit
ﬁ Autorange Y-axis

View »
&

Add Plot Pane

Draw 4
Edit »
Marching Waveforms »
File 4

[~ Float Window

Fig.2.64 Add Traces
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Enter V(out)/V(in) to the Expression(s) to add box and click the OK button (Fig. 2.65).

Fig.2.65 Defining the :
V(out)/V(in) [ Add Traces to Plot X .

Only listtraces matching

Avallable data: Asterisks match colons Cancel

V(i) |
Viout)
V(n001)
V(n002)
V(n003)
I(C1)

I(L1)

I(L2)

I(L3)

I(R1)
I(R2)

| (V1)

Iv2)
frequency

Expression(s) to add:

Vi{out)/V(in) I

AutoRange

V. (jo
After clicking the OK button, graph of frequency response of % appears on the
in ]CU
screen(Fig. 2.66). The solid line shows the magnitude graph and dotted line shows the phase graph.

. W LTspice XVl - ReflectedimpedanceACSweep = O X
File Edit Hierarchy View Simulate Tools Window Help

PEREHDFIQRAUAR IR ERTIDERSB LD 3 D00 Aa op
2 Refiectedimped: Sweep L. Refectedimped. ACSweep

4 ReflectedimpedanceACSweep ==
V2
k112131 R1
-~ &)
0 R2
10
Vi 12 g
4 L1
Reer~0.001 L
.ac dec 100 10 10k

Fig.2.66 Simulation result
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v (i
You can use cursors to read the peak of the graph. According to Fig. 2.67, peak of M occur-

sat 279.043 Hz and its value is —8.453 dB. Vi (jco)
Fig. 2.67 Peak of the
graph shown in Fig. 2.66 W ReflectedimpedanceACSweep X
Cursor 1
V(out)/V/(in)
Freq| 27904317Hz | Mag | -s4s26679d8 @
Phase: i 197137780 @
Group Delay: ‘ 498.47215s |
Cursor2
= NJA- Mag -~ NfA--
-- N/A--
p Delay - N/A--
Ratio (Cursor2 [ Cursorl)
~ N/A- Mag ~ N/A-
~ N/A-
— NJA--

V. (jo
The unit of vertical axis in Fig. 2.66 is dB. If you like to see the absolute value of M right-

V. (jo)
click on the vertical axis and select the Linear (Fig. 2.68). The graph with linear vertical axis is shown
in Fig. 2.69.

[ Left Vertical Axis -- Magnitude X
Range Representation

Top: I 770m Bode v = '

p ance

Tick: | 70m @ Linear
Logarithmic
Bottom: I 0 O g‘
(O Decibel
Don't plotthe magnitude.

Fig. 2.68 Left Vertical Axis window
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W LTspice XVIl - ReflectedimpedanceACSweep

209

Eile Edit Hierarchy View Simulate Tools Window Help

PEEHTAFOQAAR R HBRR I DERASB LSRF3 ¥xDODOD

Sweep L Re

£ Ret

d: ACSweep

An op

4 ReflectedimpedanceACSweep

Vi

AC10
Rser=0.001

S
k231 R1L
10 2
10
L2 g 213 Cc1
4 1 50 1
o _J10m

<

.ac dec 100 10 10k

x = 539.011Hz y = 459.206m, 13.321"

Fig. 2.69 Absolute value of gain is shown on the screen

Let’s check the obtained result. The MATLAB code shown in Fig. 2.70 draws the frequencyre-

Vnul (]CU

sponse of .
in ]CO

Fig.2.70 MATLAB
code

) for [10 Hz, 10 kHz] interval. Output of this code is shown in Fig. 2.71.

Command Window
n=2;R1=10;R2=10;L1=10e-3;Cl=50e-6;
s=tf('s");

ZC1=1/Cl1/s;2ZL1=L1l*s;
Z2=(ZC1l* (R2+2ZL1) / (2ZC1+R2+ZL1));
fmin=10;wmin=2*pi*fmin;

>>
>>
>>
>>
>>
fmax=10000;wmax=2*pi*fmax;

>>

>>
Jx >>

w=logspace (logl0 (wmin), logl0 (wmax),500);
bode (22/ (R1+22) *(1/n) ,w) ,grid on
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Fig. 2.71 Output of

MATLAB code 4 Figure 1 = = =

Eile Edit View Insert Tools Desktop Window Help L]

Deadse @08 kE

Bode Diagram

& &
o o
.

Magnitude (dB)
8

A
=]
L

-3
(=] o

Phase (deg)
.

8

10’ 102 103 10°
Frequency (Hz)

Peak of the graph is shown in Fig. 2.72. Obtained result is the same as the LTspice.

Fig. 2.72 Output of — =
MATLAB code Sl Figure 1 S
Eile Edit View Insert Tools Desktop Window Help »
DNede @ 08 RE
Bode Diagram

e o System: untitled1
= Frequency (Hz): 279
o Magnitude (dB): -8.45
s -20 2 § 1
b=
2
c
-30r
=

-40 4 :

45
g 0
@
- System: untitled1
£ 45 Frequency (Hz): 279

Phase (deg): -19.7
-90 L 1
10’ 102 10° 10°
Frequency (Hz)
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2.7 Example 6: DC Sweep Analysis

In this example, we want to obtain the I-V characteristic of a diode. DC sweep analysis is used for
this purpose. Draw the schematic shown in Fig. 2.73.

Fig.2.73 Schematic of Example 6

Right click on the diode D1 and click the Pick New Diode button (Fig. 2.74).

Diode - D1 X
&

[ o 1]

Pick New Diode

oot [ 0|

Manufacturer: :’
e[|

Average Forward Current[A]: I:]
BreakdownVoage[Vl: [ - |

Diode Properties

Fig. 2.74 Diode window

Click on the 1N4148 and click the OK button (Fig. 2.75). The schematic changes to what is shown
in Fig. 2.76.



212

2 Simulation of Electronic Circuits with LTspice®

W Select Diode X
Cancel
Part No. Mfg. type  Vbrkdn[V] Iave[A] SPICE Model A
1N914 OnSemi silicon 75.0 020 .model 1N914 D(Is=2.52n R¢
1N4148 OnSemi silicon
MMSD4148 Onsemi silicon 100.0 0.20 .model MMSD4148 D(ls=25
1N5817 OnSemi Schottky 20.0 1.00 .model IN5817 D(ls=31.7u F
1N5818 OnSemi Schottky 300 1.00 .model IN5818 D(Is=31.7u F
1N5819 OnSemi Schottky 400 1.00 .model TN5819 D(ls=31.7u F
BAT54 Vishay Schottky 300 0.30 .model BAT54 D(ls=.1uRs= _,
< >
Fig.2.75 1N4148 is selected
- R1
in out
Vi 1K D1
1N4148

Fig.2.76 Name of selected diode is shown on the screen

Click the Run button. Open the DC sweep tab and do the settings similar to Fig. 2.77. These set-
tings change the input voltage source V1 form 0 V to 15 V with 1 V steps. Note that the value of V1
which is shown on the schematic (5 V), has no effect on the DC sweep analysis.

Fig.2.77 Simulation
settings

[ Edit Simulation Command X

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt

Compute the DC operating point of a circuit while stepping independent sources and treating
capacitances as open circuits and inductances as short circuits.

1stSource 2nd Source 3rd Source

Name of 1st source to sweep:
Type of sweep: E

Start value: III

Stop value: lII

Nu Increment E

Syntax: .dc [<octdec,lin>] <Source 1> <Start> <Stop> [<Incr>] [<source2> ..]

deV10151
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After clicking the OK button, window shown in Fig. 2.78 appears.

.WLu'suice ><\.-;|-:J'oae|C'rcu.1 - o X 1
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFONAAAR R HRR DA OSB LSRR 0D An op
| 2 DiodeiCircut € DiodeiCircut

B 2 [TEER

A DiodelCireit - - =B
in \/R\l/\ out
Vi 1k D1
5 1N4148
dcV1i0151

Fig. 2.78 Simulation is run

Put the mouse cursor on the diode D1 and click it. This draws the graph of diode current as a func-
tion of voltage source V1 (Fig. 2.79).

BT LTspice XVl - DiodelCircuit o x
Eile Edit Hierarchy Yiew Simulate Tools Window Help
PEHEPFHQAQR R | BERT 2P OB LS BD 3 D009 Aa op

EE DiodelCireuit £, DiodelCircult

1, DiodelCircuit =S
in \/R\i/\ out
fJJF vi i D1
- 1N4148
.dcV1i0151

Fig. 2:79°'Clokef Took at the diode D1 current
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We want to see the current of diode as a function of its voltage. However, Fig. 2.79 shows the diode
current as a function of voltage source V1. In order to draw the diode current as a function of diode volt-
age, we need to change the horizontal axis into diode voltage. This can be done easily. Right click on the
horizontal axis. The window shown in Fig. 2.80 appears. Enter V(out) to the Quantity Plotted box
(Fig. 2.81) and click the OK button. Now, the I-V characteristics of diode appears on the screen (Fig. 2.82).

E" Horizontal Axis X

Quantity Plotted: _V1
Axis Limits

Left ov tick: 2v Right 13V
[] Logarithmic Cancel

Fig. 2.80 Horizontal Axis window

E" Horizontal Axis X

Quantity Plotted: | V(out |

Axis Limits

Fig.2.81 V(out) is entered to the box

Bf LTspice XVl - DiodelCircuit - (m) X

Elle Edit Hierarchy View Simulate Tools Window Help

PEEFAFIRAAR IR HBRE IBDEHNSB L TRx3I ¥xDVO0D An 2p

¥ DiodeiCircuit £ DiodelCircuit

160mV 240mV nv 4C 480mV 560m\V 640mV

4 DiodeiCircuit =)
in % out
Vi \/:I.\k/\ D1
5 iN4148
.dcVio1i51

Fig. 2.82 Simulation result (IV characteristic)
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2.8 Example 7:1-V Characteristics of Zener Diode

In this example, we want to draw the I-V characteristics of a zener diode. We use the DC sweep analy-
sis again. Draw the schematic shown in Fig. 2.83.

Fig.2.83 Schematic of Example 7

Click the Run icon and open the DC sweep tab. Do the settings similar to Fig. 2.84. After clicking
the OK button, the graph window appears (Fig. 2.85).

Fig. 2.84 Simulation
settings

[ Edit Simulation Command X

Transient ACAnalysis DCsweep Noise DC Transfer DCoppnt

Compute the DC operating point of a circuit while stepping independent sources and treating
capacitances as open circuits and inductances as short circuits.

1stSource 2nd Source 3rd Source

Name of 1st source to sweep:
Type ofsweep:

Startvalue:

Stop value: |I|

Nu Increment |I|

Syntax: .dc [<octdec lin>] <Source1> <Start> <Stop> [<Incr>] [<source2> ..]

[devi-10151
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W LTspice XVil - ZenerDiode

Eile Edit Hjerarchy Yiew Simulate Jools Window Help

PEMETFOHRAAK RIEaHE tBRERA S ISP x3 xDP0D An op

1 ZeneDiode |2 ZeneDiode

'( ZenerDiode -
V2
R1
| in @ N\ out
| 1k
| 0
Vi D1
5 BZX84C6V2L
.dg%’!. -10151
Ready

Fig.2.85 Simulation is run

Click on the V2. This draws the current which pass through the diode (i.e., current that goes from
cathode to anode) as a function of input voltage V1 (Fig. 2.86).

[9 LTspice XVl - ZenerDiode
Eile Edit Hierarchy View Simulate Tools Window Help
Pe BT FoQAR R IBBE IREHOB LD+ 3 YDDOD ey

£ ZererDiode |2 Zenediode

= —

A« ZenesDiode o=

. : dcV1-10151
Fig. 2186 Graph of current enters into the + terminal of V2

Right-Click to edit expression. Controd-Left-Click to integrate. Alt-Left-Click to reverse cross probe V2.
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We want to see the current of zener diode as a function of its voltage. In order to draw the diode
current as a function of diode voltage, we need to change the horizontal axis into diode voltage. Right
click on the horizontal axis and enter V(out) to the Quantity Plotted box (Fig. 2.87). After clicking the
OK button, the I-V characteristics of the zener diode appears on the screen (Fig. 2.88).

B" Horizontal Axis X

Quantity Plotted: | V(out |

Axis Limits

Logarithmic Cancel

Fig. 2.87 Horizontal Axis window

Bf LTspice XVl - ZenerDiodelV - (m) X

Elle Edit Hierarchy View Simulate Jools Window Help

PEEFAFOIRAAR IR HBRE DAL L STRx3 ¥xDVO0D An 2p

1, ZeneDiodelV |2 ZeneDiodeV

A ZenerDiodelV = &

/—\ out
i - \/1\k/\ D1
0
4 BZX84C6V2L

.dcV1-10151

{Right-Click to edit expression. Alt-Left-Click to reverse cross probe V2.

Fig. 2.88 [-V characteristic of the zener diode

If you decrease the increase of voltage in each step, the curve become smoother. The curve in
Fig. 2.89 is drawn with 0.1 V steps and it is smoother than the curve of Fig. 2.88.
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-W LTspice X\-';I - é.e'\erDio.ce:v B - (m] .
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFONAAAR R HRR DA OB LSRR 0D An op
| E2 ZenerDiodelv 4 ZeneDiodelV'

|~_-- = = [

10mA
BmA
EmA
AmA—
2ZmA

OmA

-2ZmA-
-4mA
-BmA-

3.2V
Viout)

4« ZenerDiodelV = g
V2
in ﬂ \/R\l/\ out
Vi N D1
0 1k
c BZX84C6V2L
.dcV1-1015.1

Fig. 2.89 Obtained graph is more smooth in comparison with the graph shown in Fig. 2.88

You can measure the knee of the graph with a cursor (Fig. 2.90). According to Fig. 2.91, the knee
of the graph is at 6.17 V.

[T LTspice Xvil - ZenerDiodelv o - »
File \iew PlotSettings Simulation Jools Window Help

MEE XA BOEBE MO8 2

£ ZenerDiodelv B2 ZeneDiodelv

|2 ZenerDiodeny = W 5

£
in = \/%1\ out
b
J
Vi \o/ 1K D1
‘ BZX84C6V2L
.dcV1-1015.1

Fig.’i.&&v A CUrsor is used to measure the knee of the graph
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Fig. 2.91 Knee of the
graph is around 6.17 V [ ZenerDiodelv X
Cursor 1
Iv2)
Hoz:|  6.171831V Vert|  693.69693pA
Cursor2
Horz: I -= NfA-- YVer: I -- NfA--
Diff (Cursor2 - Cursor1)
Horz: | - N/A-- Vert I -- N/A--
Slope: | -= NfA--

29 Example 8: Common Emitter Amplifier

In this example, we want to analyze a common emitter amplifier. The NPN and PNP transistors are
simulated with the aid of blocks shown in Figs. 2.92 and 2.93, respectively.

W Select Component Symbol

Top Directory: [C:\Users\famasadﬁDocmelas\LTspioexw&ﬂ:\sym v1

| Bipolar NPN transistor

[ C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches) FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csSwW ind nmos pnp4
[OpAmps] current ind2 nmos4 olcz|
[Optos] diode IS016750-2 _pes
[PowerProducts] e ISO7637-2 npn2 res2
[References]) e2 LED npn3 schot|
<D >
carc

Fig.2.92 NPN block
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W Select Component Symbol X

Top Directory: IG:\Users\fauzhasadﬂDocmem\LTspioeXVM\s‘ym'- v |
Bipolar PNP transistor

(PP |

£ C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym)
[SpecialFunctions] f load npn4 SOAt
[Switches] FermiteBead load2 pif SOAt
bi FeriteBead2 Ipnp pmos swW
bi2 g Itline mos4 tline
by 2 mestet T — s
cap h njf pnp2 varac
cSW ind nmos pnp4 voltaa
current ind2 nmos4 polcap zene
diode 1SO16750-2 npn res
e 1IS07637-2 npn2 res2
e2 LED npn3 schottky

< e ——— >

coc

Fig.2.93 PNP block

If you need to simulate a circuit which contains a MOSFET transistor, you can use the blocks
shown in Figs. 2.94 and 2.95.
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W Select Component Symbol X

Top Directory: Ic:lljsers\famasamocmemuTspieeXVM\sym* M |
N-Channel MOSFET transistor

|nmod |

{£1 C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym}
[ADC] [SpecialFunctions] f load npnd
[Comparators] [Switches) FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo:
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h nj np2
s cow nd S —
[OpAmps] current ind2 nmos4 polcg|
[Optos]) diode IS016750-2 npn res
[PowerProducts] e IS07637-2 npn2 res2
[References] e2 LED npn3 schot

< e ————— >

coc o]

Fig.2.94 NMOS block
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W Select Component Symbol X

Top Directory:  Ci\Users\farzinasadi\Documents\L TspiceXVIllib\sym v
P-Channel MOSFET transistor

|pmos |

£ C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym)
[SpecialFunctions] f load npn4 SOAt
[Switches] FermiteBead load2 EE SOAt
bi FeriteBead2 Ipnp
bi2 g Itline pmos4 tline
bv g2 mesfet pnp TVS¢
cap h njf pnp2 varac
cSW ind nmos pnp4 volta
current ind2 nmos4 polcap zene
diode 1IS016750-2 npn res
e 1S07637-2 npn2 res2
e2 LED npn3 schottky

< e ——— >

coc o]

Fig.2.95 PMOS block

Draw the schematic shown in Fig. 2.96.



2.9 Example 8: Common Emitter Amplifier

223

Fig.2.96 Schematic of Example 8

Right click on the transistor Q1 and click the Pick New Transistor button (Fig. 2.97). Then select
2N2222 and click the OK button (Fig. 2.98). After clicking the OK button, the schematic changes to

what is shown in Fig. 2.99.

Transistor Properties

[ Bipolar Transistor - Q1 X

T
|

| Cancel

Tt
antacene ]
posy [ mon |
Y —

Collector Current{A]: |:

Fig.2.97 Bipolar Transistor window
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[ select Bipolar Transistor X

Part No.  Manufacturer Polarity Vceo[V] Ic[mA] SPICE Model 2

2N3904 NXP 400 200 .model 2N3904 NPN(IS=1E-14 VAF=100 E
FZT849 Zetex npn 300 7000 .model FZT849 NPN(IS=58591E-13 NF=C
ZTX1048A  Zetex npn 175 5000 .model ZTX1048A NPN(IS=13.73E-13 NF-
2N4124 Fairchild npn 250 200 .model 2N4124 NPN(Is=6.734f Xti=3 Eg=1.
2N3391A  Fairchild npn 250 500 .model 2N3391A NPN(Is=12.03 Xii=3 Eg=
2N5089 Fairchild npn 250 100 .model 2N5089 NPN(Is=5.911f Xti=3 Eg=1.
?Ii‘“ﬂ Eairahild ey Enn nn MAHAI‘!ME‘)‘II'IMD&H%--‘O‘Q‘W—'Jl:»;l v

Fig.2.98 2N2222 transistor is selected

Fig. 2.99 Changes are applied to the graph

Give the name to the circuit nodes (Fig. 2.100).
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Fig.2.100 Circuit nodes are labeled

Click the Run icon and open the DC op pnt tab (Fig. 2.101). Then click the OK button.

Fig.2.101 Simulation

settings [ Edit Simulation Command X

Transient ACAnalysis DCsweep Noise DC Transfer DCoppnt

Compute the DC operating point treating capacitances as open circuits and
inductances as short circuits.

Syntax .op

.o J
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After clicking the OK button in Fig. 2.101, the result shown in Fig. 2.102 appears. This result
shows the DC steady state values of voltages and currents. Note that base and collector currents are
positive and emitter current is negative. In LTspice, the currents that enter the transistor are assumed
to be positive. Since the emitter current in NPN transistors goes out of the transistor, it is negative. If
you apply the DC operating point to a circuit with PNP transistor, base and collector currents are nega-
tive and emitter current is positive.

Let’s take a closer look to the result shown in Fig. 2.102. V(c), V(b), V(e) show the voltage of node
¢, voltage of node b and voltage of node e, respectively. Ic(Q1), Ib(Q1), and Ie(Q1) show the collector
current of transistor Q1, the base current of transistor Q1, and the emitter current of transistor Q1,
respectively. So, the operating point of transistor is VCE = 8.03888 — 0.965636 = 7.0732 V and
IC =0.204 mA. I(V2) shows the current drawn from source V2 and I(R3) shows the current that pass
through resistor R3.

W * C\Users\farzinasadi\Documents\LTspiceXVINCommonEmitterAmplifier.asc X
--- Operating Point ---

Vic) : 8.03888 voltage

V(b): 1.57815 voltage

Vie): 0.965636 voltage

V(vee) : 9 voltage

Vvi(vl) : 0 voltage

V(in) : 7.89078e-015 voltage

V(out) : 3.77827e-012 wvoltage
Ic(Ql): 0.000204493 device_current
Ib(Q1) : 9.61026e-007 device_current
Ie(Q1): -0.000205454 device_ current
I (C3): -8.03888e-016 device_current
I(Cc2): 9.65636e-017 device_current
I(cl): 1.57815e-016 device_current
I(R6): 8.03888e-016 device_current
I(RS): =1.57815e-016 device_current
I(R4): 0.00157815 device_current
I(R3): 0.00157912 device_current
I(R2): 0.000205454 device_current
I(R1): 0.000204493  device_current
I(V2): -0.00178361 device_current
I(vl): 1.57815e-016 device_current

Fig.2.102 Simulation result

Let’s simulate the behavior of circuit for 50 ms (Fig. 2.103). Figure 2.104 shows the load voltage
(voltage of node “out”) and input voltage (voltage of node “in”) simultaneously.
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O o]
g T T
>
v2
R3 R1
4.7k 4.7k
9
c3
c [l out
I
» 100p
R6
RS . 1
in H Il b Q1 4.7k
o 100p &Qzuzzzz
-
>
@l C
T~ SINE(0 10m 1k) §R4 §R2 c2
1k 47k Ti00p
X N7 X7
.tran 50e-3

Fig.2.103 .trans 50e-3 command is added to the schematic

. W LTspice XVl - &;mmon.i'n tterAmplifier
Eile View PlotSettings Simulation Tools Window Help
PEETFOAAAR RIERE IDEMH OE )

Ec EmiterAmplifier L, Comr

E,:CommonEmmerAmpliﬁe(

160mV-—
120mV-
80mV
40mV—
OmV
-40mv-|
80mV
-120mV
-160mV-{
-200mV

10ms

Fig.2.104 Simulation result
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Let’s measure the gain of the system. One way it to compare the RMS of output with input. The
approximate RMS of output and input are shown in Figs. 2.105 and 2.106, respectively. According to
Fig. 2.107, the approximate voltage gain of the amplifier is about 18.37. We can write the voltage gain
of the amplifier as —18.37 to show 180 phase difference between the input and output.

[ Waveform: V(out) X
Interval Start | Os |
Interval End: | 50ms |

Average: | -3.6185mV |
RMS: | 120.02mV |

Fig. 2.105 Average and RMS values of V(out) for [0, 50 ms] interval

[ waveform: V(in) X
Interval Start | Os |
Interval End: | 50ms |

Average: | 583.19nV |
RMS: | 6.5323mV |

Fig.2.106 Average and RMS values of V(in) for [0, 50 ms] interval

Command Window

18.3733

f{>>|

Fig. 2.107 MATLAB calculations

You can measure the voltage gain of the amplifier with the aid of cursors as well. For instance,
according to Figs. 2.108 and 2.109, at r = 2.24 ms, output voltage is —186.34 mV and input voltage

~186.34mV
i59.36 mV. So, the voltage gain is ——"0V _19.9]
9.36mV
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Fig.2.108 Value of

V(out) at £ = 2.24 ms W CommonEmitterAmplifier X
Cursor 1
V(out)

Horz |  2.246696ms Vert|  -186.34525m\V|
Cursor2

2 | - N/A- vert | -- N/A-
Diff (Cursor2 - Cursor1)
Horz: | - N/A—- Vert | - NJ/A—
Freg: | - N/A-- Siope: | - N/A--

Fig.2.109 Value of

V(in) at £ = 2.24 ms ¥ commonEmitterAmplifier ¥
Cursor 1
V(in)
Horz |  2.2422907ms Vert|  9.3626821mV
Cursor2
2 | - N/A- vert | -- N/A-

Diff (Cursor2 - Cursor1)
Horz: | - N/A—- Vert | - NJ/A—

req: | - N/A- Siope: | - NJA-

Figure 2.110 shows the output voltage and input voltage for [45.2 ms, 50 ms] time interval. You can
easily see that the output voltage is distorted.

Let’s use cursors to ensure that output voltage is distorted (Fig. 2.111). Value of peak voltages are
shown in Fig. 2.112. According to Fig. 2.112, positive peak value is 155.89 mV and negative peak
value is —186.23 mV. So, you can obviously see that the positive and negative half cycles are not
amplified with the same gain. Remember that transistor is a nonlinear component so such a behavior
is expected. You can obtain a good linear amplifier with the aid of feedback.
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Help

ERE e H o8

120mV

-120mV
-160mV
-200mV

-240mV - x : : : : _
46.8ms 47.2ms 47.6ms 48.0ms 48.4ms 48 8ms 49.2ms 49.6ms 50.0ms

45.2ms 45.6ms 46.0ms 46.4ms

Fig.2.110 V(out) and V(in) for [45.2 ms, 50 ms]

Help

ERE e H o8

120mV

-120mV
-160mV
-200mV

-240mV t t T
48 8ms 49.2ms 49.6ms 50.0ms

45.2ms 45.6ms
Right-Click to manu. nter Left Vertical Axis Limits [V]

46.0ms 46.4ms 46.8ms 47.2ms 47.6ms 48.0ms 48.4ms

Fig.2.111 Addition of cursors to the graph
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Fig.2.112 Coordinates
read by the cursors W CommonEmitterAmplifier X
Cursor 1
V(out)
Horz:|  46.255916ms Vert|  -186.23272mv
Cursor2
V(out)
Horz:|  46.748116ms Vert|  155.89583mv
Diff (Cursor2 - Cursor1)
Horz:|  492.19982ps Vert|  342.12855mv
Freq:|  2.0316952kHz Slope: | 695.101

2,10 Example 9: FFT Analysis

In the previous example, we saw that positive and negative half cycles of the input are not amplified
with the same gain. This shows that out amplifier is nonlinear. If you stimulate a linear amplifier with
a sinusoidal input with frequency of f;, the output contains a component with frequency f, only.
However, if you stimulate an amplifier with a sinusoidal with frequency f;, the output contains f, and
its harmonics, i.e., kf, where k € N. Let’s see the harmonic contents of the common emitter amplifier
of previous example. Open the schematic of previous example and click the Simulate> Edit Simulation
Cmd. Enter 100n to the Maximum Timestep box and click the OK button (Fig. 2.113). This cause the
simulation time step to be less than 100 ns which increases the accuracy of simulation. Small step size
is preferred for FFT and Fourier (Example 10) simulations. After clicking the OK button, the sche-
matic changes to what is shown in Fig. 2.114.

Fig.2.113 Simulation
settings

E’ Edit Simulation Command

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt

Perform a non-linear, time-domain simulation.

Time to start saving data: | 0

Maximum Timestep: 100n
Start external DC supply voltages atoV: [_]
Stop simulating if steady state is detected: [
Don'treset T=0 when steady state is detected
Step the load current source: [_]
Skip initial operating point solution: [_]

Syntax: tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ...]

Mran 050m 0 100n

Cancel o ]
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Fig.2.114 Simulation command is added to the schematic

Click the SPICE Directive button and add the .options numdgt = 7 and .options plotwinsize = 0 to
the schematic (Fig. 2.115). These two lines increase the accuracy of calculations. So, it is a good idea
to add them to all the Fourier analysis simulations.



2.10 Example 9: FFT Analysis 233

Fig.2.115 .options numdgt = 7 and .options plotwinsize = 0 commands are added to the schematic

Run the simulation (Fig. 2.116).
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. [ LTspice Xil - CommonEmitterAmplifier

Eile View PlotSettings Simulation Jools Window Help

EEEER 2 EBY ILAN LS )
Ec plifer € C Amplif

| CommonEmitterAmplifier

X o [ 53] |
Simulation Time = 48,0259 ms Transient Analysis 96.1% done. Simulation Speed: 7.14907 ms/s inters1 fill-ins: 0
Fig.2.116 Simulation is run
Right click on the black area and click the View> FFT (Fig. 2.117).
Fig.2.117 View> FFT
9 o E\ Zoom to Eit
1@ Autorange Y-axis
o
;ém Add Traces «, Mark Data Points
Add Plot Pane £X visible Traces
Draw 4 &] Manual Limits
Edit » | AZ Reset Colors
‘ L. [
Marching Waveforms k
@ SPICE Error Log
File X Plot Defs File
[~ Float Window 81 Copy bitmap to Clipboard

@ Write image to .emf file




2.10 Example 9: FFT Analysis 235

After clicking the View> FFT, the window shown in Fig. 2.118 appears. Select V(out) since we
want to study the harmonic content of voltage of node “out” and click the OK button.

Fig.2.118 V(out) is

selected Ef Select Waveforms to include in FFT X
NOTE: Fourier components are normalized to
correspond to the ime domain RMS amplitude.
Ctrl-Click to toggle Cancel
V(b) I(R4)
V(c) I(R5)
Vie) I(R6)

Viin I(V1)
WIMJ
V(v1) Ib{Q1)
V(vee) le(Q1)
IC1)  le(Q1)
I(C2)

I(C3)

I(R1)

I(R2)

I(R3)

Number of data point samples in time: 262144 =

Quadratic interpolate uncompressed data
Time range to include

Start Time: 0s (@ Use Extent of Simulation Data
(O Use current zoom Extent
End Time: 50ms (O Specify a time range

Binomial Smoothing done before FFT and windowing

Number of Points: 3 =

Windowing (Periodic and normalized to unit area)

Windowing Function: (none) v

Preview Window

NOTE: The DC componentis removed before windowing.

Resetto Default Values

After clicking the OK button, the spectrum (frequency content) of the V(out) appears on the screen
(Fig. 2.119). The peaks show presence of harmonics.
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{2 CommonEmitterAmplifierHarmonicAnalysis.fft

E=N IR X"

-10dB
-20dB-
-30dB-
-40dB

-50dB-
-60dB-
-70dB-
-80dB—
-90dB -
-100dB—
-110dB—
-120dB—
-130dB—
-140dB—
-150dB—+

10KHz 100KHz

Fig. 2.119 Spectrum of V(out)

Right click on the vertical axis and select Linear (Fig. 2.120). After selecting the Linear, the ampli-
tude (peak value) of the harmonics appears one the screen (Fig. 2.121). Note that the FFT shows the
RMS value of harmonics. For instance, according to Fig. 2.121, RMS value of fundamental (1 kHz)
component is 121.7 mV. So, the amplitude of 1 kHz component is V2x121.7mV =172.108mV.

[ Left Vertical Axis -- Magnitude X
Range Representation
Top: [ 130mV Bode v
Tick: [ 10mv @ Linear Soes
Bottom: [ ov 8;2?::Zl:mlc

Fig.2.120 Left Vertical Axis window
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}%> CommonEmitterAmplifierHarmonicAnalysis.fft |
130mV o
120mV

110mV—

100mV

90mV

80mV-

70mV

60mV—

50mVv

40mV+

30mV

20mV—

10mV-

OmVv

100Hz 10KHz 100KHz 1MHz

Fig.2.121 Amplitude of harmonics

You can see the harmonic content in the desired range by right clicking on the horizontal axis and
entering the desired range. For instance, if you want to see the harmonic content in the [500 Hz,
10 kHz] range, right click on the horizontal axis and enter 500 to the Left box and 10 kHz to the Right
box (Fig. 2.122). After clicking the OK button, [S00 Hz, 10 kHz] interval will be shown (Fig. 2.123).
Figure 2.123 shows that the output has a component at 2 kHz. This shows that out amplifier is not
linear. Note that the input signal has only one component at 1 kHz, so the 2 kHz component is gener-
ated during the amplification process. If you zoom in the graph, you can see the presence of third
harmonics as well (Fig. 2.124). If you right click on the vertical axis and select the Decibel, you can
see the presence of harmonics more easily (Fig. 2.125).

|
| E" Horizontal Axis X

Quantity Plotted:
Axis Limits

Left S00Hz tick: 1K Right 10kH
PALogaritmic Cancel

Fig. 2.122 Horizontal Axis window
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CommonEmitterAmplifierHarmonicAnalysis.fft

130mV
120mV-
110mV-
100mV-
90mvV-
80mV-
70mV—
60mV-
S50mV-—
40mV-
30mV-
20mV-
10mV—

OmV-
0.5KHz

1.5KHz 2.0KHz 3

1.0KHz

.0KH

o

5.5KHz

z

4.0KHz

Fig.2.123 Spectrum for [S00 Hz, 10 kHz] interval

15X CommonEmitterAmplifier.ft
1.0mV-
0.8mV
0.6mV
0.4mV—+
0.2mV—+
0.0mV

-0.2mV

3.024KHz

3.006KHz

2.970KHz

3.042KHz 3.060KHz

Fig. 2.124 Third harmonic amplitude is around 0.6 mV
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|2 CommonEmitterAmplifier.fft =@ "

-10dB
-20dB—
-30dB-
-40dB—
-50dB—+

-60dB—
-7T0dB—

-80dB -
-90dB—
-100dB

-130dB-
-140dB -

-150dB— n
0.5000KHz 1.5000KHz 2.5000KHz 3.5000KHz 5.5000KHz 8.5000KHz

Fig. 2.125 Decibel mode permits you to see the harmonics easily

2.11 Example 10: .Four Command

In the previous example we used the FFT capability built into the waveform viewer to see the har-
monic contents of the output voltage. In this example, we will introduce the Fourier analysis (.four
command) which is used to measure the amplitude harmonics. The .four command calculated the
Total Harmonic Distortion (THD) as well. The help page of .Four command is shown in Fig. 2.126.
!--._-?_L{spic-e-Help_ i - . i o S o ) - o i ) N ) ) ) ) _; O X

o ¢ & O

| Hide Back Print  Options

Contents | index | Search |

.FOUR -- Compute a Fourier Component after

=0 LTspice® ~ B
=@ Introduction a .TRAN Analys:.s
= Dot Commands
(7] AC - Perform an Small Signal AC Anz Syntax: .four <frequency> [Nharmonics] [Nperiods] <data

(7] BACKANNO - Annotate the Subcircui +

1 DG - Perdorm 3 DC Source Sweep A tracel> [<data trace2> ...]
(2] [END - End of Netist

[7) ENDS -~ End of Subcircuit Definition Example: .four lkHz V(out)
Ki] FOUR — Compute a Fourier Compon
[#] FUNC - User Defined Functions

(2] FERRET - Download a File Given th:

This command is performed after a transient analysis.

1 s 3 5 3 &

[ GLOBAL ~ Declare Global Nodes TE s“supphed in order to be compat;l?le with legacy
[ IC - Setnitial Conditions SPICE simulators. The output from this command is
[2) INCLUDE - Include Ancther File printed in the .log file. Use the menu item

) LB - Include a Library "View=>Spice Error Log" to see the output. For most

(2] LOADBIAS - Load a Previously Solv

@) MACHINE - Arbitrary State Machine purposes, the FFT capability built into the waveform
[#] MEASURE - Evaluate User-Defined viewer is more useful.

[3] MODEL - Define a SPICE Model

2] NET - Compute Network Parameter: If the integer Nharmonics is present, then the analysis
Zt;ii.:glt‘)iisf;;ﬁi:’rap;ﬂ—:ir::Er::a':;'nsallso includes that number of harmonics. The number of

[21 .OP - Find the DC Operating Point harmonics defaults to 9 if not specified.

(2] OPTIONS - Set Simulator Options

) PARAM - UserDefined Parameters The Fourier analysis is performed over the period from
El?]'ix:g&"?“g"u"g"mrs?*"li the final time, Tend, to one period before Tend unless
i 2 = >ave Uperabing Foinl : " & 3 2

Rl STEP - Parameler Sweeps an integer Npgrlods is given afte]; Nharmonl;s. _If

[ SUBCKT - Define a Subcircuit Nperiods is given as -1, the Fourier analysis is

[#) TEMP - Temperature Sweeps performed over the entire simulation data range.

[#] TEXT - User-Defined Stings
[#) TF - Find the DC Small-Signal Transt
3 . TRAN - Do a Monlinear Transient As
2 WAVE - Write Selected Nodestoa '
+- @ Transient Analysis Oplions
< >

v

Fig.2.126 .FOUR section of LTspice Help
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Let’s study a simple example. Draw the schematic shown in Fig. 2.127. Settings of the V1, V2, and
V3 sources are shown in Figs. 2.128, 2.129, and 2.130, respectively. The voltage of node “a” can be
written as V, = 10 sin (2z x 50 x ¢ + 30°) + 7 sin (2z x 150 x £) + 5 sin (27 x 250 x t + 45°). Settings
of the used transient analysis is shown in Fig. 2.131. The .four 50 V(a) asks the LTspice to calculate
the harmonics of node “a” voltage. It tells the LTspice that the fundamental frequency of V(a) is
50 Hz. So, amplitudes of components at 50 Hz, 100 Hz, 150 Hz, ... are calculated. By default, .four
command calculates the harmonics up to ninth harmonic. If you need more harmonics, you can write

it after the fundamental frequency. For instance, .four 50 15 V(a) analyze the voltage of node “a” up
to the 15th harmonic.

Fig. 2.127 Schematic of Example 10



211 Example 10: .Four Command

241

W Independent Voltage Source - V1

Functions

(O (none)
(O PULSE(V1 V2 Tdelay Trise Tall Ton Period Neycles)

(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)

OPWLH vIRV2.)

(OPWLFLLE: Browse

DC offset[V]: 0
Amplitude[V]: 10
Freq[Hz]:
Tdelay[s):
Theta[1/s]:
Phi[deg]:
Ncycles:

gll=l=| 38

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 2.128 Settings of voltage source V1

W Independent Voltage Source - V2

Functions

(O (none)
(O PULSE(V1 V2 Tdelay Trise Tall Ton Period Neycles)

(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)

OPWLH vIRV2.)

(OPWLFLLE: Browse

DC offset[V]: 0
Amplitude[V]:
Freq[Hz]: 150
Tdelay[s):
Theta[1/s]:
Phi[deg]:
Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 2.129 Settings of voltage source V2
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W Independent Voltage Source - V3
Functions
(O (none)
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)
(OPWLFILE: Browse

DC offset[V]:
Amplitude[V]:
Freq[Hz]: 250
Tdelay[s]:
Theta[1/s]: 0
Phi[deg]: 45

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

X
DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 2.130 Settings of voltage source V3

Fig.2.131 Simulation

settings E’ Edit Simulation Command

Transient AC Analysis DCsweep Noise DC Transfer DC op pnt

Perform a non-linear, ime-domain simulation.

Time to start saving data: ‘I]

Start external DC supply voltages atoVv: [_]

Stop simulating if steady state is detected: [ ]
Don'treset T=0 when steady state is detected:

Step the load current source: [_]

Skip initial operating point solution: [_]

Syntax: _tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ...]

Stop time: 100m|

tran 0 100m 0 Tu

Cancel

Run the simulation (Fig. 2.132).
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[ tspicexwi- THOBOmple - - o x|
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHDFIQRAUAR IR EREIDERSB LD 3 D00 Aa op |
E2 THDExample £ THDExample
[ = 53
10ms 70ms
S

-l: THDExample

SINE(D 5 250 0 0 45}

Loading Operating Point

Fig.2.132 Simulation is run

Press the Ctrl+L or click the View> SPICE Error Log (Fig. 2.133). This opens the SPICE Error Log
window (Fig. 2.134).
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l 9 LTspice XVl - THDExample = o x |
| Eile Edit Hijerarchy | View Simulate Jools Window Help |

B @ E P Rzoomsee iz | DB I DENOB LB F3 YOVOD An op |
I THOExample L nQZoom_Back Cri+B |

Zoom to Fit '

I~ show Grid Ctri+G
¥ Mark Unconn. Pins w
I~ Mark Anchors S
Bill of Materials L4
Efficiency Beport L4
&) SPICE Netlist

& CT—

g Yisible Traces
L‘:.I Autorange Y-ais
Marching Waves
Ol # Set Probe Reference

[# Toclbar
[~ status Bar
" Window Tabs

1, THDExample

SINE(0 S 250 0 0 45)

Display the UNIX-style error log from SPICE

Fig. 2.133 View> SPICE Error Log

| [57 SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVINTHDExample.log X |

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\THDExample.asc A

Direct Newton iteration for .op point succeeded.
N-Period=1

Fourier components of V(a)

DC component:1.70275e-011

Harmonic Frequency Fourier Normalized Phase

Number [Hz] Component Component [degree]
1 5.000e+01 1.000e+01 1.000e+00 30.00°
2 1.000e+02 3.371le-11 3.371le-12 B6.63°
3 1.500e+02 7.000e+00 7.000e-01 0.00°
4 2.000e+02 3.28le-11 3.28le-12 83.01°
5 2.500e+02 5.000e+00 5.000e-01 45.00°
6 3.000e+02 3.134e-11 3.134e-12 78.98°
7 3.500e+02 3.03%e-11 3.039%e-12 76.73°
8 4.000e+02 2.935e-11 2.935e-12 74.20°
9 4.500e+02 2.818e-11 2.818e-12 71.39°

Total Harmonic Distortion: 86.023243%(86.023243%)

Fig.2.134 Simulation result
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Let’s study the obtained results more carefully. According to the “Fourier Component” column of
Fig. 2.134, the amplitude of components at 50 Hz, 150 Hz and 250 Hz are 10 V, 7 V, and 5 V, respec-
tively. Amplitude of other harmonics are very small and can be ignored. According to ‘“Phase [degree]”
column of Fig. 2.134, the phase of components at 50 Hz, 150 Hz and 250 Hz are 30 °, 0 °, and 45°,
respectively.

The DC component of the voltage of node “a” is 1.70275 x 107! V which can be considered as
zero. We have no DC source in the circuit, so the DC component must be zero. If you put a DC source
in series with the sources, then its value appears in the DC component line.

The Total Harmonic Distortion line displays the THD. Let’s calculate the THD for voltage of

e ) )
\A Nz Nz
node“a”: THD = Zh:z RS \/E \/E =0.8602 or 86.02%. So, LTspice result is
correct. Vl,RMs &

NA

2.12 Example 11: THD of Common Emitter Amplifier

THD is a figure of merit specially in power amplifiers and inverters. Lower THD is preferred. In this
example, we use the .four command to measure the THD of the common emitter amplifier of Example 8.

Draw the schematic shown in Fig. 2.135. The .four 1 kHz 10 25 V(out) command asks LTspice to
do a Fourier analysis on the node “out” voltage and move ahead up to tenth harmonic. It tells the
LTspice that fundamental frequency of node “out” voltage is 1 kHz and asks it to do the Fourier analy-
sis on the last 25 cycles. Since, 1 cycle of a wave with frequency of 1 kHz takes 1 ms, 25 cycle takes
25 ms. The stop time of transient analysis is 50 ms. So, the Fourier analysis is applied to the [25 ms,
50 ms] of voltage of node “out.” If you write a command like, .four 1 kHz 10 V(out), only the last
cycle of node “out” voltage, i.e., portion of waveform between 49 ms and 50 ms, is used for calcula-
tion of harmonics. Increasing the number of cycles which are used in calculations increases the accu-
racy of result. However, the simulation takes more time to be done.
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Fig. 2.135 Schematic of Example 11

Run the simulation. Click the View> SPICE Error Log (Fig. 2.136) or press the Ctrl+L to see the
result.
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W LTspice XVl - CommonEmitterAmplifierHarmanicAnalysis

Eile Edit Hierarchy | View Simulate Jools Window Help

PME EH S @, Zoom Area

= CommonEmittetAmpl

Q Zoom Back
- Zoom to Eit

I~ show Gria
¥ Mark Unconn. Pins
I~ Mark Anchors

Bill of Materials
Efficiency Report

Q) SPICE Netlist

s erorio

g Yisible Traces
& Autorange Y-ais
Marching Waves
[X] # Set Probe Reference

Ctri+Z
Ctrl+B

Ciri+G
v
"

EHBR ¥

niterAmplieHamaonicAnalysis

HEB LD £33 TDYODC

247

% Commontmitiaral I~ 10902 = N
¥ stansgar
r:WmdDw Tabs
|Display the UNIX-style error log from SPICE N
Fig.2.136 View> SPICE Error Log
[ SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVINCommonEmitterAmplifierHarmonicAnalysis.log X
Direct Newton iteration for .op point succeeded.
N-Periocd=25
Fourier components of V(out)
DC component:-0.00094146
Harmonic Frequency Fourier Normalized FPhase Normalized
Number [HZ] Component Component [degree] Phase [deg] |
1 1.000e+03 1.712e-01 1.000e+00 -179.17* 0.00° i
2 2.000e+03 1.524e-02 8.903e-02 92.02° 271.19°
3 3.000e+03 8.853e-04 5.170e-03 3.82° 183.00°
4 4.000e+03 3.705e-05 2.164e-04 -90.19° 88.98°
L] 5.000e+03 4.750e-06 2.774e-05 179.87° 359.04°
6 6.000e+03 3.020e-06 1.764e-05 176.24° 355.42°
7 7.000e+03 2.580e-06 1.507e-05 177.15° 356.33°
8 8.000e+03 2.258e-06 1.31%e-05 177.53° 356.70° {
9 9.000e+03 2.007e-06 1.172e-05 177.81° 356.99°
10 1.000e+04 1.807e-06 1.055e-05 178.03° 357.21°
Total Harmenic Distortion: 8.918202%(8.924962%)
v

Date: Sat Jun 26 14:39:38 2021

Fig. 2.137 Simulation result
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The result is shown in Fig. 2.137. The THD of voltage of node “out” is 8.924962%.
Let’s check the result. The following MATLAB code calculates the THD of node “out” voltage
based on the amplitudes shown in Fig. 2.137.

f=le3;w=2*pi*f;
Al=1.712e-1;A2=1.524e-2;A3=8.853e-4;A4=3.705e-5;A5=4.75e-6;
A6=3.020e-6;A7=2.58e-6;A8=2.258e-6;A9=2.007e-6;A10=1.807e-6;

Num=sqgrt (.5* (A2"2+A3"2+A4"2+A5"2+A6"2+AT"2+A8"2+A9"2+A10"2) ) ;
Den=Al/sqgrt (2);
THD=Num/Den*100

Output of the code is shown in Fig. 2.138. According to Fig. 2.138, the THD is 8.916% which is
very close to the LTspice value.

Command Window )

THD =

8.9169

fx >>|

Fig. 2.138 Output of MATLAB code

Let’s draw the graph of node “out” voltage. Following MATLAB code draws the graph of node
“out” voltage based on the result shown in Fig. 2.137.

f=1e3;w=2*pi*f;

V0=-.00094146;
Al=1.712e-1;A2=1.524e-2;A3=8.853e-4;RA4=3.705e-5;A5=4.75e-6;
A6=3.020e-6;A7=2.58e-6;A8=2.258e-6;A9=2.007e-6;A10=1.807e-6;
phil=-179.17;phi2=92.02;phi3=3.82;phi4=-90.19;phi5=179.87;
phi6=176.24;phi7=177.15;phi8=177.53;phi9=177.81;phi10=178.03

DR=pi/180; %Degree to Radian Conversion Coefficient

syms t

y=VO0+Al*sin (w*t+phil*DR)+A2*sin (2*w*t+phi2*DR) +A3*sin (3*w*t+
phi3*DR) +. ..

Ad*sin (4*w*t+phi4d*DR) +A5*sin (5*w*t+phi5*DR) +A6*sin (6*w*t+phi
6*DR) +. ..

A7*sin (7*w*t+phi7*DR) +A8*sin (8*w*t+phi8*DR) +A9%*sin (9*w*t+phi
9*DR) +. ..

Al0*sin (10*w*t+phil0*DR) ;

ezplot(y, [0,1e-3])

grid on
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After running the code, the result shown in Fig. 2.139 is obtained. You can compare it with the [0,
100 ms] portion of V(out) (Fig. 2.140). The two waveforms are not exactly the same; however, they
are very close. Note that the MATLAB graph considers the first 10 harmonics and ignores the higher
order harmonics. The small difference between the graphs come from this. If you increase the number
harmonics in the MATLAB code, the difference between the two curve becomes smaller.

Fig.2.139 Output of

= -
MATLAB code & Figure =

File Edit View Insert Tools Desktop Window Help k]
Nedse @ 08 &[E
83 sin((191 7)/9000 + 6000 t 7))/9223372036854775808 +...- 8683435837817297/92

o ; TN

9
N\

A !

0 \ /

0.05 |

0 01 02 03 04 05 06 07 08 08 1
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B‘r LTspice XVl - f(om-nonEmine:Arn;;:ufuerHarmonicAnal-,'s:s:

I_—;_:Eile View Plot Settings Simulation Tools Window Help

PE T X RQAAR I RIERT IDEHSS )
if

Ec £ P Lc p h

120mV

0.4ms 0.6ms 0.8ms

Fig. 2.140 LTspice simulation result

2.13 Example 12: Frequency Response of Common Emitter Amplifier

We want to obtain the frequency response of the common emitter amplifier of Example 8. Open the
schematic of Example 8 and remove the .trans command from it (Fig. 2.141).
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Fig. 2.141 Schematic of Example 12

Right click on the V1 and do the settings similar to Fig. 2.142. After applying the changes, click
the OK button. After clicking the OK button, the schematic changes to what is shown in Fig. 2.143.
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[ Independent Voltage Source - V1 %
Functions DC Value
=L ocvave |
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles) DLlri S T
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)
(O SFFM(Voff Vamp Fcar MDI Fsig) AC Amplitude:
OPWLHIvIRV2.) ACPhase:| 0 |
OPWLFILE: | | _ Make this information visible on schematic:[~]
Parasitic Properties
Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic: []

Make this information visible on schematic: [/] Cancel | [ ok |

Fig. 2.142 Settings of voltage source V1

Fig.2.143 Changes are applied to voltage source V1
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Now, click the Run icon. Open the AC sweep tab and do the settings similar to Fig. 2.144 and click
the OK button. After clicking the OK button, the simulation is done (Fig. 2.145).

Fig.2.144 Simulation = ; ] )
settings [©F edit Simulation Command X
Transient AC Analysis DCsweep MNoise DC Transfer DC op pnt
Compute the small signal AC behavior of the circuit linearized aboutits DC operating
point
Type of sweep: Decade
Mumber of points per decade: 100
Startfrequency: 10
Stop frequency: 50Meg
Syntax: .ac <oct dec, lin> <Npoints> <StartFreq> <EndFreq>
.ac dec 100 10 50Meg
_i;f LTspice XVPI--&ommoném-nerAmol.ifier o & o - o e |
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHTAFOQAAR R HBRR I DEASB LSRF3 ¥xDODOD Aa op
_ CommonEmiterAmplifier | CommonE »
B =1 2

100KHz 1MHz 10MHz

4, CommaonEmitterAmplifier = E @

% = 31.653KHz

Fig. 2.145 Simulation is run
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Right click on the black area and enter V(out)/V(in) to the Expression(s) to add box (Fig. 2.146)
and click the OK button. After clicking the OK button, the result shown in Fig. 2.147 appears.

Thisgraph shows the M, i.e., the frequency response of the gain of the amplifier. The solid
Vi (o

lineshows the magnitude graph and dotted line shows the phase graph.

Fig.2.146 Add Traces

to Plot window BT Add Traces to Plot X
Only list traces matching
Avadable dat: [#] Asterisks match colons Cancel
VI R6)
V(c) V1)
Vie) 1V2)
V(in) Ib(Q1)
Viout) Ie{Q1)
Viv1) le{Q1)
V(vee) frequency
Ic1)
I(C2)
I(C3)
1 (RY)
[ R2)
I(R3)
I(R4)
I(R5)
Expression(s) to add:
V(out)/V(in)
[+] AutoRange
(B tspice XV11 - [Commonmiteramplifien - o x|
ES file Wiew PlotSettings Simulation Tools Window Help
MEETFHAQQARRIERBH DM O )
L c Amplifier 5 C EmitietAmplif

iz 100Hz 10KHz K 1MHz 10MHz
x = 3.200MHz y = 29.486d8, -105.137°

Fig. 2.147 Bode diagram of Vi (S)
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Let’s measure the midband gain of the amplifier. According to Fig. 2.148, the midband gain isabout
25.318

25.318 dB which shows the gain of 10 2 =18.446.

Fig.2.148 Midband

gain is around 25 dB [9' CommonEmitterAmplifier X
Cursor 1
V(out)/V(in)
Freq:| 13634836KHz | Mag 25.318865dB ®
Phase: -179.98973° O
Group Delay: 23.106075ns |
Cursor2

- NJA--

Ratio (Cursor2 / Cursorl)

Let’s measure the cut off frequency of the amplifier. We need to search for points which gain decreased
t025.318 — 3 =22.318 dB (Fig. 2.149). According to Fig. 2.150, the midband gain decreased by 3 dB at
Jfi=13.33 Hz and f;; = 16.52 MHz. So, the bandwidth of the amplifier is f;; — f; = fy = 16.52 MHz.

¥ (Tspice XVIl - [CommonEmitterAmplifier] = m} X
EZ File View PlotSettings Simulation Tools Window Help

PEEHTFOAQAR BIEHRR IDEMH OHE )

Co Apier B2 CommorE mierAmgit

10Hz 100Hz 10KHz 100KHz 1MHz 10MHz

x = 213495KHz  y = 20.413dB, -105.866°

Fig. 2.149 Measurement of cutoff frequency
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Fig. 2.150 Coordinates

of cursors in Fig. 2.149 W CommonEmitterAmplifier X
Cursor1
V(out)/V(in)
Freq| 13326462Hz | Mag: | 2233933608 @
Phase: | -128.3117° O
GroupDelay: | 7505108ms |
Cursor2
V(out/V(in)
Freq| 16516839MHz | Mag: | 2231100508 @
Phase: | -230.15685° O
Group Delay: | 5.6825077ns |(__)
Ratio (Cursor2 [ Cursor1) '
Freq:| 16516826MHz | Mag: | -28.330667mdB
Phase: -101.84515°

Group Delay: -7.5051023ms

It is very difficult to obtain the bandwidth of 16.52 MHz for a single stage common emitter ampli-
fier in real world. Assume that we have 10 pF of stray capacitance between the base and collector.
Schematic shown in Fig. 2.151, shows this case. If you run this simulation, the result shown in
Fig. 2.152 appears.

Fig. 2.151 10 pF stray capacitor is added between collector and emitter
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[BF spice vt - (Common€mitecamptiven - o x|
I:'::-;Eiie View Plot Settings Simulation Jools Window Help
PEE XK ROERE IDEMN O )

Co Ampifer B2 CommorE misramgi

10KHz 1MHz 10MHz

x = 730937KHz y = 26.365d8B, -96.353"

Fig. 2.152 Bode diagram in presence of stray capacitor

According to Fig. 2.153, the midband gain and low cut off frequency (f;) does not change. However,
the high cut off frequency decreased to f;; = 4.76 MHz. For 100 pf capacitor, the high cut off frequency
decreases to 646 kHz (Fig. 2.154).

Fig.2.153 Cutoff
frequencies for 10 pF [}T CommonEmitterAmplifier X
stray capacitor o]
V(out)/V(in)
Freq| 13509948Hz | Mag 22.399339d8B ®
Phase: -128.80565° O
Group Delay: 7.3816229ms |
Cursor 2
V(out)/V(in)
Freq:| 47587825MHz | Mag: 22.384292d8 @®
Phase: -228.34101° O
Group Delay: 18.900547ns '
Ratio (Cursor2 / Cursorl)
Freq: _. 4.758769MHz | Mag: | -15.046735mdB
: Phase: -99.535351
Group Delay: -7.381604ms
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Fig. 2.154 Cutoff
frequencies for 100 pF W CommonEmitterAmplifier X
stray capacitor s
V(out)/V(in)
Freq| 13509948Hz | Mag | 2239925588 @
Phase: | -128.80726° (O
GroupDelay: | 7.381842ms |
Cursor2
V(out)/V(in)
Freq| 64629469KHz | Mag | 223700618 @
Phase: | -227.842140 O
GroupDelay: | 1367132ns |
Ratio (Cursor2 [ Cursor1) '
Freq| 64628118KHz | Mag: | -29.193386mdB
Phase: -99.034876°
Group Delay: -7.3817053ms

2.14 Example 13: Input Impedance of Common Emitter Amplifier

In this example, we want to draw the frequency response of input impedance of the common emitter
of Example 8. We use the AC sweep for this purpose. Consider the schematic shown in Fig. 2.155.

Fig.2.155 Schematic of Example 13
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Run the simulation (Fig. 2.156).

B¥ (Tspice XVIl - CommonEmitterinputimpedance = (=] X
Eile View PlotSettings Simulation Tools Window Help

P& | F BIERR sk O &

£c ciaead Ec " a

|2 CommonEmitterinputimpedance = ! @

100KHz

x = 2035KHz

Fig.2.156 Simulation is run

Right click on the black area and enter —V (in)/I(in) to the Expression(s) to add box (Fig. 2.157) and
click the OK button. After clicking the OK button, the result shown in Fig. 2.158 appears. The solid
line shows the magnitude graph and dotted line shows the phase graph.

Fig.2.157 Add Traces

to Plot window | [ Add Traces to Plot X
| Only listtraces matching

Available data: Asterisks match colons Cancel
TG (2)

Vic) Ib(Q1)

V(e) le{@1)

Wiin) le(Q1)

Viout) frequency

V(vee)

C1)

C2)

C3)

I(R1)

(R2)

I(R3)

I(R4)

I(R6)

(V1)

Expression(s) to add:

BT

AutoRange
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W LTspice XV1I - CommaonEmitterinputimpedance

= o x|
Eile View PlotSettings Simulation Tools Window Help
PEESFOQAAAR RIERE IDEMH OE ()
e putmpedance {2 CommonEmiternpuimped

| CommaonEmitterinputimpedance

-60

66
100KHz 10MHz

AC1O

e duc 100 10 100eg

{Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe V1.

Fig.2.158 Simulation result

Right click on the vertical axis and select the Linear (Fig. 2.159). Now the vertical axis has the unit
of Ohms and you can read it easily (Fig. 2.160).

[ Left Vertical Axis -- Magnitude X

Range Representation
Top: [ 910Q Bode v
Tick: | 700 @ Linear Soes
. Bottom: [ 140Q 8;Zi?;:mlc |
|
[ Don't plot the magnitude. ]

Fig.2.159 Left Vertical Axis window
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B¥ (Tspice XVIl - CommonEmitterinputimpedance

Eile View PlotSettings Simulation Tools Window Help

PE R AHRARRIIERE & DE#OF 5
e putmpedance 1 C ! 4
| CommonEmitterinputimpedance =

-48
54’
-60
66
100KHz 10MHz

x = 213.964Hz y = 949.7220), 3405°

Fig. 2.160 Simulation result

Let’s check the obtained result. According to Fig. 2.161, the input impedance at 1 kHz is
800.10e710167534" O ~ 800.10 Q.

Fig.2.161 Input

impedance at 1 kHz [9' CommonEmitterinputimpedance X
Cursor 1
V(in)/i(V1)
Freq:| 10083021KHz | Mag 800.10318¢) ®
Phase: -167.53493m® E-1
Group Delay: -277.98322ns |
Cursor 2

INJA--

Ratio (Cursor2 / Cursorl)
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Let’s check the result. Consider the schematic shown in Fig. 2.162. Run this schematic and mea-
sure the peak value of voltage of node “in.” According to Fig. 2.163, the peak value of node “in” volt-
age is about 9.39 mV.

Fig. 2.162 Schematic to measure the input impedance at 1 kHz

Fig.2.163 Peak value
of V(in) is 9.388 mV W CommonEmitterAmplifier X
Cursor 1
V(in)
Horz:|  49.249608ms Vert|  9.3883913mv
Cursor2
Horz: | -- NfA-- Vert: | -- N/A--
Diff (Cursor2 - Cursor1)
Horz: I - NfA-- Vert: I - N/A--
Freq; | == NJA-- Slope: | -- N/A--

The circuit shown in Fig. 2.164 shows the simple model of the schematic shown in Fig. 2.162.
Let’s assume that RB = 800.10e~0167534" Q. The calculations shown in Fig. 2.165, calculated the volt-
age of node “in” in Fig. 2.164. According to Fig. 2.165, with RB = 800.10e~"1¢734" Q. the voltage of
node “in” is 9.4118 mV which is quite close to the value we measured in Fig. 2.163. So, the assump-
tion that RB = 800.10e716733% Q is correct. You can use the same technique for other frequencies to
ensure that input impedance graph given by LTspice is correct.
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A—

Moy

R B

Fig.2.164 Simple model for Fig. 2.162

Fig. 2165 MATLAB [Commarcvinson ]

calculations >> Rin=800.10318%exp(j*-0.16753493/180%pi) ;Rsource=50;
>> abs (Rin/ (Rin+Rsource) *10)

ans =
9.4118

fx >>

2.15 Example 14: Output Impedance of Common Emitter Amplifier

In this example, we want to draw the output impedance of the common emitter amplifier of Example 8.

Draw the schematic shown in Fig. 2.166. The output impedance of the amplifier is the impedance
seen from the output node of the amplifier (in this example, the impedance seen from the node “out”).
Input of the amplifier must be zero. That is why the node “in” is connected to ground.

Fig.2.166 Schematic of Example 14
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Run the simulation (Fig. 2.167).

. 4 m XVl - CommonEmitterOutputimpedance = (m] X
File Edit Hierarchy View Simulate Tools Window Help

PEE XA R ERE IDENESB LR £33 DYV Aa op
Ec Output d: ic E tputl d;

[ =1 2

100KHz

4, CommanEmitterOutputimpedance = E @

#c duc 100 10 10Meg

x = 85.246KHz

Fig. 2.167 Simulation is run

Right click on the black area and click the Add Traces. After clicking the Add Traces, Add Traces
to Plot window appears. Enter —V(out)/I(V1) to the Expression(s) to add box and click the OK button
(Fig. 2.168).

Fig. 2.168 Add Traces

to Plot window [ Add Traces to Plot X |

|
Only listtraces matching |

[ Avaabis date Asterisks match colons Cancel
V(b) Ib{Q1)
Vic) le(Q1)
V(ie) le{Q1)
Viout) frequency
V(vee)

I(C1)

(C2)

I{C3)

I(R1)

I(R2)

I(R3)

I(R4)

I(R6)

(V1)

I(v2)

Expression(s) to add:

I [Vioutnovy

AutoRange
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After clicking the OK button, the graph of output impedance of the amplifier is shown on the
screen (Fig. 2.169). The solid line shows the magnitude graph and dotted line shows the phase graph.

[ LTspice XVl - CommonEmitterOutputimpedance

= 0 X
File Edit Hierarchy View Simulate Tools Window Help
PSS ETFHQRAARE BB 4DEHOS LB+ D000 Aa op
Ec rOutputimped: ic E Output d

66.0dB 1 _ag
10Hz 100KHz 10MHz

'( CommonEmitterOutputimpedance ania(=] -

#c duc 100 10 10Meg

x = 19.083KHz v = 67.577dB, 8.321°

Fig.2.169 Simulation result

Right click on the vertical axis and select the Linear (Fig. 2.170). Now, the vertical axis has the unit
of Ohms (Fig. 2.171).

[ Left Vertical Axis -- Magnitude X
Range Representation
Top: [ 2.4K Bode v
! Cancel
Tick: | 40 @ Linear
Logarithmic
Bottom: | 1.96K O o
| (O Decibel |
[ Don't plot the magnitude.

Fig.2.170 Left Vertical Axis window



266 2 Simulation of Electronic Circuits with LTspice®

. 4 m XVl - CommonEmitterOutputimpedance = (m] X
File Edit Hierarchy View Simulate Tools Window Help

DS ERELRAQR R ER2E 1IN AE LD 43 2DD0D An op
Ec Outpulimped: £c & Output d:

4, CommanEmitterOutputimpedance = E .

#c duc 100 10 10Meg

Fig.2.171 Simulation result

Figure 2.172 shows the simple model of the output impedance measurement for Fig. 2.166. RC is
the resistance seen from the collector of the transistor and R6 is the output load. So, what we mea-
sured in Fig. 2.166 is the parallel combination of the RC and R6. In other words, the output load
resistor is considered in the calculation of output impedance. You can draw the graph of RC only by
entering a big value for resistor R6 (Fig. 2.173). After running the schematic shown in Fig. 2.174, the
graph shown in Fig. 2.175 is obtained. According to Fig. 2.175, the resistance seen from the collector
node of transistor Q1 is about 4.7 kQ.

Fig.2.172 Simple model for Fig. 2.166
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Fig. 2.173 R6 value is

changed to 4.7 MQ y Resistor - R6 b4
Manufacturer.  =------- oK
Part Number: —
‘Resistor Properties

Resistance[Q]:
Tolrscert ||
poverraingy [ |

Fig.2.174 Schematic with R6 = 4.7 MQ
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_? LTspice >(\|'r|-- Commonim-nerOu]m..u:lmpeoan(e = (m] X
Eile Edit Hierarchy View Simulate Tools Window Help

PEE XA R ERE IDENESB L LR £33 DYV Aa op |
-I; [ E P " t o T - = W

100KHz

4, CommanEmitterOutputimpedance =T ]

Vi
4.7Meg feLy

< dec 100 10 10Meg

Ready

Fig. 2.175 Simulation result

2.16 Example 15: Modeling a Custom Transistor with .model Command

You can make a custom transistor with the aid of .model command. This is very useful for simulating
the circuits shown in textbooks.

The help page of .model command is shown in Fig. 2.176. Components that can be modeled with
the aid of .model command are shown in Fig. 2.177.
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[Q LTspiceHelp = & X

o] & & s
Hide  Back Print  Oplions
dex 2

Contents lndex | Search| .MODEL -- Define a SPICE Model A

Type in the keyword to find:

[ Defines a model for a diode, transistor, switch,
AC - Perform an AC analysis lossy transmission line or uniform RC line
BACKANNO - Annotate the subcircuit pin names on to Ii
(S S0 LS SOUIC Sifeep analya Some circuit elements, for example, transistors,
ENDS have many parameters. Instead of defining every
-ggﬂéiﬂ_?;"o;dﬁ‘;rfw:dﬂm URL transistor parameter for every instance of a
IR b transistor, transistors are grouped by model name
INCLUDE ~ include another file and have parameters in common. The transistors of
'tgﬁfsdﬁfm?pwm o the same model can have different sizes and the
'MACHINE - Arbitrary State Mathine electrical behavior is scaled to the size of the
MEASURE - Evaluate User-Defined Electrical Quantitic instance.

NET - Compute Network P: ina AC Analysi
NODESET - supply hints for initial DC solution Syntax: .model <modname> <type>[ (<parameter
NOISE - Perform a noise analysis list>)]

JOP - Find the DC operating point
JOPTIONS - Set simulator options
.E::SEAM Eu's::adm palramew;t: The parameter list depends on the type of model.

. - Limnit amount of saved data. 3 3 .

'SAVEBIAS ~ Save operating pointto disk Below is a list of model types:

STEP -- Parameter sweeps
?EE.E"_ T,mpema,,:m:", Type Associated Circuit Element
.TEXT - User-Defined Stings .

- Find the DC small signal ransfer function SW Voltage Controlled Switch

.TRAN -- Do a non-linear transient analysis i
.TRAUI; Modifiers CSW Current Controlled Switch
WAVE -~ Write selected nodes 1o a wav file.

mpai:m:ﬂn!- URC Uniform Distributed RC Line

ing s
Addina the Pins LTRA Lossy Transmission Line
Display D Diode v
Fig.2.176 .MODEL section of LTspice Help
[Q LTspiceHelp = & X
o] & & s

Hide  Back Print  Oplions
Sl (wie ] | Type Associated Circuit Element ~n

Type in the keyword to find: SOOLE E! !

[ SW Voltage Controlled Switch

JAC - Perform an AC analysis CSW Current Controlled Switch
BACKANNO - Annotate the subcircuit pin names on to Ii
g:&:lD Perform a DC source sweep analysis URC Uniform Distributed RC Line

ENDS LTRA Lossy Transmission Line

Fermet- Download a File Given the URL o 8 e ¥ s s e

.GLOBA.LI = paclarelgohal nodes D Diode

IC - setinitial conditions 1

ANCLUDE - include another file : :

LB~ Includa a libraty NEN NPN Bipolar Transistor

LOADBIAS - Load a previously solved DC solution : .

MACHINE - Arbitrary State Machine ENP PNP Bipolar Transistor

MEASURE - Evaluate User-Defined Electrical Quantitic NJF Hechannel JFET modal

EMODEL e st s Sias oo gt o e B

NET - Compute Network P: ina AC Analysi

NODESET ~ supply hints for initial DC solution BJFE P-channel JFET model

NOISE - Perform a noise analysis

JOP - Find the DC operating point NMOS N-channel MOSFET

JOPTIONS - Set simulator options

PPARAM - User-defined parameters PMOS P-channel MOSFET

SAVE - Limit the amount of saved data.

.g;\éfsﬁlgs e Sae;:r operating pointto disk NMF N-channel MESFET

. - Faram sweeps : t

SUBCKT - define a subcircuit MF P-channel MESFET

.TEMP - Temperature sweeps

.TEXT - User-Defined Stings 2

- Find the DC small signal transfer function NIGBT N-channel IGBT

alap ,;,;’;_,2,’:"*“““' L ) PIGBT | P-channel IGBT

f’;:ﬁ;;r::c;:r:md Modes o e e VDMOS Vertical Double Diffused Power

Adding Attibutes MOSFET

Addina the Pins s

Display See the description of the circuit element for a v
B R S R SR T ST - B e v o A AR -

Fig.2.177 .MODEL section of LTspice Help
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Draw the schematic shown in Fig. 2.178.

[T LTspice XVII - [CommonEmitterAmplifier2] - a ®
A File Edit Hierarchy View Si Tools Window Help _[a]#
PEEPFONQRAQAR IR EHRT DR OSBRI XDPDODCimiidacp
< Ty e

Fig.2.178 Schematic of Example 15

The schematic shown in Fig. 2.178 has one transistor. Its name is Q1. LTspice uses the NPN model
to simulate the behavior of this component. NPN is the default model which is used for simulating the
bipolar NPN transistor. If you click the NPN in Fig. 2.177, the page shown in Fig. 2.179 appears.
Scroll down the screen to see the default values of parameters of NPN model (Fig. 2.180).
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[Q LTspiceHelp = X
e & O
Hide  Back Print  Oplions
Contents Index | Search| A

Type in the keyword to find:

(AC -- Perform an AC analysis

BACKANNO - Annotate the subcircuit pin names on to Ii
.DC - Perform a DC source sweep analysis

END

ENDS

Femet- Download a File Given the URL

GLOBAL -- Declare global nodes

IC - setinitial conditions

INCLUDE - include another file

LIB - Include a library

LOADBIAS - Load a previously solved DC solution
MACHINE - Arbitrary State Machine

MEASURE - Evaluate User-Defined Electrical Quantitic

NET - Compute N kP in a .AC Analysi
NODESET - supply hints for initial DC solution
NOISE - Perform a noise analysis
JOP - Find the DC operating point
JOPTIONS - Set simulator options
PARAM - User-defined parameters
SAVE - Limit the amount of saved data.
SAVEBIAS -~ Save operating point to disk
STEP -- Parameter sweeps
SUBCKT - define a subcircuit
.TEMP - Temperature sweeps
.TEXT - User-Defined Stings

- Find the DC small signal transfer function
.TRAN -- Do a non-linear transient analysis
.TRAN Modifiers
WAVE ~ Wrile selected nodes to a wav file.
A Special functions.

Symbol Names: NPN, PNP, NPN2,

Gummel and Poon.

Q. Bipolar Transistor

Example:

Q1 C B E MyNPNmodel
.model MyNPNmodel NPN (Bf=75)

PNP2

Syntax: Qxxx Collector Base Emitter [Substrate
Node] model [area] [off] [IC=<Vbe, Vce>]
[temp=<T>]

Bipolar transistors require a model card to
specify its characteristics. The model card
keywords NPN and PNP indicate the polarity of the
transistor.

The bipolar junction transistor model is an
adaptation of the integral charge control model of
This modified Gummel-Poon model
extends the original model to include several
effects at high bias levels, quasi-saturation, and
substrate conductivity. The model automatically
simplifies to the Ebers-Moll model when certain
parameters are not specified. The DC model is

Possiloisomy v ||| defined by the parameters Is, Bf, Nf, Ise, Ikf,
- and Ne which determine the forward current gain W)
Display R ST A Sl g Do i i T L SRy Lt
Fig.2.179 Bipolar section of LTspice Help
| @ UTspiceHelp - ®
. e & 0
_Hide Back  Print  QOplions
Contents Index | Search | The BJT parameters used in the modified Gummel-Poon model are A
Type in the keyword to find: listed below.
| L Modified Gummel-Poon BJT Parameters
AL - Perform an AC analysis
BACKANNO -- Annotate the subcircuit pin namosonlol
Igcm Perform a DC source sweep analysis Name Description Units Default
ENDS i =
. Dol o s e b UL Is Transport saturation A le-16
GLOBAL - Declare global nodes current
IC - setinitial condit .
_ml_;.ég?-,::,d,::m,ﬁ Ibec Base-collector saturation A Is
LB - Include a library current
LOADBIAS - Load a previously solved DC solution
MACHINE ~ Arbitrary State Machine —-ami i
MEASURE - Evaluale User-Defined Electrical Quantiti e Bosscemitten Sofarofion o =
current
NET - Compute Network P; in a AC Analysi I
NODESET ~ supply hins fo it D sokibon " BE Ideal maximum forward beta | - 100
NOISE - Perform a noise analysis T = S
0P - Find the DC operating point Nf Forward current emission - 1.
OPTIONS - Set simulator options ici
PARAM - User-defined parameters coefficient !
SAVE - Limit the amount of saved data, =
‘SAVEBIAS - Save operstng potte disk Vaf Forward Early voltage v _ Infin.
I Ik Corner for forward beta A Infin.
TEMP - Temperature rmps high current roll-off
TEXT - User-Defined
TF - meommus-gnawam«mm nk High current roll-off = +5
.TRAN - Do a non-linear transient analysis St
TRAN Modiers coefficient
r{m%‘;?:hd nadesio v e; Ise B-E leakage saturation A 0.
Adding Amibutes current
Addina the Pins s === =
= Ne B-E leakage emission - i
Doy | coefficient v

Fig.2.180 Parameters of BJT transistor model
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Right click on the NPN text behind the transistor (Fig. 2.181) and change it to MYNPN (Fig. 2.182).
Now, the LTspice uses the MYNPN model to simulate the behavior of this transistor. However, the
MYNPN model is not defined yet. If you try to simulate the circuit, the error message shown in
Fig. 2.183 appears.

[T LTspice XVII - [CommonEmitterAmplifier2] - a ®
A File Edit Hierarchy View Si Tools Window Help “[o]=
PEIRFPEHQAAAR R ERW I PN OB LD+ 3 XDONOD Cimiidacy
< prcted | CommaEaeiniad

Fig.2.181 Schematic of Example 15
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Fmﬁ«xm[:mmommmﬂm - o b2
{ﬁhiﬁt fjerarchy i Tools Window Help -8 x

B#iﬂ[?li‘i‘ GIQQQﬁlﬁiﬂIE'!'E‘I S BENEB LR3I RXDYODCimeadasr

Fig.2.182 Transistor Q1 will use the MYNPN model

Fig.2.183 Error
message LTspice XVII X
Can't find definition of model "MYNPN"

Select OK to continue the simulation with
the default model or Cancel to quit now.

Add the .model command shown in Fig. 2.184. This command makes the current gain of transistor
QI to be 175. Default values are used for other parameters of the transistor Q1 (Default values are
shown in Fig. 2.180).
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[ LTspice XVl - [CommonEmitterAmplifier2]
File Edit Hierarchy View Simulate JTools Window Help

Fig.2.184 Current gain of Q1 is set to 175

You can use the schematic shown in Fig. 2.185 as well. This schematic is equivalent to Fig. 2.184.

[ LTspice 31l - [CommonEmitterAmplifier2]
file Edit Hierarchy View Simulate Jools Window Help

Fig.2.185 Current gain of Q1 is set to 175
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Let’s test the circuit and ensure that the current gain of transistor is 175. Add the .dc V1 0 20 0.2
command to the schematic (Fig. 2.186). This command changes the value of V1 from 0 V to 20 V with

0.2 V steps.

[T LTspice XVII - [CommonEmitterAmplifier2]
{Eleiﬁt fierarchy i Tools Window Help

a X

Bﬂiﬂ[?l# GIQQQﬁlﬁiﬂIE!EI dREN OB LSPF 3 XDYDODCimcikr

Fig.2.186 Addition of .dc V1 020 0.2 command to the schematic

Run the simulation (Fig. 2.187).
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[ LTspice XVII - CommanEmitterAmplifier2

File Edit Hierarchy View Simulate Tools Window Help

PEEHDAFIQRUARIR EREIDERNESB LD 3 XDU0DC An op

Ec Amplifier2 1, C pif

4, CommonEmitterAmplifier2 =G &

x = 728V

Fig. 2.187 Simulation is run

Right click on the black region and click the Add Traces. Then enter Ic(Q1)/Ib(Q1) to the
Expression(s) to add box (Fig. 2.188) and click the OK button. After clicking the OK button, the graph
shown in Fig. 2.189 appears. According to Fig. 2.189, the current gain is 175 for the active forward
region. When V1 > 12.15 V, saturation occurs and the current gain decreases.

Fig.2.188 Add Traces

to Plot window [ Add Traces to Plot X

Asterisks match colons Cancel

Only listtraces matching

Available data:

V(b)
Vic)
V(vee)
V(n001)
I(R1)
I(R3)
(V1)
I(V2)
Ib(Q1)
le(Q1)
le(Q1)
vi

Expression(s) to add:

ic(@1yib(Q1y

AutoRange
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[ LTspice XVII - CommanEmitterAmplifier2
Elle Edit Hierarchy View Simulate Tools Window Help

PEETFHAQRUAR R HBW IDEH OB LB 3 xDYODC An op

1

Ec Amplifier2 1, C P

-l: CommonEmitterAmplifier2

Fig. 2.189 Simulation result

Let’s assume that we want to set the Early voltage of transistor Q1 to be 75 V. In order to do this,
right click on the .model command and change it to what is shown in Fig. 2.190 and click the OK
button. Now you have a transistor with current gain 175 and Early voltage of 75 V (Fig. 2.191).

[}7 Edit Text on the Schematic: X

How to netlist this text Justification Font Size

() Comment Left v 15(defaul)  ~ B ’
o S ance
(@ SPICE directive [Jvertical Text

.model MYNPN NPN(Bf=175 Vaf=75)

Type Ctrl-M to start a new line.

Fig. 2.190 Defining the transistor parameters
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Fig.2.191 Current gain of the transistor Q1 is 175 and its Early voltage is 75 V

2.17 Example 16: Temperature Sweep

You can use the .temp command to simulate the behavior of a circuit under different temperatures. In
this example, we draw the gain of common emitter amplifier circuit for different temperatures.

The schematic shown in Figs. 2.192 and 2.193 draw the frequency response of the amplifier in the
[100 Hz, 1 MHz] frequency range for three different temperatures: —40 ° C, 25 ° C and 100 ° C. Both
of the schematics are equivalent.



Fig. 2.192 Schematic of Example 16

Fig.2.193 Schematic shown here is the same as the one in Fig. 2.192
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Run the simulation (Fig. 2.194).

_W LTspice X\f'rl--&ommoném-l1erAmp|.iﬁerTempS\':e;D = O X
Eile Edit Hierarchy View Simulate Tools Window Help

PEET£HQRARKER BB sDENOS LD +3 ZDN0D Aa 5p |
LG E plifierTempSweep |2 C plierTempS P

B

imHz

<ac dec 100 10 1Meg
‘temp -40 25 100

x = 873.121Hz
Fig.2.194 Simulation is run
Right click on the black area and select the Add Traces. Enter V(out)/V(in) to the Expression(s) to

add box (Fig. 2.195) and click the OK button. After clicking the OK button, the result shown in
Fig. 2.196 is obtained.

Fig.2.195 Add Traces

to Plot window [ Add Traces to Plot X
Only listtraces matching
Avaible et Asterisks match colons Cancel
V(b) (RE)
Vic) Iv1)
V(e) Iv2)
V(in) Ib(Q1)
V(out) le{Q1)
Viv1) le{Q1)
V{vee) frequency
I(C1)
I(C2)
I(C3)
I(R1)
I(R2)
I(R3)
I(R4)
(RS)
Expression(s) to add:
V{out)/V(in)
AutoRange
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. B (Tspice XVIl - CommonEmitterAmplifierTempSweep - o X
File Edit Hierarchy View Simulate Tools Window Help
P T FQRAARIER BB s DEN LS LD ZONOD An oF
L C £ pliferTempSwesp |2 C piSerTempSweep

100HZ 10KHz

£ EmitterAmplifierT =

<#¢ dec 100 10 1Meg
itemp -40 25 100

x = 33.546KHz v = 27.325dB, -108.208°

Fig. 2.196 Simulation result

We are not interested in the phase graph. We want to study the effect of temperature on the magni-
tude graph. You can remove the phase graph by right clicking on the right axis and clicking the Don’t
plot phase button (Fig. 2.197). After clicking the Don’t plot phase button, the phase graph is removed
from the screen (Fig. 2.198).

[ Right Vertical Axis ; 4

Range Representation
Top: | -112° (@) Phase

Tick: # Unravel Branch Wrap
Bottom: | -189° O Group Delay

[ Don't plot phase. ]

Cancel

Fig. 2.197 Right Vertical Axis window
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. B (Tspice XVIl - CommonEmitterAmplifierTempSweep - o X
File Edit Hierarchy View Simulate Tools Window Help
P T FQRAARIER BB s DEN LS LD ZONOD An oF
L C £ pliferTempSwesp |2 C piSerTempSweep

100Hz 10KHz 100KHz 1MHz

£ EmitterAmplifierT =

<#¢ dec 100 10 1Meg
itemp -40 25 100

Right-Click to edit expression.

Fig. 2.198 Simulation result

Right click on the vertical axis and select the Linear (Fig. 2.199). Now, the gain of the amplifier is
shown on the vertical axis (Fig. 2.200). The gain changes from about 17 to about 21 as temperature

changes.

[ Left Vertical Axis -- Magnitude X
Range Representation
Top: | 23 Bode v
i Cancel
Tick: | 1 @ Linear
(O Logarithmic
Bottom: [ 10 :) g.

| (O Decibel

Fig. 2.199 Left Vertical Axis window
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[ W LTspice X\f.rl.-.Common-&m:IlerAml;li{.ierTemD-S\';'eeo ! D X
Eile Edit Hierarchy View Simulate Tools Window Help

DS ET AL RAARE |DBE I DAROEB LB 43 FOVODC it |
Lo EmiterAmplfierTempSweep | C gRsleng une

10KHz 100KHz 1MHz

<#¢ dec 100 10 1Meg
itemp -40 25 100

x = 493.962Hz y = 21.625

Fig. 2.200 Simulation result

Let’s see which graph belongs to which temperature. Click on the V(out)/V(in) to add a cursor to
the graph (Fig. 2.201). Use the keyboard’s up and down arrow keys (Fig. 2.202) to select the desired
graph. If you right click on the cursor, the temperature associated with the selected graph is shown. In
this example, increase in temperature leads to decrease in gain.
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-@;anice X\f.rl.-.Common-ém:llerAmg;li{.ierTemp-s\.;-eeo (m] x 1
Eile View PlotSettings Simulation Tools Window Help
PEETFOAQAAR RIERE IDEMN OE
o AmpifiarTempSweep £ CommonE plerTempSweep
= Eh S

10KHz 100KHz

1MHz

<#¢ dec 100 10 1Meg
‘temp ~40 25 100

x=77.150KHz y=21708

Fig. 2.201 A cursor is added to the output window

0

€|l V] >

Fig. 2.202 Selection of desired graph with the aid of up and down arrow keys

2.18 Example 17: Effect of Temperature on the Forward Voltage Drop

of Diode

In this example, we want to study the effect of temperature on the forward voltage drop of a diode.
Consider the schematic shown in Fig. 2.203. The .step temp -20 100 5 line changes the temperature
from —20 ° C to 100 ° C with 5 ° C steps. After simulating the circuit (Fig. 2.204), you can see the

voltage of node “out” decreases as the temperature increases.
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. R1
in R out
NN
L vi 1k D1
N <
o ] L'%1|~|5317
T 10
.tran 100m

.step temp -20 100 5

Fig.2.203 Schematic of Example 17

_.B_f LTspice ><\|"r|--5ZoaeTemoeratu'eS-.w;aeD - B - O X |
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHDAFIQRUAR IR EREIDERSBLTD 3 ¥OP0D An op
1, DiodeT reSweep | DiodeT
B o] | &3

mV
my -
260mV-{

140mV

10ms

20ms

T0ms

60ms

4, DiodeTemperatureSweep

1
JN

in g out
1k
Vi
10
.tran 100m
.step temp -20 100 5

D1

1N5817

x=5940ms y=31500mV

Fig. 2.204 Simulation result

2.19 Example 18: Noninverting op amp Amplifier

In this example, we want to simulate the circuit shown in Fig. 2.205. The gain of this amplifier

isl+ R =1+9=10. So, we expect to observe 100 mV at output of the amplifier.

2
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vi

3, 10mVpk
C{)“Hz
/g

Fig.2.205 Circuit for Example 18

3.0V vee
Sov VEE
R1
k0
R2
S1kQ

The op amp in Fig. 2.205 is LT 6016 (Fig. 2.206). The op amps available in LTspice can be found

in [OpAmps] section (Fig. 2.207).

W Select Component Symbol

X

Top Directory:  C\Users\farzinasadi\Documents\L TspiceXVilib\sym v

(& C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\OpAmps\

3.2MHz. 0.8 V/us Low Power. Over-The-Top
Precision Op Amp

| Open this macromodel's test fixture |

LT1886 LT1997-1 LT2178A LT6011 LT6106
LT1920 LT1997-2 LT2179 LT6012 LT6107
LT1970 LT1997-3 LT2179A LT6013 LT6108-1
LT1990 LT1999-10 LT318A LT6014 LT6108-2
LT1991 LT1999-20 LT6000 LT6015 LT6109-1
LT1993-10 LT1999-50 LT6001 T6109-2
LT1993-2 LT2078 LT6002 LTE017 LT6118
LT1993-4 LT2078A LT6003 LTe018 LT6119-1
LT1994 LT2079 LT6004 LT6020 LT6119-2
LT1995 LT2079A LT6005 LT6020-1 LT6200
LT1996 LT2178 LT6010 LT6100 LT6200-10
< = >
Fig. 2.206 LT6016 e
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y Select Component Symbol X

adi\Documents\L TspiceXVINib\sym Vl

Double click to change directory to
"OpAmps"

Top Directory: |

|[OpAmps) |
(2] C\Users\farzinasadi\Documents\L T spiceXVIN\lib\sym\

[SpecialFunctions] f load npn4
[Switches] FerriteBead load2 pif
bi FerriteBead2 Ipnp pmo:
bi2 g Itline pmo:
bv g2 mesfet pnp
cap h njf pnp2

ind nmos pnp4
ind2 nmos4 polcg|
ISO16750-2 npn res

IS07637-2 npn2 res2
npn3 schot
>

Fig.2.207 OpAmps section of Select Component Symbol window

Draw the schematic shown in Fig. 2.208.

Fig. 2.208
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Run the simulation and draw the waveform of node “out” (Fig. 2.209). Amplitude of node “out”
voltage is 100 mV as expected. Compare this waveform with the output of common emitter amplifier
shown in Fig. 2.111. Op amp circuit amplifies both of the positive and negative half cycles with the
same gain since it uses the negative feedback. THD of op amp amplifier of this example is very
smaller in comparison to the common emitter amplifier of Example 8.

WLTsDiceX\«'H-O'amEv ) . = 0 X |
Eile Edit Hierarchy View Simulate Tools Window Help

BaEF £ RAQRE B2 sbrH o8 LoD +3¥YDVOD An o |
£ Dratis 4 Dratis

B = [TEHTES

100mV

4, Draftis = x|

x=63Tms y=8254mV

Fig. 2.209 Simulation result

2.20 Example 19: Input Impedance of Noninverting op amp Amplifier

Let’s measure the input impedance of the amplifier of previous example. We expect a very high input
impedance since the input voltage source is connected to the + terminal of the op amp. The schematic
shown in Fig. 2.210 is used to draw the input impedance on the [10 Hz, 1 MHz] frequency range.
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W
W
>
(@) w =
= W in +\_LT6016
> > >
7+
V2 V3 Vi U1l "
+ TAc1o0 3
e g
5 -5 >
R1
NS A -—/\/\/—
.ac dec 100 10 1Meg 9k
R2
1k

Q

Fig.2.210 Schematic of Example 19

Run the simulation (Fig. 2.211).

. ¥ LTspice XVII - Inputimpedance - o X
Eile Edit Hierarchy Yiew Simulate Jools Window Heip

PEMETFHRAAR RIEaE stBRERA S ISP x3 DI O Aa op
! 1 Inputmpedance | Inpumpedance

|

4, Inputimpedance — o @

8 ]

> >
v2 v3
5 -5

Jtran 10m

x = 5.81ms

Fig.2.211 Simulation is run
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Right click on the black region and click the Add Traces. After clicking the Add Traces, the win-
dow shown in Fig. 2.212 appears. Enter —V(in)/I(V1) to the Expression(s) to add box and click the OK
button. After clicking the OK button, the graph shown in Fig. 2.213 appears.

i BY Add Traces to Plot X

|
I Only listtraces matching [
| | |

Available data: [~] Asterisks match colons Cancel
V(in) x(U1:VEE)
V(out)

V(vee)

Vivee)

V(n001)

I(R1)

I(R2)

V1)

1v2)

I(V3)

frequency

be(UT:IN+)

be(UT:IN-)

x(U1:0UT)

Ix(U1:VCC)

Expression(s) to add:

[V(in)iv 1)

AutoRange

Fig.2.212 Add Traces to Plot window

[T LTspice XVII - Inputimpedance = 0 %

Eile View PlotSettings Simulation Tools Window Help

PE DL RAQAAR I RIERTE IR SS o)

( »_P i =t A: t ! P s P A
|5 Inputimpedance = _IEJ_@

100KHz

w

|x = 6622KHz _y = 182.98408, -1016°

Fig.2.213 Simulation result
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Right click on the vertical axis and select the Linear (Fig. 2.214). Now the vertical axis has the unit

of Ohms (Fig. 2.215).

[ Left Vertical Axis -- Magnitude X
Range Representation
Top: [ 660M Bode v
; Cancel
Tick: | 60M @ Linear
(O Logarithmic
Bottom: [ 0 :) g.
| (O Decibel |
[ Don't plot the magnitude. ]
Fig.2.214 Left Vertical Axis window
Bf LTspice XVl - Inputimpedance - (m) *
Eile View PlotSettings Simulation Tools Window Help
PEESFONAAAR RIERE IDEMN OE ()

< putmpedance B puimped

|5 Inputimpedance

100KHz

w

-ac dec 100 10 1Meg

Fig.2.215 Simulation result

Note that the input impedance is very large for small frequencies. As the frequency increases the
input impedance decreases and reaches to about 31.55 kQ at 1 MHz. The value of phase graph at
1 MHz is —87°. So, the input impedance is capacitive at high frequencies.
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2.21 Example 20: Output Impedance of Noninverting op amp Amplifier

In this example, we want to measure the output impedance of the amplifier of previous example. The
required schematic to measure the output impedance is shown in Fig. 2.216. In calculation of output imped-
ance, the input of amplifier must be zero. That is why + terminal of the op amp is connected to the ground.

Fig.2.216 Schematic of Example 20

Run the simulation. Right click on the black region and select the Add Traces. After clicking the
Add Traces, the window shown in Fig. 2.217 appears. Enter —V(out)/I(V1) to the Expression(s) to add
box (Fig. 2.217) and click the OK button. After clicking the OK button, the graph shown in Fig. 2.218
appears on the screen.

[&¥ Add Traces to Plot X
Only listtraces matching
|

Available data: [] Asterisks match colons

Expression(s) to add:
[-vioutnevy | |

Fig.2.217 Adc Tég?(? P13t window |
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293
_? LTspice XVI‘I--_Outputlm-necance = - =z 0 x|
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHTAFOQAAR R HBRR IDEASB LSRF3 ¥xDOOD Aa op
4 il it £ Output d

100KHz

'( Outputimpedance

ix = 120.994KHz y = 69.714dB, 157.143°

Fig.2.218 Simulation result

Right click on the vertical axis and select the Linear (Fig. 2.219). After clicking the Linear, the

vertical axis changes to Ohms (Fig. 2.220).

[}7 Left Vertical Axis -- Magnitude

Range
Top: [ 1.6K
Tick: | 200
Bottom: [ 0

X
Representation
Bode v
@ Linear Cancel
(O Logarithmic
(O Decibel

Don't plot the magnitude.

Fig.2.219 Left Vertical Axis window
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B¥ (Tspice XVIl - Outputimpedance e 0 %
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHTAFOQAAR R HBRR IDEASB LSRF3 ¥xDOOD Aa op
4 il it £ Output d

4 Outputimpedance = E "

7
-ac dec 100 10 1Meg

Fig.2.220 Simulation result

2.22 Example 21: Stability of op amp Amplifiers

In this example, we want to study the stability of noninverting op amp amplifier of Example 18. We
want to measure the phase margin of the circuit. Open the connection between the negative terminal
of op amp and the feedback network (Fig. 2.221). Note that the input of the amplifier must be zero in
studying the stability. That is why + terminal of the op amp is grounded.
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Fig.2.221 Schematic of Example 21

Add a voltage source between the “fb” and “inm” nodes (Fig. 2.222).

Fig. 2.222 Voltage source V1 is added to the circuit
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Right click on the voltage source V1 in Fig. 2.222 and do the settings similar to Fig. 2.223. After
clicking the OK button, the schematic changes to what is shown in Fig. 2.224.

W Independent Voltage Source - V1 5
Functions DC Value
b oowe 0]
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles) R e T
(O SINE(Voffset Vamp Freq Td Theta Phi Neycles)
(OEXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)
(O SFEM(Voff Vamp Fear MDI Fig) AC Amplitude:
OPWLEI vIRV2.) ACPhase:| 0 |
OPWLFLE: | - Make this information visible on schematic:[~/]
Parasitic Properties
Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic: []

Make this information visible on schematic: [] Cancel [ ok |

Fig. 2.223 Settings of voltage source V1

Fig. 2.224 Changes are applied to voltage source V1
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Add the AC sweep command shown in Fig. 2.225 and run the simulation. The added AC sweep
command calculated the frequency response on the [10 Hz, 1 MHz] range.

Fig.2.225 Addition of AC sweep command to the schematic

After running the simulation, right click on the black region and select Add Traces. After clicking
the Add Traces, the window shown in Fig. 2.226 appears. Enter V(fb)/V(inm) to the Expression(s) to
add box and click the OK button. After clicking the OK button, the result shown in Fig. 2.227 appears.

F Add Traces to Plot X
Only list races matching
I |

[“] Asterisks match colons

Available data:
() IX(UTVEE)

(inm)
out)
vee)
vee)
I(R1)
I(R2)
IvV1)
I(v2)
I(v3)
quency
be(UT:IN+)
be(UT:IN-)
x(U1:0UT)
Ix(U1:VCC)

Expression(s) to add:

V(o) Vinm) |

[“] AutoRange !
|

Fig.2.226 Add Traces to Plot window
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W LTspice XVl - StabilityAnalysis
Eile View PlotSettings Simulation Tools Window Help

PE DL ARQAAR I RIERE IR SS o)
I StbityAnaly

< ys

F2: stabilityAnalysis

10dB—
ode
-10dB
20dB
10Hz

100KHz

Fig. 2.227 Simulation result

Now, use a cursor to find the gain cross over frequency, i.e., the frequency which gainis 0 dB. According
to Fig. 2.228, at 280.82 kHz, the gain is approximately O dB. The value of Phase box at this frequency,
gives the phase margin to us. So, the phase margin of the studied amplifiers is about 78.305°.

Fig. 2.228 Measurement
of gain cross over [’}' StabilityAnalysis X
frequency and phase B
margin V(fo)/V(inm)
Freq| 28082159%KHz | Mag: | -92750294md8 @
Phase: 78.305136° O
Group Delay: 105.0285ns
Cursor 2

Ratio (Cursor2 / Cursorl)




2.23  Example 22: Addition of LM 741 op amp to LTspice 299

2.23 Example 22: Addition of LM 741 op amp to LTspice
The LM 741 op amp is not available in the LTspice. In this example, we see how to add LM 741 to

LTspice.
Go to the Texas Instruments website and search for Im741 (Fig. 2.229).

@ Texas INSTRUMENTS Im741 X Q Login/ Register @ English v Shipto v USD

Quality & refiability Support & training About TI

Fig. 2.229 Search for LM 741 SPICE model

Click on the first search result (Fig. 2.230) to open it (Fig. 2.231).

Results 1-25 of 98 for Im741 in 0.47 seconds

PRODUCT DETAILS
LM741 data sheet, product information and support
TI's LM741 is a Single 44V 1MHz operational amplifier. Find parameters, ordering and quality information

~om/product/LM741

TECHNICAL DOCUMENT - DATA SHEET
LM741 Operational Amplifier datasheet (Rev. D)
LM741 Operational Amplifier datasheet (Rev. D)

om/lit/gpn/LM741

PART - ORDER DETAILS
LM741CN/NOPB | Buy TI parts
Buy the LM741CN/NOPB from Tl - View pricing, inventory & data sheet | Tl.com

ym/store/ti/en/p/product/?p=LM741CN/NOPE

PRODUCT DETAILS
LM741-MIL data sheet, product information and support
TI's LM741-MIL is a Operational Amplifier. Find parameters, ordering and quality information

com/product/LM741-MIL

TECHNICAL DOCUMENT - DATA SHEET
LM741-MIL Operational Amplifier datasheet
LM741-MIL Operational Amplifier datasheet

ym/lit/gpn/LM741-MIL

Fig.2.230 Output of search for Im741
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@ TeExAS INSTRUMENTS Search q Login/ Register @ English v Shipto v USD

Home | Amplifiers v Operaticnal amplifiers (op amps) v |/ General-purpose op amps v & Subscribe to updates

LM747 @ acme Order now
Single 44V 1MHz operational amplifier

DATA SHEET a LM741 Operational Amplifier (Rev. D) | Online data sheet
Fig. 2.231 LM741 page

Scroll down the page and download the LM 741 PSPICE Model (Fig. 2.232).

SIMULATION MODEL

{' i LM741 PSPICE Model
) » Download
SNOM211.ZIP (1 KB) - PSpice Model

SIMULATION TOOL

ey —
D PSpice® for Tl design and simulation tool

PSPICE-FOR-TI — PSpice® for Tl is a design and simulation environment that helps evaluate functionality of
analog circuits. This full-featured, design and simulation suite uses an analog analysis engine from

Cadence®. Available at no cost, PSpice for Tl includes one of the largest model libraries in the (...)

SIMULATION TOOL

| —
D SPICE-based analog simulation program

TINA-TI = TINA-TI provides all the conventional DC, transient and frequency domain analysis of SPICE and
much more. TINA has extensive post-processing capability that allows you to format results the way you
want them. Virtual instruments allow you to select input waveforms and probe circuit nodes voltages (...)

View options
B user guide .

Fig.2.232 Download of LM 741 PSPICE model

Unzip the downloaded file and copy it to the “lib” folder of LTspice (Fig. 2.233).

« = v 9 > This PC > DATADRIVER1 (D) * Program Files * LTC > LTspiceXVll > lib *» v QO

Name Date modified Type Size
s Quick access

omy 8/10/2021 12:46 AM File folder

B Desktop ; p sl : =

& i snom211 6/24/2021 815 PM File folder
wnioaas 3

sub 6/10/2021 12:55 AM File folder

& Shared Space sym 6/10/2021 12:55 AM File folder

L T T

% Documents

Fig. 2.233 Downloaded PSPICE model is copied into the “lib” folder of LTspice

Double click the snom211 folder to open it. It contains a file named LM741.mod. Click on the
address bar and press the Ctrl+C to copy the address of this file (Fig. 2.234).



2.23 Example 22: Addition of LM 741 op amp to LTspice 301

Fig. 2.234 Address of
LM741.mod is copied — ~ 4 |R » | 0
into the clipboard
s Quick access 3

I Desktop b 4 E

¥ Downloads »

& Shared Space  #

P LM741

Open a new file in LTspice (Fig. 2.235). Click on the SPICE Directive and type .inc then press the
Ctrl+V to paste the copied address (Fig. 2.236).

[T LTspice XVII - [OpAmpT41] - a ®
A File Edit Hierarchy View i Tools Window Help [=]=
PR EPEOQRAQR | I ERT I PN OB LD 3 XDV OD O adacp

Fig. 2.235 Opening a new schematic file
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W Edit Text on the Schematic:

How to netlist this text Justification
() Comment  Left |
(@ SPICE directive [JVertical Text

X

Cancel

Font Size

15(defaul) v

.inc D:\Program Files\LTC\L TspiceXVINlib\snom211|

Type Ctrl-M to start a new line.

Fig.2.236 Edit Text on the Schematic window

Add the model name to the .inc command (Fig. 2.237) and click the OK button. After clicking the
OK button, click on the schematic to add the entered command to it (Fig. 2.238). The .inc command

adds (includes) the prepared model to our schematic.

W Edit Text on the Schematic:

How to netlist this text Justification
() Comment  Left |
(@ SPICE directive [JVertical Text

X

Cancel

Font Size

15(defaul) v

.inc D:\Program Files\L TC\L TspiceXVINlib\snom211\Im741.mod|

Type Ctrl-M to start a new line.

Fig. 2.237 Edit Text on the Schematic window
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[T LTspice XVII - [OpAmpT41] - a ®
A File Edit Hierarchy View i Tools Window Help [=]=
PR EPEOQRAQR | I ERT I PN OB LD 3 XDV OD O adacp

Fig.2.238 .inc command is added to the schematic

Press F2 key. This opens the Select Component Symbol window (Fig. 2.239). Double click the
OpAmps section to open it.
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W Select Component Symbol X

Top Directory: IG:\Users\fauzhasadﬂDocmem\LTspioeXVM\s‘ymr v |

Double click to change directory to
"OpAmps"

|[OpAmps) |
£ C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\
[SpecialFunctions] f load npn4
[Switches) FerriteBead load2 pif
bi FerriteBead2 Ipnp pmo

bi2 g Itline pmo:

g2 mesfet pnp

h njf pnp2
ind nmos pnp4
ind2 nmos4 polcz|

npn res

npn2 res2

npn3 schot|
>

coc

Fig.2.239 OpAmps section of Select Component Symbol window

Select the opamp2 (Fig. 2.240) and add it to the schematic (Fig. 2.241).



W Select Component Symbol

X

Top Directory:  C:\Users\farzinasa

s\LTspiceXViNib\sym v|

Basic Operational Amplifier symbol for use
with subcircuits in the file ./lib/sub/LTC.lib.
You must give the value a name and include
this file.

|opamp2

C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\OpAmps\

LTC6910-1 0oP213 0P491 RH1056A

LTC6910-2 0oP2177 0P492 RH1128

LTC6910-3 0oP227 0P495 RH1498

LTC6911-1 0oP27 OP727 RH1814

LTC6911-2 0oP284 OP747 RH27C

LTC7652 0oP291 OP77 RH37C

OP07 0P292 OP777 RH6200

OP113 0P296 opam| SSM2141

OP1177 OP37 niversalOpamp2

OP177A OP413 RH101A

oP191 oP4177 RH1028

< >
Fig. 2.240 opamp?2 block
[ LTspice XVl - [OpAmPT41] - o b2

A, Eile Edit Hierarchy View Si Tools Window Help

PEETFHARUAR| HRT IDERNSB LD+ 3 IOV OD Cimeidap

Fig.2.241 opamp?2 block is added to the schematic
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Now click the Open icon (Fig. 2.242) and open the LM741.mod (Fig. 2.243).

[ LTspice XVII - [OpAmp741]
-( File Edit Hierarchy View

D@ |5 |

Fig.2.242 Open icon

W Open an existing file X
1T « LTC » LTspiceXVIl * lib > snom211 v O O Search snom211

Organize New folder = - m @
I Desktop #
& Downloads
B Shared Space # E
% Documents
&= Pictures * LM741
Draft
LtSpiceBook

LTspiceXVIl
SpringerChapter

& OneDrive

= This PC

v

File name: v | anFites ¢4 v

Fig.2.243 Open an existing file window

Scroll down the opened file until you see the .SUBCKT line (Fig. 2.244). Copy the name that you
see in front of the .SUBCKT. Right click on the opamp?2 (Fig. 2.245). Double click the Value box and
paste the copied name to it (Fig. 2.246). Then click the OK button.
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B LTspice XVl - [LM741] = u] *
Bl fle Edit View Simulate Tools Window Help _Je]=

DT Fo QAR

EHRaR LD EN OB L LD

3D O D CimEidaop

B w1 £ opamp7h

Pasd 0882008800880 0 8000000000000 E0TELLP LRI L EEELLTEEELELEIEILE0E11011Y
* (C) National Semiconductor, Inc.

* Models developed and under copyright by:

* Mational Semiconductor, Inc.

R R R eisi
* Legal Notice: This material is intended for free software support.

* The file may be copied, and distributed; however, reselling the

* material is illegal

UL LR ELE L0 L 18P E T d i i it iiiddirdiidriddddddisiiistitdy
* For ordering or technical information on these models, contact:
* National Semiconductor's Customer Response Center
* 7:00 A.M.--7:00 P.M. U.S. Central Time

(800) 272-9959
For Applications support, contact the Internet address:
amps-apps@galaxy.nsc.com

* % %

*ff!!!!!ffffffff!!!!!ffffffff!!!ffffffffffffff!fflf!!!!!!!f
*LM741 OPERATIONAL AMPLIFIER MACRO-MODE
'ff!!ffff!f!f!!!!!ﬁf(iiiii!!!!!!fKfffffff!f!ffii!f!!!!fffi!
*

* connections: non inverting input
- inverting input
s I | positive power supply

» | | | negative power supply
* | | | | output

. | | | | |

* | | | | |

.SUBCKT LM741/NS 1 2 99 50 28

*

*Features:

*Improved performance over industry standards
*Plua=in renlacement for TMI09.TM201.MC1439. 748

[Ready

Fig.2.244 Content of LM741.mod file

Fig. 2.245 Component ) )
Attribute Editor window [ component Attribute Editor

| OpenSymbol| C\Users\farzinasadi\Documents\L TspiceXVIllib\sym\OpAmps\op:

X

Attribute Value
Prefix X
InstName u2
SpiceModel

Value2
Spiceline
Spiceline2

Vis.

X

' Cancel |
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Fig.2.246 Value box is ) )
changed to LM741/NS IJ Component Attribute Editor X

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\OpAmps\opz

Attribute Value Vis. A
Prefix X

InstName (V)] X
SpiceModel

LM741/NS

Value2
Spiceline

SpiceLine2 .

According to the SUBCKT line (Fig. 2.247), the noninverting input is connected to the first termi-
nal of symbol (because it is in the first place after the name), the inverting input is the connected to the
second terminal of the symbol, the positive power supply is connected to the third terminal of the
symbol, the negative power supply is connected to the fourth terminal of the symbol and the output is
connected to the fifth terminal of the symbol. We need to ensure that the symbol is compatible with
this order. In order to do this, right click on the op amp block and click the Open Symbol button
(Fig. 2.248). This opens the symbol (Fig. 2.249).

Fig. 2.247 .SUBCKT

connections: non-inverting input
line of the model !

inverting input
| positive power supply

negative power supply
| ! ! | output

*
*
*
* 1 1
*
* 1 | 1 |
i

1 |

.SUBCKT LM741/NS 1 Z 99 50 28

*
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Fig.2.248 Open
Symbol button

P component Attribute Editor

en Symbol C\Usersifarzinasadi\Documents\L TspiceXVIl\lib\sym\OpAmps\opz

- Fle Edit Hierarchy Draw View JTools Window Help

Aftribute Value Vis. A

Prefix X

InstName ul X

SpiceModel

Value LM741/NS X

Value2

SpiceLine

SpiceLine2 v

|

B WTspice XVl - [opamp2] = g X

BEERF QAR ERE S DBRAG / LD+ 3 TODOO Cimiihr

O opamp2 { OpAmp71

-24, -93)

Fig. 2.249 Opened symbol

The op amp terminals are labeled in Fig. 2.250 for ease of reference.
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Fig. 2.250 Assigning the labels A, B, C, D and E to the symbol

Right click on the terminal A of Fig. 2.250. This opens the window shown in Fig. 2.251. According
to Fig. 2.251, terminal A is the noninverting terminal of the op amp (note that its label is In+). The
Netlist Order box is 1. So, terminal A is terminal 1 of the symbol.

Fig.2.251 Pin/Port
Properties window W Pin/Port Properties X

Label: In+| NetlistOrder, | 1 -2

Pin Label Justification

O

TOP

OLEFT RIGHT ()
BoTTOM
O

(® NONE(Not Visible) Cancel
[Jvettical Text

Offset 0

Right click on the terminal B of Fig. 2.250. This opens the window shown in Fig. 2.252. According
to Fig. 2.252, terminal B is the inverting terminal of the op amp (note that its label is In-). The Netlist
Order box is 2. So, terminal B is terminal 2 of the symbol.
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Fig.2.252 Pin/Port
Properties window W Pin/Port Properties X

Label: E NetistOrder: | 2 %1

Pin Label Justification

O
TOP

OLEFT RIGHT O

soTTOM
e

(® NONE(Not Visible) Cancel
[JVertical Text

Offset 0

Right click on the terminal C of Fig. 2.250. This opens the window shown in Fig. 2.253. According
to Fig. 2.253, terminal C is the positive power supply terminal of the op amp (note that its label is V+).
The Netlist Order box is 3. So, terminal C is terminal 3 of the symbol.

Fig.2.253 Pin/Port
Properties window W Pin/Port Properties X

Label: NeflistOrder: | 3 3

Pin Label Justification

O
TOP

OLEFT RIGHT O

soTTOM
e

(® NONE(Not Visible) Cancel
[JVertical Text

Offset 0

Right click on the terminal D of Fig. 2.250. This opens the window shown in Fig. 2.254. According
to Fig. 2.254, terminal D is the negative power supply terminal of the op amp (note that its label is V-).
The Netlist Order box is 4. So, terminal D is terminal 4 of the symbol.
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Fig. 2.254 Pin/Port
Properties window W Pin/Port Properties X

Label: NetistOrder | 4 =

Pin Label Justification

O
TOP

OLEFT RIGHT O

BOTTOM
O
(® NONE(Not Visible) Cancel

[Jvertical Text

Right click on the terminal E of Fig. 2.250. This opens the window shown in Fig. 2.255. According
to Fig. 2.255, terminal E is the output terminal of the op amp (note that its label is OUT). The Netlist
Order box is 5. So, terminal E is terminal 5 of the symbol.

Fig. 2.255 Pin/Port
Properties window W Pin/Port Properties X

Label: ouT NetlistOrder. | 5 5

Pin Label Justification

O

TOP
OLEFT RIGHT O

BoTTOM
O

(® NONE(Not Visible) Cancel
[Jvertical Text

We are lucky since all the connections are compatible with Fig. 2.247. Sometimes the model is not
compatible with the symbol and you need to change the Netlist Order box according to the order you
see in the .SUBCKT line of the model (see Example 10 in Chap. 4).

Let’s test the imported 741 op amp with a simple circuit. The schematic shown in Fig. 2.256 is a
simple inverting amplifier with gain of —10. Run the simulation. The result is shown in Fig. 2.257.
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out

©
©

SINE(0 10m 1k)

e
.inc D:\Program Files\LTC\LTspiceXVII\lib\snom211\Im741.mod
.tran 10m

Fig.2.256 Simple inverting amplifier

[T LTspice XVII - OpAmp741 - o X
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFONAAAR R HBRR DA OSB LSRR An op
k2 Opamp7a1 £ OpAmp741

I.:‘_; =) (4

120mV—;

100mV
80mV-
60mV
40mV-
20mV+

omv-|
-20mVv

-40mV—
E0mV

-80mV-

-100mV -
Oms

4, OpAmpT41 zras

SINE(D 10m 1k)

<7
-inc D:\Prog: Files\LTC\L 1\im741.mod
-tran 10m

x=6.15ms y = 127.86mV

Fig.2.257 Simulation result

It is obvious that the output has DC offset. Because the maximum of outputis +111.51 mV and its
minimum is —87.48 mV (Fig. 2.258). Peak-to-peak of output voltage is about 200 mV which gives the

. —p,out 200mV
voltage gain of 10 as expected (A, = — 222 = — Y 10 ).
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et 7 OpAmp741 x

Cursor 1

V(out)
Horz:|  9.2524186ms Vert|  -87.489024mVi
Cursor2

V(out)
Hoz:|  9.7537379ms Vert|  111.51454mv
Diff (Cursor2 - Cursor1)
Horz|  501.31926ps Vert|  199.00357mv
Freq:|  1.9947368KHz Slope: | 396.96

Convert the schematic to what is shown in Fig. 2.259 and simulate it. The result shown in Fig. 2.260
shows that we have 12 mV output (offset) for zero input.

Fig.2.259 Voltage source V1 is removed
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. ¥ LTspice XVIl - OpAmpT741
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
PEEHT AL QAR R BERT IBDEASS LD 3 XDD0D An op

k2 OpAmp741 £ OpaAmp741

4, OpAmp741 =

-

M741/NS

N v
.nc D:\Program Files\LTC\LTspiceXVII\lib\snom211\Im741.mod
.fran 50m

Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe out.

Fig.2.260 Simulation result

We need to force the output to be around zero for zero input. In order to do this, add the resistor R3
to the schematic (Fig. 2.261). Value of R3 is set with trial and error. Enter different values for R3 and
see the simulation result. R3 = 18.8 kQ is a good value since it decreased the DC offset to about 50 pV

(Fig. 2.262).

out

VCC

V2

N_LM741/NS

R3~>

18.8k

.inc D:\Program Files\LTC\LTspiceXVII\lib\snom211\Im741.mod
.tran 50m

Fig.2.261 Resistor R3 is added to the schematic
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[ LTspice XVl - OpAmpT41 = o % |

Eile Edit Hjerarchy Yiew Simulate Jools Window Help

MEEHTFIAAARE B P H 88 LIP3 xD0B0D Aa op

k2 OpAmp741 £ OpaAmp741 =

4, OpAmp741 —

—

M741/NS

N v
.inc D:\Program Files\LTC\LTspiceXVII\lib\snom211\Im741.mod
| tran 50m

Copy

Fig.2.262 Simulation result

Now add the input signal source to the circuit and simulate the circuit. According to the result
shown in Fig. 2.263, the DC offset problem is solved.

[ LTspice XVil - OpAmpT41 - o * |
Eite Edit Hierarchy Yiew Simulate Tools Window Help
PE R A£RAQRIE | BB IDEHAOSLLBDI 3 ¥DN0 Aaop

I Opamp741 £ OpAmp741

4, OpAmpT41 =

| LM741/NS

Jinc D:\Program Files\LTC\LTspiceXVII\lib\snom211\lm741.mod
Jtran 50m

Fig.2:263 Voltage source V1 is added to the schematic
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2.24 Example 23: Measurement of Common Mode Rejection Ratio (CMRR)
of an op amp Difference Amplifier

In this example, we want to measure the Common Mode Rejection Ratio (CMRR) of an op amp dif-
ference amplifier. Schematic of this example is shown in Fig. 2.264.

Fig.2.264 Schematic of Example 23

Let’s measure the common mode gain of the amplifier. Change the schematic to what is shown in
Fig. 2.265.

Fig. 2.265 Measurement of common mode gain of the amplifier
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Run the simulation. The result is shown in Fig. 2.266. The output has DC offset. The schematic
shown in Fig. 2.267 can measure the DC offset of output. According to the result shown in Fig. 2.268,
the DC offset is —450.49 nV.

. [T LTspice XVII - OpampCMRR - o X
File Edit Hierarchy Wiew Simulate Tools Window Help

ME R X RAAR IR HRE IBDEASB LSBT 3 DO D Aa op
| I OpampCMRR L, OpampCMRR

& 53

onV
-B0nV-{
-160nV-{-
-240

-320nV-
-400nV-{

-480nV—

4 OpampCMRR = |-E- [

SINE(D 100m 1k)

Jtran 10m

% =7.18ms y = 62.86nV

Fig.2.266 Simulation result

R1 1k &
in +_R3_tk ?
9 w VA i “LT6016
> >
v2 v3 vi R4
-+ w
&) =
5 -5 0
N
.tran 10m

Fig. 2.267 Measurement of DC offset
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W LTspice XVl - OpampCMRR - (m) X
Eile Edit Hierarchy View Simulate Tools Window Help
PEEHTAFOAAR R HBRR I DEASB LSRF3 ¥xDODOD Aa op

[ OpampCMRR 4 OpampCMRR

|x = 697ms _y = -450.485607nV

Fig.2.268 Simulation result

The presence of DC offset doesn’t make any problem for us. We can measure the common mode
gain by dividing the peak-peak of output to peak-peak of input voltage. According to Fig. 2.269, the
peak-peak of output voltage is 723.33 nV. The peak-peak of input signal is 200 mV. So, according to
Fig. 2.270, the common mode gain is 3.6182 x 107,

Fig.2.269 Common
mode gain measurement W OpampCMRR X ‘
with cursors |
Cursor 1 I
V(out) ‘
Horz|  8.619469ms Vert|  -809.97568nV
| Cursor2
| V(out)
Horz |  9.1238938ms Vert|  -86.648004nv
Diff (Cursor2 - Cursor1) |
Horz |  504.42478ps Vert|  723.32767nv
Freq|  1.9824561KHz Slope:|  0.00143397
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>> Rcm=723.63767e-9/ (2*%100e-3)

Rcm =
3.6182e-06

f:£>>|

Fig. 2.270 MATLAB calculation

Now, we need to measure the differential mode gain. Change the schematic to what is shown in
Fig. 2.271. Settings of V1 and V2 are shown in Figs. 2.272 and 2.273, respectively. Note that 180° of
phase difference exists between V1 and V2. So, the differential voltage that enters the amplifier has
the peak value of 100 mV.

Fig.2.271 Differential mode gain
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W Independent Voltage Source - V1 X
Functions DC Value
O (none) OEvalia
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Make this information visible on schematic

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis({.AC)
O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiiude: | |
OPWL{ vI2v2.) ACPhase:| |

OPWLFILE: Biciae Make this information visible on schematic:

Parasitic Properties

DC offset[V]: 0 Series Resistance[Q]: :
Amplitude[V]: 50m Parallel Capacitance[F]:
FreqlHz] ™ Make this information visible on schematic:
Tdelay[s):
Theta[1/s]:
Phi[deg]: 0
Ncycles:

Additional PWL Points

Make this information visible on schemaltic: Cancel

Fig. 2.272 Settings of voltage source V1

W Independent Voltage Source - V4 X
Functions DC Value
O (none) OEvalia
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Make this information visible on schematic

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis({.AC)

O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiiude: | |
OPWLEI viRv2.) ACPhase:| |
OPWLFILE: Biciae Make this information visible on schematic:

Parasitic Properties

DC offset[V]: 0 Series Resistance[Q]: :
Amplitude[V]: 50m Parallel Capacitance[F]:
FreqlHz] ™ Make this information visible on schematic:
Tdelay[s):
Theta[1/s]:
Phi[deg]: 180
Ncycles:

Additional PWL Points

Make this information visible on schemaltic: Cancel

Fig. 2.273 Settings of voltage source V4
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Run the simulation and observe the node “out” voltage (Fig. 2.274).

. 4 m XVl - OpampCMRR - ] X
File Edit Hierarchy View Simulate Tools Window Help
PEE XA R ERT IDENESB LR £33 DYV Aa op
1, OpampCMRR | OpampCMRR

B = @ [R] |

R1 1k 3

T A
/3 1k LT6016
v2 v3 vl V4 R4
10k
5 -5 SINE(D 50m 1k 0 0 0) SINE(O 50m 1k 0 0 180)
Jtran 10m

Fig. 2.274 Simulation result

According to Fig. 2.275, the amplitude of output voltage is 997.44 mV. So, the differential gain of
the amplifier is 9.9744 (Fig. 2.276).

Fig. 2.275
Measurement of output W OpampCMRR X
voltage amplitude Ciaoid
V(out)
Horz: | 8.75ms Vert|  997.43813mv
Cursor 2

Diff (Cursor2 - Cursor1)
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Command Window

>> Adm=997.43813e-3/100e-3

Adm =
9.9744

f%>¢|

Fig.2.276 MATLAB calculations

According to Fig. 2.277, the CMRR of the amplifier is 128.81 dB.

Command Window

128.8079

£ > |

Fig. 2.277 MATLAB calculations

2.25 Example 24: Measurement of CMRR for a Differential Pair Amplifier

In this example, we want to measure the CMRR of differential pair amplifier shown in Fig. 2.278. The
two collector resistances are accurate to within +1%. So, their values changes between
10 x 0.99 =9.9 kQ and 10 x 1.01 = 10.1 kQ. Other components (transistor Q1 and Q2, resistor RB1
and Rb2, resistor RE1 and RE2) are assumed to be identical.
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Fig. 2.278 Circuit for vCC vCccC
Example 24. Q1 and Q2 T 15v T 1sv
are 2N2222
RC1 RC2
10kQ éwkn
- Vo +
Q1 Q2
RB1 v
sk b g
V..
% Re2
AAA
5k0
RE1 RE2
1500 21500
" REE
C),m A ézoom
v 3
_Lsv
VEE

Draw the schematic shown in Fig. 2.279.
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Fig. 2.279 LTspice equivalent of Fig. 2.278

Let’s start with a DC analysis of the amplifier. Connect both of the inputs to ground and run the
operating point analysis (Fig. 2.280). The result of operating point analysis is shown in Fig. 2.281.
The emitter current of transistors and other voltages and currents are equal since the circuit is

symmetric.
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Fig. 2.280 Inputs are connected to ground

Let’s measure the common mode gain of the amplifier. In order to do this, add the voltage source
V3 to the schematic (Fig. 2.282). Settings of voltage source V3 is shown in Fig. 2.283. Note that in
Fig. 2.283, RC1 = 9.9 kQ and RC2 = 10.1 kQ. If you run the schematic of Fig. 2.282, with
RC1 = RC2 = 10 k&, the output (voltage difference between the collectors) becomes zero since the
circuit is symmetric and the input is the same for both transistors. When the output for common mode
signal is zero, the common mode gain is zero and the CMRR becomes infinity which is desired.
However, obtaining completely symmetric circuit is very difficult (if not impossible) in real world.

We set the RC1 to 9.9 kQ and RC2 to 10.1 k€ in order to study the worst case (the biggest common
mode gain is obtainable for these values).
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W * C\Users\farzinasadi\Documents\LTspiceXVIN\DifferentailPair.asc X
-=-= Operating Point ---

vicl): 10.0406 voltage

V(bl) : -0.011283 voltage

V(el): -0.6459%46 voltage

v(c2): 10.0406 voltage

V(b2) : -0.011283 voltage

Vie2): -0.645946 voltage

V(vece) : 15 voltage

Vie): -0.720676 voltage

V(vee) : 15 voltage
Ic(Q2): 0.000495942 device current
Ib(Q2) : 2.2566e-006 device_ current
Ie(Q2): -0.000498198 device_ current
Ic(Q1l): 0.000495942 device current
Ib(Q1) : 2.2566e-006 device current
Ie(Q1): -0.000498198 device current
T(I1): 0.001 device current
I(R7): 3.60338e-006 device_current
I(Re2): -0.000498198 device_ current
I(Rel): -0.000498198 device_current
I(Rc2): -0.000495942 device current
I(Rel): -0.000495942 device_ current
I(Rb2): -2.2566e-006 device_current
I(Rbl): 2.2566e-006 device current
I(v2): 0.001 device_current
I(V1): -0.000991883 device current

Fig.2.281 Simulation result
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Fig.2.282 Measurement of common mode gain
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W Independent Voltage Source - V3

Functions

(O (none)

O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLETvIERV2.)

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(® SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

DC Value

Make this information visible on schematic

Small signal AC analysis(.AC)

ACAmpliude: [ |
ACPhase:| |

Make this information visible on schematic:

(O PWLFILE: Browse
Parasitic Properties
DC offset{V]: 0 Series Resistance[(l]:
Amplitude[V}: 100m Parallel Capacitance[F]:
Freq[Ha): 3k Make this information visible on schematic:
Tdelay[s):
Theta[1/s]:
Phi[deg]:
Neycles:

Additional PWL Points

Make this information visible on schematic: Cancel

Fig. 2.283 Settings of voltage source V3

Run the simulation and draw the voltage difference between collector of Q2 and Q1. The graph is
shown in Fig. 2.284. Note that the graph has an offset about —97.13 mV. Measure the peak-peak of
graph. According to Fig. 2.285, the peak-peak voltage is 92.108 pV. So, the (maximum) common
mode gain is 9.211 x 10~* (Fig. 2.286).



330 2 Simulation of Electronic Circuits with LTspice®

W LTspice XVII - DifferentailPair
Elle Edit Hierarchy View Simulate Tools Window Help

PEEFAFIRAAR IR HBRE DAL LR3I ¥xDVO0D An 2p

2 DifierentailPair ¥, DflerentailPair

4 DifferentailPair alfslEs
ix = 6.68ms y = -97.65129mVY
Fig. 2.284 Waveform of voltage difference between collector of Q2 and collector of Q1
Fig.2.285 Cursors
readings W DifferentailPair X
Cursor 1
V(C2.C1)
Hoz |  7.7878513ms Vert|  -97.757895mv
Cursor 2
f V(C2.C1)
| Horz:|  7.2529465ms Vert|  -97.665787mV
Diff (Cursor2 - Cursor1)
Horz |  -534.90481ps Vert|  92.108371pv
Freq:|  1.8694915KHz Slope: | -0.172196
Command Window ®

>> Acm=92.108371e-6/100e-3
Acm =
9.2108e-04

fx >> |

Fig. 2.286 MATLAB calculation
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Now it time to measure the differential gain of the amplifier. Add the voltage sources V3 and V4 to

the schematic to supply the amplifier with a differential mode input (Fig. 2.287). Settings of V3 and
V4 are shown in Figs. 2.288 and 2.289, respectively.

Fig. 2.287 Measurement of differential gain
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W Independent Voltage Source - V3 X
Functions DC Value
(O (none) DCwvalue
(O PULSE(V1V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Make this information visible on schematic:

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis({.AC)

O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiiude: | |
OPWLEIVIRV2.) ACPhase:| |
OPWLFILE: Biciae Make this information visible on schematic:

Parasitic Properties

DC offset[V]: Series Resistance[Q]: :

Amplitude[V]: 5m Parallel Capacitance[F]:
Make this information visible on schematic:

Freq[Hz]: 1k
Tdelay[s):
Theta[1/s]:
Phi[deg]: o

Ncycles:

Additional PWL Points

Make this information visible on schemaltic: [ Cancel

Fig. 2.288 Settings of voltage source V3

W Independent Voltage Source - V4 X
Functions DC Value
O (none) D sl
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Make this information visible on schematic:

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis({.AC)
O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiiude: | |
QPWLI vIRv2.) ACPhase:| |

O PWLFILE: Biciae Make this information visible on schematic:

Parasitic Properties

DC offset[V]: Series Resistance[Q]: :

Amplitude[V]: 5m Parallel Capacitance[F]:
Make this information visible on schematic:

Freq[Hz]: 1k
Tdelay[s):
Theta[1/s]:
Phi[deg]: 180

Ncycles:

Additional PWL Points

Make this information visible on schemaltic: [ Cancel

Fig. 2.289 Settings of voltage source V4
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Run the simulation and draw the voltage difference between the collector of Q2 and collector of
QI (Fig. 2.290). The amplitude of output is 433.2 mV according to Fig. 2.291. So, the differential
mode voltage gain of the amplifier is 43.3 (Fig. 2.292).

_@' LTspice XVFI--OE{ferent.;-IPair . = (m] X |
Eile Edit Hierarchy View Simulate Tools Window Help

PEEFAFIRAAR IR HBRE DAL LR3I ¥xDVO0D Aa op |
2 DifferentailPair 4. DiferentailPair

B = [TEHTES

A DifferentailPair = ok

x=4.36ms y=521.43mV

Fig. 2.290 Waveform of voltage difference between collector of Q2 and collector of Q1

Fig. 2.291 Peak of the g .
waveform in Fig. 2.290 [7/-7 DifferentailPair X
is around 433 mV

Cursor 1

V(C2.C1)
Horz|  7.7442274ms Vert|  433.20053mv
Cursor2

Diff (Cursor2 - Cursor1)

[ =7 ]
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Command Window

>> Adm=433.20053e-3/10e-3
Adm =
43.3201
Jx>> |

Fig.2.292 MATLAB calculations

The worst case (minimum) CMRR is 93.45 dB (Fig. 2.293). Note that we used the maximum com-
mon mode gain in the calculation of the CMRR. So, minimum CMRR is obtained. When the differ-
ence between the RC1 and RC2 decreases, the CMRR becomes bigger than 93.45 dB. For instance,
you can simulate the circuit for RC1 = 10 kQ and RC2 = 10.1 kQ and observe the increase in CMRR.

Command Window

93.4478

fx >> |

Fig.2.293 MATLAB calculations

2.26 Example 25: Differential Mode Input Impedance of Differential Pair

In this example, we want to measure the differential mode input impedance of previous example. The
equivalent circuit for differential input signals is shown in Fig. 2.294.

Fig.2.294 Equivalent RB1 L. V. 4 RB2
circuit for differential AAN : - —AN
5k0 5kQ

input signals
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Let’s measure the differential mode input impedance for 1 kHz input (Fig. 2.295). Run the simula-
tion and draw the current of through RB1 (Fig. 2.296). Measure the peak-peak of current through
resistor RB1. According to Fig. 2.297, the peak-peak of current through RB1 is 206.3 nA.

Vi v2
15 15 RC1 RC2
10k 10k
-t
i g
‘7\3;\ B1 |/Q1 Q2 B2 R
skt N2N2222  2N2222 st
v3 v4
SINE(O Sm 1k 0 0 0) SINE(0 Sm 1k 0 0 0)

i i
RE1 RE2
150 150

Es
11
R7
‘I" 200k
Im
.tran 10m
Fig. 2.295 Differential mode input impedance for 1 kHz
w LTspice XVl - DifferentailPair e o 2

Eile Edit Hierarchy View Simulate Jools Window Help

P EFo R R | HERE B A8 ISR TR0 Aa 2p

£ DiferentaiPair €, DifferentaiPair

4, DifferentailPair

Fig. 2296 Simulation result
B1pA

= 20—t
x=44Tms y =239
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Fig. 2.297 Peak-peak
of current through RB1 [9' DifferentailPair X
is around 206 nA
Cursor 1
I(Rb1)
Horz:|  5.7559682ms Vert|  2.1536289pA
Cursor2
I(Rb1)
Horz:|  5.2254642ms Vert|  2.3509321pA
Diff (Cursor2 - Cursor1)
Horz:|  -530.50398ps Vert|  206.30319nA
Freq: | 1.885KHz Slope:|  -0.000388882

Let’s measure the input impedance that is seen by the voltage source V3. According to Fig. 2.298,
the voltage source V3 sees 48.47 kQ.

Command Window

>> Ipp=206.3031%e-9;Vpp=10e-3;
>> Vpp/Ipp

ans =

4.8472e+04

ﬁ5>>|

Fig. 2.298 MATLAB calculations

You can calculate the Ry (Fig. 2.294) as well. According to Fig. 2.294, the voltage source V3 sees
R, R, ,
RB1+ Td =5+ T‘d[m 1. So, 54 —Rz'd =48.472 or Rz = 86.944 kQ.
Let’s draw the frequency response of differential mode input impedance. We use the schematic

shown in Fig. 2.299. The El is a voltage-dependent voltage source. Setting of El is shown in
Fig. 2.300.
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Fig. 2.299 Schematic for drawing the frequency response of differential mode input impedance
Fig. 2.300 Component . .
Attribute Editor window W Component Attribute Editor X
. C\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\e.asy
This is the second attribute to appear on the netlist line.
Attribute Value Vis.
Prefix E
InstName El X
SpiceModel
Value2
Spiceline
Spiceline2

fiz
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Run the simulation and draw the graph of -V(v3)/I(v3) (Fig. 2.301). The result is shown in
Fig. 2.302.

Fig.2.301 Add Traces I Add T 5 %
to Plot window dd Traces to Fiot
Only listtraces matching

Avaiable datr Asterisks match colons Cancel

Vib1) I{Rb2)

Vib2) I{Rc1)

Vic1) I(Re2)

V(c2) I(Re1)

Vie) I{Re2)

V(el) 1v1)

Vie2) 1(V2)

YO (3)

V(vee) Ib(Q1)

V(vee) Ib{Q2)

| V(n00T) Ie{Q1)
[ |qen 1¢(Q2)

I(17) le(Q1)

I(R7) le(Q2)

I(Rb1) frequency

Expression(s) to add:

V(v3)V3) '

AutoRange
| B¥ (Tspice XVIl - DifferentailPair = (m] .X

Eile Edit Hierarchy View Simulate Tools Window Help

PEEFAFIRAAR IR HBRE DSBS L TRx3 xDVO0D An 2p

1, DifferentailPair |5 DiferentailPair

4, DifferentailPair =

%= 57.854Hz y = 97.746dB. 4.365°

Fig.2.302 Simulation result
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Right click on the vertical axis and select the Linear (Fig. 2.303). The vertical axis unit changes to
Ohms (Fig. 2.304). This graph shows the differential mode input impedance of the circuit.

[ Left Vertical Axis -- Magnitude X
Range Representation

Top: | 66K Bode Y e

. ance!

Tick: | 6K @ Linear
(O Logarithmic
Bottom: [ 0 > _
| (O Decibel |

[ Don't plot the magnitude. ]

Fig. 2.303 Left Vertical Axis window

W LTspice XVl - DifferentailPair = 0 X |

Elle Edit Hierarchy View Simulate Tools Window Help

PEEFAFIRAAR IR HBRE DAL TR x3 ¥xDVO0D An 2p

1, DifferentailPair |5 DiferentailPair

100KHz

4 DifferentailPair

%= 7.994KHz y = 55.429K0, 9.286"

Fig. 2.304 Simulation result

Let’s check the obtained graph. Read the impedance at 1 kHz. According to Fig. 2.305, the imped-
ance at 1 kHz is about 48.07 k€. This number is quite close to what we found in Fig. 2.298.
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Fig.2.305 Input

impedance at 1 kHz [ DifferentailPair X
Cursor 1
V(v3)A(V3)
Freq:| 1006237KHz | Mag | 48.077561K¢] @®
Phase: | -2.4729888° O
Group Delay: | 6.8149099ps O
Cursor2
Freq; | - N/A- .. Mag: | - N/A-- O
Phase: | -~ N/A-- &
Group Delay: | - N/A- O
Ratio (Cursor2 / Cursor1)
Freq: ~ NJ/A- | Mag; - N/A-
Phase: - N/A-
Group Delay: - N/A-

2,27 Example 26: Colpitts Oscillator

In this example, we want to simulate a Colpitts oscillator. The schematic of this example is shown in
Fig. 2.306. The calculation shown in Fig. 2.307 shows that the frequency of this oscillator is 31.83 kHz.

Fig. 2.306 Schematic
of Example 26
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Command Window ()
>> L=500e-6;C1=100e-9;C2=100e-9;

>> Ceq=C1*C2/(C1+C2);
>> £=1/2/pi/sqrt(L*Ceq)

3.1831e+04

fe >> |

Fig. 2.307 MATLAB calculation

Run the simulation. The result is shown in Fig. 2.308.

B (Tspice XVIl - Draft31 - O x
Eile Edit Hierarchy View Simulate Tools Window Help

PEE XA R ERT IDENESB LR+ 3 DYV Aa op
£ Drat31 < Drat3i

B

=T
=) |3

4 Drafth1 =mijs(=]

-

mei
g a2
=1t
E ﬁ
o
P

-tran 0.5m

ix = 32883ps vy =627V

Fig.2.308 Simulation result

Let’s measure the frequency of waveform. According to Fig. 2.309, the frequency of this waveform
is 31.28 kHz which is quite close to what we obtained.



342

2 Simulation of Electronic Circuits with LTspice®

Fig. 2.309 Coordinates
read by the cursors

[ Draft31 X
Cursor 1

V(out)
Horz:|  386.49573ps Vert|  3.0005481V
Cursor2

V(out)
Horz:|  418.46154ps Vert|  2.9888127V
Diff (Cursor2 - Cursor1)
Horz:|  31.965812ps Vert|  -11.735463mV
Freq:|  31.283422kHd  Slope: | -367.125

Let’s measure the harmonic content of output voltage of oscillator. Add the .four 31.96 k V(out)

command to the schematic (Fig. 2.310).

Fig.2.310 Measurement of

harmonic content for an
oscillator

Run the simulation (Fig. 2.311). Press the Ctrl+L to open the output log file. The result shown in
Fig. 2.312 appears. According to Fig. 2.312, the THD of the oscillator is 20.526%. Such a high THD
is expected since the output (Fig. 2.308) does not resemble a pure sine wave.



[T LTspice XVII - Draft31 = [m] ®
Eile Edit Hierarchy View Simulate Jools Window Help

MEETXIHRAAR EEHBR d2EHES LB 3 xDBOD An op

4 Draf31 | Drattn

B = @53

150ps 250ps 5 400ps 450us

4, Draft31 =[-@

L=
1k
¥ = 388.46ps
Fig.2.311 Simulation is run
B'( SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVIN\Draft31.log X
b::. rcuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\Draft3l.asc A

Direct Newton iteration for .op point succeeded.
IN-Period=1

Fourier components of V(out)

DC component:3.57227

Harmonic Frequency Fourier Normalized Phas:
Number [Hz] Component Component [degr:
1 3.128e+04 2.885e+00 1.000e+00 153
2 6.256e+04 1.460e-01 5.05%e-02 -36
3 9.384e+04 5.123e-01 1.775e-01 105
4 1.251e+05 1.648e-01 5.710e-02 -150
5 1.564e+05 1.237e-01 4.289%e-02 44
6 1.877e+05 1.201e-01 4.161le-02 151
7 2.190e+05 4.419%e-02 1.532e-02 -80
8 2.502e+05 5.327e-02 1.846e-02 20
9 2.815e+05 4.832e-02 1.675e-02 -165

Total Harmonic Distortion: 20.437890%(20.526209%)

Date: Tue Jul 06 11:54:30 2021
Total elapsed time: 0.132 seconds.

tnom = 27
temp = 27
method = modified trap

e beeae LY.

< >

Fig.2.312 Simulation result
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2.28 Example 27: Optocoupler

In this example, we want to simulate a circuit which contains an optocoupler. Optocouplers can be
found in the [Optos] section of Select Component Symbol window (Fig. 2.313). Available optocou-
plers are shown in Fig. 2.314.

W Select Component Symbol X

Top Directory:  Ci\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym v
Double click to change directory to "Optos"

|[Optos] |

£ C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[ADC] [SpecialFunctions] f load npn4
[S_witches] FerriteBead load2 pif

bi FerriteBead2 Ipnp pmo
bi2 g Itline pmo:
bv g2 mesfet pnp
cap h njf pnp2
csSwW ind nmos pnp4
current ind2 nmos4 polcz|
iode 1ISO16750-2 npn res
ISO07637-2 npn2 res2
e2 LED npn3 schot|
< e ————————] >

Fig.2.313 Optos section
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y Select Component Symbol X
'I'opDire . | _ Svam .a_-m[:: uments\LTspiceXVINib\sym Vl

|[Optos) |
C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\Optos\
[ PC817A
5 PC817B
PC817C
PC817D

coc

Fig.2.314 Components inside the Optos section

Let’s simulate a circuit which contains an optocoupler. Draw the schematic shown in Fig. 2.315.

Settings of voltage source V1 are shown in Fig. 2.316.

Fig.2.315 Schematic for Example 27



346 2 Simulation of Electronic Circuits with LTspice®

W Independent Voltage Source - V1 X
Functions DC Value
O (none) i :
@PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles) Make this information visible on schematic
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis({.AC)
O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiiude: | |
OPWLEI vIRv2.) ACPhase:| |
OPWLFILE: Biciae Make this information visible on schematic:

Parasitic Properties

Vinitial[V]: 0 Series Resistance[Q]: :
Von[V: 10 Parallel Capacitance([F]: :
Tdelay[s]: 0 Make this information visible on schematic:
Trise[s]: 10n
Tfallls]: | 10n
Ton[s]: m
Tperiod(s]: 2m
Ncycles:

Additional PWL Points

Make this information visible on schemaltic: Cancel

Fig. 2.316 Settings of voltage source V1

Run the simulation and draw the voltage of node “in” and “out.” When node “in” is high, node
“out” is low. When node “is” is low, node “out” is high (Fig. 2.317). So, the behavior of this circuit is
similar to NOT gate.
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Bf LTspice XVl - OptoCoupler = 0 X |

Elle Edit Hierarchy View Simulate Tools Window Help

PEETFHAQRUAR R HBW IDEH OB LB 3 xDYODC An op |

1, OpteCoupler | OptoCoupler

R2 V2
200

- /\:}1\/ U1 5

ut
Vi 1k Sl N
PULSE(0 10 0 10n 10n 1m 2m) =
~ 4N25
tran 4m

{Ready

Fig. 2.317 Simulation result

2.29 Example 28: Astable Oscillator with NE 555

In this example, we want to simulate a circuit which contain NE 555 IC. The NE 555 IC can be found
in the [Misc] section (Fig. 2.318) of Select Component Symbol window (Fig. 2.319).
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W Select Component Symbol X

Top Directory:  Ci\Users\farzinasadi\Documents\L TspiceXVINlib\sym v
Double click to change directory to "Misc"

|Misc] |
£ C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\
[SpecialFunctions] f load npn4
[Switches) FerriteBead load2 pif
bi FerriteBead2 Ipnp pmo
bi2 g Itline pmo:

bv g2 mesfet pnp
h njf pnp2
ind nmos pnp4
ind2 nmos4 polcz|

Fig.2.318 Misc section
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W Select Component Symbol

Top Directory: | C:\Users\farzinasadi\Documents\L TspiceXVilib\sym

An idealized 555 timer model.

GND

TRIG

out

RST

)

Vcc

DIS

cv

[NES55

(&) C:\Users\farzinasadi\Documents\L T spiceXVINlib\sym\Misc\

L] EuropeanResistor LT5401 urc
battery fixedind rc2
cell Gpoly neonbulb xtal
DIAC jumper NIGBT xvaristor
DIP10 LT5400-1 pentode

DIP14 LT5400-2 PIGBT

DIP16 LT5400-3 SCR

DIP20 LT5400-4 signal

DIP8 LT5400-5 tetrode

Epoly LT5400-6 TowTom2
EuropeanCap LT5400-7 TRIAC
EuropeanPolcap LT5400-8 triode

Cancel

Fig. 2.319 Components inside the Misc section

Draw the schematic shown in Fig. 2.320.

Fig.2.320 Schematic of Example 28
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Run the simulation and draw the voltage of node “out” (Fig. 2.321).

Bf LTspice XVl - 555Astable - O X
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHDAFIQRAUAAR IR EREIDERSB LD+ D009 Aa op
1, E55Astable | S55Astable

B =) |3

12
TRIG DIS

e out THRS R2
% NES55 s7k
R3 RST o
100 c1

tran 10m

x = 461ms _y = 1277V

Fig.2.321 Simulation result

Let’s measure the frequency of output. According to Fig. 2.322, frequency of output is 1.02 kHz.

Fig. 2.322 Coordinates [
read by the cursors W 555Astable X
Cursor 1
V(out)
Hoz|  4.1766724ms Vert|  67.924215pv
Cursor 2
V(out)
Horz:|  5.1543739ms Vert|  11.320691V
Diff (Cursor2 - Cursor1)
Horz |  977.70154ps Vert| 11320623V
Freq:|  1.022807kHa Slope: | 11578.8

According to Figs. 2.323 and 2.324, duration of High (i.e., when the output signal value is around
VCC) and Low (i.e., when the output signal value is around ground) section of graph are 583.19 psand

583.19 s x100% = 59.65%.
394.51 s +583.19 s

394.51 ps, respectively. So, the duty cycle of output is
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Fig. 2.323 Duration of
high section of W 555Astable X
waveform shown in c 1
Fig. 2.321 oL Viouy
Horz |  4.5711835ms Vert|  11.320691V
Cursor2
V(out)
Horz:|  5.1543739ms Vert|  11.320691v
Diff (Cursor2 - Cursor1)
Horz |  583.19039pd Vert | ov
Freq: I 1.7147059KHz Slope: I 0
Fig. 2.324 Duration of
low section of waveform W 555Astable X
shown in Fig. 2.321 Cursor 1
V(out)
Horz |  4.1766724ms Vert|  67.924215pV
Cursor2
V(out)
Horz:|  4.5711835ms Vert|  11.320691v
Diff (Cursor2 - Cursor1)
Horz |  394.51115ps Vert| 11320623V
Freq:|  2.5347826KHz Slope: | 28695.3

Let’s check the obtained results. The calculation shown in Fig. 2.325 shows that LTspice results are

correct.

Fig. 2.325 MATLAB
calculations

>> R1=28e3;R2=57e3;C=10e-9;
>> HighDuration us=0.693* (R1+R2)*C/le-6

HighDuration us =

589.0500
>> LowDuration_us=0.693*R2*C/le-6
LowDuration_us =

395.0100

>> frequency=1/((HighDuration_us+LowDuration_us) *1le-6)

frequency =
1.0162e+03

ﬁl_r>>|
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2.30 Example 29: Low Pass Filter

LTspice has ready to use filter block which permits you to simulate the filtering action quite easily
without being involved with the details of filter circuit. After obtaining the desired results, you can
focus on the design of filter circuit itself.

The filter blocks can be found in the [SpecialFunctions] section (Fig. 2.326) of Select Component
Symbol window (Fig. 2.327).

W Select Component Symbol X
Top Directory:  Ci\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym v
Double click to change directory to
"SpecialFunctions"”

][SpeciaIFunclions] [

[ C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[ADC] load npn4
[Comparators] i FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo:
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csSwW ind nmos pnp4
[OpAmps] current ind2 nmos4 polcz|
[Optos] diode 1ISO16750-2 npn res
[PowerProducts] e 1ISO7637-2 npn2 res2
[References]) e2 LED npn3 schot|
< e ————— >

coce

Fig.2.326 SpecialFunctions section
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W Select Component Symbol X

Top Directory: IG:\Users\fauzhasadﬂDocmem\LTspioeXVM\sym'- M |
Second Order Allpass Filter

|2ndOrdAllpass

C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\SpecialFunctions\

LT1794 LTC1153 LTC1696 LT

T4294 LTC1232 LTC1726-25 LT

2ndOrdBandpass  LT4320 LTC1235 LTC1726-5 LT
2ndOrdComplexzero LT4320-1 LTC1477 LTC1727-25 LT
2ndOrdHighpass ~ LT4321 LTC1478 LTC1727-5 LT
2ndOrdLowpass LT4351 LTC1643AH LTC1728-1.8 LT
2ndOrdNotch LT4356-1 LTC1643AL LTC1728-25 LT
AD8452 LT4356-2 LTC1643AL-1 LTC1728-33 LT
capmeter LT4356-3 LTC1644 LTC1728-5 LT
LT1166 LT4363-1 LTC1645 LTC1799 LT
LT1739 LT4363-2 LTC1646 LTC1966 LT
< EE—— >

coc

Fig.2.327 Components inside the SpecialFunctions section

Let’s study an example. Draw the schematic shown in Fig. 2.328. Settings of 2ndOrdLowpass filter
is shown in Fig. 2.329.

Fig.2.328 Schematic for Example 29
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Fig. 2.329 Settings of

2ndOrdLowpass filter IJ Component Attribute Editor X

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\SpecialFunct

Attribute Value Vis. A
Prefix X
InstName (V)] X
SpiceModel 2ndOrderLowpass
|0=1k Q=3 H=4
Value2
Spiceline
SpiceLine2 2

The settings shown in Fig. 2.330 simulates a lows filter with pass band gain of H = 4. According to
Fig. 2.330, gain of 4 equals to 12.0412 dB. The cut off frequency of the filter is fO = 1 kHz and the
gain at this frequency is 20 log (Q) = 20 log (0.3) = — 10.4576 dB less than the pass band gain
(Fig. 2.330). So, we expect a gain around 12.0412 — 10.4576 = 1.5836 dB at 1 kHz.

Command Window

>> 20*1ogl0(4)

12.0412
>> 20*10gl0(0.3)
ans =

-10.4576

fx >

Fig.2.330 MATLAB calculations

Simulate the circuit (Fig. 2.331). Right click on the black area, click the Add Traces, and draw the
frequency response of V(out)/V(in) (Fig. 2.332).
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¥ (Tspice XVil - Filter - o X
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFONAAR BRI HBRR IBDEANSB LR3I DO Aa op
1, Filler |2 Filter

i = | EBEd

4 Filter = [-[E)
Ul
in IN \ ouT ut

Vi

fo=1k Q=.3 H=4 R1
1k
AC10
.ac dec 100 10 50k
Ready

Fig.2.331 Simulation is run

Fig.2.332 Add Traces

to Plot window [ Add Traces to Plot X

Asterisks match colons Cancel

Only listtraces matching

Available data:

V(in)

Viout)

I(R1)

Iv1)
frequency
b(UT:0UT)

Expression(s) to add:

Vi{out)/V(in)

AutoRange

Frequency response of filter (V(out)/V(in)) is shown in Fig. 2.333.
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-?-LTSDECEXV.H--.Fi:'.er - (m] X ]
File Edit Hierarchy View Simulate Tools Window Help

D@ HETDLLRQRAQARIER ERE IDPNOB L SD+ 3DV Axop |
EZ Fiher L. Filter

B = &3

100Hz

A Fitter = [-[E)
Ul
in IN N ouT ut

Vi

fo=1k Q=.3 H=4 R1
1k
AC10
.acdec 100 10 10k

Ready

Fig. 2.333 Simulation result

Let’s check the obtained results. According to Fig. 2.334, at low frequencies, the pass band gain of
the filter is 12.036376 dB. At frequency of 1 kHz, the gain is 1.5469263 dB.

Fig. 2.334 Coordinates
read by the cursors [9' Filter X
Cursor 1
V(out)/V(in)
Freq: | 10Hz | Mag 12.036376d8 ®
Phase: -1.9093432° O
Group Delay: 530.08671ps
Cursor 2
[ V(out)/V(in)
Freq:| 10041953KHz Mag: 1.5469263dB @®
Phase: -90.142573° O
Group Delay: 95.111609)s '
Ratio (Cursor2 / Cursorl)
Freq| 99419529Hz | Mag: |  -1048945dB
Phase: | -88.23323
Group Delay: -434.9751s
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2.31 Example 30: High Pass Filter

357

In this example, we want to simulate a high pass filter. The schematic of this example is shown in
Fig. 2.335. This schematic simulates a high pass filter with pass band gain of H = 4. Gain of 4 equals
to 12.0412 dB. The cut off frequency of the filter is fO = 1 kHz, and the gain at this frequency is 20 lo
g(Q)=201log (0.3) = — 10.4576 dB less than the pass band gain. So, we expect a gain around 12.0412

—10.4576 = 1.5836 dB at 1 kHz.

moN out 2
w1 ’ /|
Ei fo=1k Q=.3 H=4 ——

v / &“‘;\
_ac1o0

.ac dec 100 10 50k

Fig.2.335 Schematic for Example 30

Run the simulation and draw the frequency response graph of V(out)/V(in) (Fig. 2.336).

¥ (Tspice XVil - Filter

(=] X
Eile View PlotSettings Simulation Tools Window Help
PEETFHAQAQAR RIEHBY DO M o8
E2 Filer < Filter
F:: Fitter L

100Hz

x = 49.236KHz v = 21.667dB, 214.167°

Fig. 2.336 Simulation result

_(
Ul
in IN / ouT ut

Vi

fo=1k Q=.3 H=4 R1
1k
AC10
.ac dec 100 10 50k
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According to Fig. 2.337, the pass band gain is 12.02 dB, and the gain at 1 kHz is around 1.65 dB.

Fig. 2.337 Coordinates
read by the cursors W Filter X
Cursor 1
V(out)/V(in)
Freq| 50KHz | Mag | 1202532080 @
Phase: 3.8155966° &
Group Delay: ‘ 211.32503ns I
Cursor 2
V(out)/V(in)
Freq:| 1.0076972KHz ‘ Mag: 1.6490705dB @
Phase: 89.738229° O
Group Delay: l 94.776606)1s ‘
Ratio (Cursor2 [ Cursorl)
Freq| -48992303KHz | Mag: | -10375461dB |
Phase: | 85922633 |
Group Delay: [ 94.565281s J

2.32 Example 31: Band Pass Filter

In this example, we want to simulate a band pass filter. The schematic of this example is shown in
Fig. 2.338. Center frequency of the filter is fO = 1 kHz. The gain of the filter at 1 kHz is H = 4. Gain

of 4 equals to 12.0412 dB. The band width of the filter, i.e., difference between frequencies which

thecenter frequency gain is decreased by 3 dB, is o = lkP?)Iz =3.33kHz.

U1
in_ /N /—\ our °ut
vi
f0=1k Q=0.3 H=4 R1
1k
AC10

.acdec 100 10 50k

Fig.2.338 Schematic for Example 31

Run the simulation and draw the frequency response of V(out)/V(in) (Fig. 2.339).
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BT LTspice X\".H.-Fi.'.er - (m] X 1
File Edit Hierarchy View Simulate Tools Window Help
PEETFHAQAAAR R BB IDEHAB LD 3 xDHOD Aa op |
1, Filler | Filter
. .‘I;][iHr_ .1|:|HH2

A Fitter = [-[E)

Ul

in_Smv / O\ ourp®t
Vi
f0=1k Q=0.3 H=4 R1
1k
AC10
.ac dec 100 10 50k
Right-Click to edit expression. Control-Left-Click to integrate.
Fig. 2.339 Simulation result
According to Fig. 2.340, the gain at 1 kHz is 12.04 dB.

Fig. 2.340 Measurement of
gain for 1 kHz [1/‘7 Filter X

Cursor 1

V(out)/V(in)
Freq| 10018588KHz | Mag: 12.040264d8 @
Phase: -63.168364m° @
Group Delay: 95.334708ys
Cursor2

Ratio (Cursor2 / Cursorl)
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Let’s find the cut off frequencies. The pass band gain is 12.04 dB. So, we need to search for fre-
quencies which their gain is around 12.04 — 3 = 9.04 dB. According to Fig. 2.341, the gain is around
9.04 dB at 277.08 Hz and 3.622 kHz. So, the band width of the filter is 3.622 — 0.277 = 3.345 kHz.

Fig. 2.341 Measurement of
cutoff frequencies W Filter X
Cursor 1
V(out)/V(in)
Freq:| 277075%61Hz | Mag | 9.031371888 @
Phase: 44.990095° &
Group Delay: ‘ 334.97933ps |
Cursor2
V(out)V(in)
Freq| 36225526kHz | Mag: 9.0129576dB @®
Phase: . -45.11194° O
GroupDelay: | 25596157y |
Ratio (Cursor2 [ Cursor1)
Freq| 3345477KHz | Mag | -18414208mdB |
Phase: | -90.102035° |
Group Delay: | -309.38318ps |

The quality factor (Q) of the band pass filter is defined as Q = f_O, where f, shows the center
BW

frequency and BW shows the bandwidth of the filter. According to Fig. 2.342, the quality factor of this
filter is around 0.3.

Command Window

>> 1e3/(3.6225526e3-277.07561)
ans =
0.2989
fx >>

Fig. 2.342 MATLAB calculations
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2.33 Exercises

1. Simulate the half wave rectifier circuit (Fig. 2.343) with RL load (R = 10 Q and L = 10 mH).
Compare the result with purely resistive load.

B +

MURS 320
100
V1
~ 12Vrms
C':,Dgguz 11 out
10mH

Fig.2.343 Schematic for Exercise 1

2. Figure 2.344 shows an op-amp clamp circuit with a nonzero reference clamping voltage. The

clamping level is at precisely the reference voltage. Use LTspice to simulate the circuit and see
the effect of ReferenceVoltage source on output.

Fig. 2.344 Schematic

for Exercise 2 C1 R1
1l
AN D1
I+
100pF 100
1N4148
[y
V1 Rload
Wpk S1k0
15Hz /" JReferenceVoltage i
0 1.5V

3. Measure the maximum output voltage swing of the circuit shown in Fig. 2.345.
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Fig. 2.345 Schematic

for Exercise 3

vCccC

—1_9.0\’

R1 RC
4T ZATKQ 54
Il
"
100pF
Rs c1 Q1 Vioad
Ry | ﬁ 2N2222
300 qo0pF
R2 4 RLoad
NV 1kQ
G,)“:Hz RE I CE1 2470
—/ g S4.70 INWF
4. Assume the amplifier shown in Fig. 2.346.
+15V
R1 RC1 R3 RC2
Sk S2k0 S0k S2k0
cc1 cc2
e —p—*
Cin rm 100pF rQZ 100pF
I} hﬁ:loo L‘ﬁ=100
100pF
Rload
b $1.5k0
10mVpk R2 RE1 CE1 R4 RE2 CE2
10[‘“1 §5m ézm ==100pF gsm ézm 100pF
b

Fig. 2.346 Schematic for Exercise 4
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(a) Use hand analysis to calculate the DC voltages (operating point) of the circuit.
(b) Use LTspice to verify results of part (a).
(c) Use hand analysis to calculate the input impedance (impedance seen from source V1) and
output impedance (impedance seen from points a and b) of the circuit.
(d) Use LTspice to verify part (c).
(e) Use hand analysis to calculate the overall gain (
(f) Use LTspice to verify part (e). 1
5. Assume that both transistors in Fig. 2.346 are 2N2222. Use LTspice to draw the:
(a) Input impedance as a function of frequency.
(b) Output impedance as a function of frequency.
(c) Overall gain of the system a function of frequency.
(d) Measure the THD of output voltage.
6. Use LTspice to simulate the circuit shown in Fig. 2.347.

Vab

) of the circuit.

D1 D2
S e
V1
120Vrms
60Hz
00

c1 ggn
1000pF
D3 D4

i o

R e

Fig. 2.347 Schematic for Exercise 6

7. (a) Use LTspice to draw the frequency response of the circuit shown in Fig. 2.348.
(b) Check the result of part (a) with MATLAB.

input R1 R2 output
ANy W
1000 100Q
Cc1
V1 1uF

Lo
!

8. Use LTspice to simulate the Wien bridge oscillator circuit shown in Fig. 2.349. Note that oscilla-
tion starts when Ra is less than 20 kQ (R1 = Ra + Rb = 50 kQ).

11

Fig.2.348 Schematic for Exercise 7
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R1
50kQ our D1
J__ R?/Yjv Rb 1N4148
- R2
ATATA",
10kQ
D2

—15V 1N4148

c2
I

16nF 10kQ

J c1 4
—16nF >10kQ

Fig.2.349 Schematic for Exercise 8

9. Select a common source amplifier circuit from your electronics course textbook and simulate it
in LTspice. Draw the frequency response of the selected circuit.
10. Select a current mirror circuit from your electronics course textbook and simulate it in LTspice.
Study the effect of temperature on the output current.
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Simulation of Digital Circuits
with LTspice®

3.1 Introduction

In this chapter, you will learn how to analyze digital circuits in LTspice. The theory behind the studied
circuits can be found in any standard digital text book [1—4]. Similar to previous chapters, doing some
hand calculations for the given circuits and comparing the hand analysis results with LTspice results
are recommended.

3.2 Example 1: Simulation of Logic Circuits

In this example, we want to simulate the logic circuit shown in Fig. 3.1. This is the logic diagram of a
two input XOR gate. Truth table of the logic circuit shown in Fig. 3.1 is shown in Table 3.1.

Fig.3.1 Logic diagram | =

of Example 1 A D—AB
B >°_' - —

AB+AB

) AB

Table 3.1 Truth table of logic circuit shown in Fig. 3.1

A B AB+AB

0 0 0

0 1 1

1 0 1

1 1 0
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 365
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The logical gates can be found in the [Digital] section of Select Component Symbol window
(Fig. 3.2). After double clicking the [Digital], logic elements appear (Fig. 3.3).

Fig.3.2 Select
Component Symbol [ Select Component Symbol b4

window

Top Directory: | C:\Users\FarzinAsadi\Documents\L Tspice XVII\ib\sym v/
Double click to change directory to
"Digital"

|[Digal]

{2 C:\Users\FarzinAsadi\Documents\L TspiceXVII\ib\sym\

[ADC] e2 LED

[AutoGenerat f load
FeniteBead load2
FeniteBead?2 Ipnp
g tiine
g2 mesfet
h nif
ind nmos
ind2 nmos4
1S016750-2 npn
1S07637-2 npn2

>

Fig. 3.3 Digital section
of Select Component W Select Compenent Symbol 74

Symbol window
Top Directory: |QW!M\LTWW v |

|[Digal]

(&) C:\Users\FarzinAsadi\Documents\L Tspice XVII\iib\sym\Digital\
[]

ML
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The Special Functions section of LTspice Help is a very good reference for the components shown

in Fig. 3.4.

[?9 LTspiceHelp

o ¢ & O

Hde Back Pint Options
Contents | index | Search |

= LTspice XViI
@@ Introduction
® Modes of Operation
] Schematic Capture
i)

Z| Z. MESFET and IGBT
- [2) Integration Methods

~
v

A. Special Functions

Symbol names: INV, BUF, AND, OR, XOR,
SCHMITT, SCHMTBUF, SCHMTINV, DFLOP, VARISTOR,
and MODULATE

Syntax: Annn n00l1 n002 n003 n004 n005 n006
n007 n008 <model> [instance parameters]

These are Linear Technology Corporation's
proprietary special function/mixed mode
simulation devices. Most of these and their
behavior are undocumented as they frequently
change with each new set of models available
for LTspice. However, here we document some
of them because of their general interest.

INV, BUF, AND, OR, and XOR are generic
idealized behavioral gates. All gates are
netlisted with eight terminals. These gates
require no external power. Current is sourced
or sunk from the complementary outputs,
terminals 6 and 7, and returned through
device common, terminal 8. Terminals 1
through 5 are inputs. Unused inputs and
outputs are to be connected to terminal 8.
The digital device compiler recognizes that
as a flag that that terminal is not used and
removes it from the simulation. This leads to
the potentially confusing situation where AND
gates act differently when an input is

------ Amdd s mde s sem T . T B S

<

Fig. 3.4 Special Functions sections of LTspice Help

Let’s take a closer look to the logic gates. Consider the And gate (Fig. 3.5) shown in Fig. 3.6. It can
accept up to five inputs (terminals 1 through 5 are inputs). Note that LTspice ignores the unused
inputs. So, when you don’t connect anything to an input terminal of a gate, that input is ignored auto-
matically. Terminal 6 is the output of And gate and terminal 7 is the complement of terminal 6. So,
with the aid of terminal 7, you can simulate a NAND gate easily. Terminal 8 can be connected to the
circuit ground or it can be leaved floating. By default, low input level is [0,0.5 V] and high input level
is [0.5 V, 1 V]. Default values of low output and high output are 0 V and 1 V, respectively. However,
the user can change these default values. Note that digital components have no supply terminal.
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Fig.3.5 And gate

W Select Component Symbol

Top Directory: | CAU

fond |
C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\Digital\
schmitt

hmtbuf
buf schmtinv
buf1 siflop
counter Xor
dflop
diffschmitt
diffschmtbuf

Fig. 3.6 AND gate with five inputs

Let’s simulate the logic circuit shown in Fig. 3.1. Draw the schematic shown in Fig. 3.7. A4 and
A5 are Behavioral Inverter blocks (Fig. 3.8).

Fig.3.7 LTspice equivalent of Fig. 3.1
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Fig. 3.8 Inverter gate
W Select Component Symbol X

Top Directory: @Useﬁ\lazhasadwocmm\ﬂspicexw\lib\wm v |
Behavioral Inverter

|inv |

(& C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\Digital\

[] schmitt
and schmtbuf
buf schmtinv
bufl siflop
counter xor

dfiop

diffschmitt
diffschmtbuf
diffschmtinv

or

phidet

Settings of V1 and V2 are shown in Figs. 3.9 and 3.10, respectively.

W Independent Voltage Source - V1 X
Functions DC Value
O (none) DCvalue
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1V2Td1 Taul Td2 Tau2) Small signal AC analysis(AC)

O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpltude: | |

OPWLH vIRv2.) ACPhase:| |

Make this information visible on schematic:

Make this information visible on schematic:

QOPWLFILE:
Parasitic Properties
Vinitial[V]: Series Resistance[Q]:
Von[V]: Parallel Capacitance[F]:
Tdelay[s}: Make this information visible on schematic:
Trise[s]: 10n
Tfall[s]: 10n
Ton[s]: 10m
Tperiod[s): 20m
Ncycles:

Make this information visible on schematic: Cancel | | OK |

Fig.3.9 Settings of V1
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W Independent Voltage Source - V2 X
Functions DC Value
(O (none)
(® PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles) M
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(.AC)

(O SFFM(Voff Vamp Fcar MDI Fsig) AC Amplitude:
OPWLHIvIERv2.) AC Phase: |
O PWLFILE: Bionea Make this information visible on schematic: [/]

Parasitic Properties
Series Resistance[(]:

Vinitial[V]: . 0 -
Von[V]: T 5 Parallel Capacitance[F]: |
Tdelay[s]: 5m Make this information visible on schematic: [/]
Trise[s]: 10n
Tralljs: | 10n
Ton[s]: 10m

Tperiod[s]: 20m

Ncycles:

Make this information visible on schematic: OK

Fig.3.10 Settings of V2

Waveforms of voltage source V1 and V2 are shown in Figs. 3.11 and 3.12, respectively. We expect
the output to be high at [0, 5 ms] and [10 ms, 15 ms] intervals according to circuit truth table.

¥ LTspice xvil - [DigitatCircuit] - O b

Tools Windo

EZ £ Settings  Simulation
PMEETF L RQAAR (K]

= DigitaiCircat %, DigitatCiees
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¥ LTspice XVil - [DigitalCircuit] - [m] -
l—_-;_; File Yiew Plot Settings Simulation Jools Window Help
PEEHTFLH QAR ROIERT IO HA LS 2]

I‘ % DigitalCireut  { DigitalCircuit

%= 13.66ms y=5110V

Fig.3.12 Waveform generated with settings shown in Fig. 3.10

Run the simulation and draw the graph of inputs and outputs (Fig. 3.13). The input is high at [0,
5 ms] and [10 ms, 15 ms] intervals as expected. Note that the low level and high level of output are
0V and 1 V, respectively.
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372
[ LTspice XVl - DigitalCircuit e o *®
Eile Edit Hierarchy Yiew Simulate Jools Window Heip
PEEHT AN QAR R EBRT IBDEASS LD 3 XDD0D An op
l;_DugumEt.cr_uu [k DigitalCircuit
= | =g |8

4, DigitalCircuit

Vi

PULSE(0 5 0 10n 10n 10m 20m)

V2
PULSE(0 5 5m 10n 10n 10m 20m)
i 20m

Fig.3.13 Simulation result

You can change the low and high levels of output easily. Just right click on the gate and enter the

desired low and high values to the Value box (Fig. 3.14). After determining new values for low level
+V,

. ‘/low + ‘/hi h . . ‘/low high
and high level of output, the [0, Tg] interval shows the low input, and [Tg, Viien)

interval shows the high input. For instance, if you enter “Vlow=0 Vhigh=5" to the Value box
(Fig. 3.14), then [0, 2.5 V] interval shows the low input, and [2.5 V, 5 V] shows the high input.

Fig. 3.14 Determining
the intervals for low and
high signals

[ component Attribute Editor X

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVil\lib\sym\Digital\inv.as

Attribute Value Vis. A
Prefix A

InstName A4 X
SpiceModel BUF

T T T
Value2

Spiceline

Spiceline2 N
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Right click on the logic gates of Fig. 3.13 and enter “Vlow=0 Vhigh=5" to their Value box
(Fig. 3.15).

<
vi
A4 A AD
PULSE(0 50 10n 10n 10m 20m)
Viow=0 Vhigh=5 'o/}) Al
AS Viow=0 Vhigh=5 ut
0 A B A3 -
v2 Viow=0 Vhigh=5 Viona( Vblghs
Viow=0 Vhigh=5

PULSE(0 5 5m 10n 10n 10m 20m)

n 20m

Fig.3.15 “Vlow=0 Vhigh=5" is entered to the logic gates

Run the schematic shown in Fig. 3.15. Result is shown in Fig. 3.16. According to Fig. 3.16, the low
and high levels of output are 0 V and 5 V, respectively.

BF LTspice XVil - DigitalCircuit - [m] b4

Eile Edit Hierarchy View 3imulate Tools Window Heip

PEETFHRAAK ERIEaE tBREA S8 D3 xDP0D An op

k2 DigitalCircut £, DigitaiCircist

4, DigitalCircuit =
Vi
M A A2
PULSE(0 5 0 10n 10n 10m 20m) B—DC |
View=0 Vhigh=5 L)) AL
AS Viow=0 \ﬂ::h:ﬁ t
J\—’ =0
V2 Viow=0 Vhigh=5 B View=0 Vhigh=5
Viow=0 Vhigh=5
PULSE(0 5 5m 10n 10n 10m 20m})
.tran 20m

x = 11.65ms _y = 5.076V

Fig.3.16 Simulation result
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3.3  Example 2: Schmitt-Triggered Buffer Block

In this example, we want to study the Schmitt-Triggered buffer block (Fig. 3.17). The schematic of
this example is shown in Fig. 3.18. Waveform of “OutB” is the complement of waveform of “OutA.”
Settings of the Schmitt-Triggered buffer block and voltage source V1 is shown in Figs. 3.19 and 20,
respectively. The settings in Fig. 3.20 simulate a Schmitt trigger with low level of
Vt—Vh=0.5-0.3=0.2V and high level of Vt+ Vh=0.5+0.3=0.8 V.

Fig.3.17 Schmitt-
Triggered buffer

W Select Component Symbol

X

Top Directory:  C\Users\farzinasadi\Documents\L TspiceXVillib\sym

2

Behavioral Schmitt-Triggered buffer with
complementary outs

(& C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\Digital\

1 .
al schmtbuf
buf schmtinv
buf1 siflop
counter xor

dflop

diffschmitt
diffschmtbuf
diffschmtinv

inv

or

phidet

Fig.3.18 LTspice Schematic for Example 2
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W Independent Voltage Source - V1

Functions
(O (none)
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)

(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
() EXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)
@PWL{tIviv2.)

(OPWLFILE: Browse

time1[s]: 0

valuel[V]: 0
time2(s]: 10m

value2[V]: 1
time3[s]: 20m

value3[V]: 0
timed|[s]:

value4[V]:

_ Additional PWL Points
Make this information visible on schematic:

DC Value

Make this information visible on schematic

Small signal AC analysis(.AC)

ACAmpiiude: | |
AC Phase: :I

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.3.19 Settings of V1

Fig.3.20 Settings of
Schmitt trigger

[ component Attribute Editor

X

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\Digital\schmi

Attribute Value
Prefix A
InstName Al
SpiceModel SCHMITT
Value2

Spiceline

SpiceLine2

Cancel
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Run the simulation and draw the waveform of node “outA” and “in” (Fig. 3.21). According to
Fig. 3.21, the switching point is 0.2 V and 0.8 V.

[ LTspice Xil - Draft1
Eile Edit Hjerarchy Yiew Simulate Jools Window Help

PEEHTFHAQAARE N HRE ibP#H O8I BPx3 000D An op

[ Dram1 4 Dra

= o %"

PWL(0 0 10m 1 20m 0)

NZ
.tran 20m

x = 1278ms  y = 1.049V

Fig.3.21 Simulation result

You can change the low and high level of output by right clicking on the Schmitt trigger block and
entering the desired levels to the Value box. For instance, the settings shown in Fig. 3.22 simulate a
Schmitt trigger with output low level of 1 V and output high level of 6 V. Simulation results for these

settings are shown in Fig. 3.23.

X

Fig.3.22 New settings ki
g £ [ component Attribute Editor

of Schmitt trigger

Open Symbol:  C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\Digital\schmi

Attribute Value Vis.
Prefix A

InstName Al X
SpiceModel SCHMITT

Nae —_[Ve05Vh-03Viow-vhghs | x|
Value2

Spiceline

Spiceline2
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. B LTspice XVil - Draft1
Eile Edit Hierarchy Yiew 3Simulate Jools Window Heip
PEEFFHRAAKERIEaE tBREA S8 D3 xDP0D An op

£ Drafl 2 Drai1

PWL(0 0 10m 1 20m 0)

N
.tran 20m

x = 1280ms y = 6.152V

Fig.3.23 Simulation result

3.4 Example 3:Flip Flop Blocks

In this example, we want to use D flip flops to divide the frequency of an input signal by four. D flip
flops and RS flip flops are available in LTspice (Figs. 3.24 and 3.25).
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Fig.3.24 D flip flop

Fig.3.25 SR flip flop

W Select Component Symbol X

Top Directory:  C\Users\farzinasadi\Documents\L TspiceXViNlib\sym v
: = Behavioral D-flipflop

W Select Component Symbol X

Top Directory: | C\Users\farzinasadi\Documents\L TspiceXVillib\sym v
Behavioral Set-Reset Flipflop

Islﬂup I

(& C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\Digital\
[] schmitt
and schmtbuf
buf schmtinv
buf1

counter Xor

dflop

diffschmitt
diffschmtbuf
diffschmtinv

inv

or

phidet
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A D flip flop can be used to divide the frequency of an input square wave by factor of two (Fig. 3.26).
Two D flip flops can be used to divide the frequency of input signal by four.

Fig.3.26 Dividing the Feedback Loop
input frequency by two <
I_ — — Output Frequency
D Qp— /<2
Input Frequency |
fo——8
CLK 3
; [p—
! t T | e
0 _ . e - Frequency
I | I |
- i
Output
0 Frequency
Frequency = ‘2&

Draw the schematic shown in Fig. 3.27. Settings of flip flops and voltage source V1 are shown in
Figs. 3.28 and 3.29, respectively. Voltage source V1 generates a square wave with frequency of 1 kHz
and duty cycle of 50%.

Fig.3.27 Schematic of
Example 3
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Fig. 3.28 Settings of ] :
flip flop [ component Attribute Editor %
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\Digital\dflop.:
Attribute Value Vis. A
Prefix A
InstName Al X
SpiceModel
Value
Value2
Spiceline
Spiceline2 W
carc
W Independent Voltage Source - V1 X
Functions DC Value
© PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles) Make this information visible on schematic:
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(AC)
(O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiude: | |

OPWL{ vI2v2.) AC Phase: [:|

O PWLFILE: Heie Make this information visible on schematic:

Parasitic Properties

Vinitial[V]: 0 Series Resistance[Q]: :
Von[V]: Parallel Capacitance([F]: :
Tdelay(s]: Make this information visible on schematic:
Trise[s]: 10n
Tallfs): | 10n
Ton[s): 05m
Tperiod[s): m
Neycles:

Additional PWL Points

Make this information visible on schemaltic: Cancel

Fig.3.29 Settings of voltage source V1
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Run the simulation. The waveforms of node “in” and “out” are shown in Figs. 3.30 and 3.31,
respectively. According to Fig. 3.32, the frequency of node “out” is 250 Hz. If you cascade n D flip

.1 .
flops, the frequency of output is > of frequency of input.

¥ LTspice XVIl - DFF_Freq_Div
Eile Edit Hjerarchy Yiew Simulate Jools Window Help

MEEHTLFIHIAAARE | BRR I0H 88 LIP3 030090 An op

. DFF_Freq Div | DFF_Freq Div
. —

A DFF_Freq Div E
out

ol ”

vi
PULSE(0 5 0 10n 10n 0.5m 1m)

n 10m

x=T17ms y = 4867V

Fig.3.30 V(in) waveform
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. 4 ﬁsp ce XVl - DFF_Freq_Div - o e
Eile Edit Hierarchy Yiew 3Simulate Jools Window Heip
PEEHTFH QAR R BERT IBDEASS LD 3 XDD0D An op

. DFF_Freq Div | DFF_Freq Div

A DFF_Freq Div ==

out
A1 A2
PRE PRE
D D Q
" bk Qps—tak Q@
% CLR CLR
PULSE(0 5 0 10n 10n 0.5m 1m)
n 10m

Fig.3.31 V(out) waveform
Fig. 3.32 Frequency of
node out is around W DFF_Freq_Div X
250 Hz

Cursor 1

V(out)
Hoz |  2.997416ms Vert | 1v
Cursor 2
V(out)
| Horz[  7.002584ms Vert | ov ﬁ

Diff (Cursor2 - Cursor1) '

Horz: | 4.005168ms Vert I -1V

Freq|  249.67742Hz Slope: | -249.677

3.5 Example 4: Counter Block

In the previous example, we saw how D flip flop can be used to divide the frequency of the input signal
by four. You can do the frequency division with the aid of Counter block (Fig. 3.33) as well.
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Fig. 3.33 Counter
block W Select Component Symbol X
Top Directory: | CAUsers\farzinasadi\Documents\LTspiceXVillib\sym vl
Behavioral counter
counte] |
(& C:\Users\farzinasadi\Documents\L TspiceXVINlib\sym\Digital\
[-] schmitt
and schmtbuf
buf schmtinv
buf1 siflop
or
dflop
diffschmitt
diffschmtbuf
diffschmtinv
inv
or
phidet

Draw the schematic shown in Fig. 3.34. Settings of Counter block A1 and voltage source V1 are
shown in Figs. 3.35 and 3.36, respectively. Cycles = 4 (Fig. 3.35) cause the frequency of the input

signal to be divided by four. Voltage source V1 generates a signal with frequency of 1 kHz and duty
cycle of 50%.

Fig. 3.34 Schematic of Example 4
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Fig. 3.35 Settings of

the counter block P Component Attribute Editor X

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\Digital\counte

Attribute Value Vis. [
Prefix A
InstName Al X
SpiceModel COUNTER
Value g=4
Value2
Spiceline
Spiceline2 L
carc
W Independent Voltage Source - V1 X
Functions DC Value
O (none) (918 - E
© PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles) Make this information visible on schematic:
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis{.AC)
(O SFFM(Voff Vamp Fcar MDI Fsig) AC Amplitude: :I
OPWLE vIRV2.) ACPhase:| |
O PWLFILE: T Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:

W::_:m; 2 Parallel Capacitance[F]:
Tdelayls} Make this information visible on schematic:
Trise[s]: 10n
Trallfs]): 10n
Ton[s]: 0.5m
Tperiod(s]: m
Ncycles:

Additional PWL Points

Make this information visible on schematic: Cancel

Fig. 3.36 Settings of V1 block
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Run the simulation. Voltage of node “outA” is shown in Fig. 3.37. According to Fig. 3.38, the fre-
quency of the waveform shown in Fig. 3.37 is 250 Hz.

. E’ L‘i’s_:: ce XVl - FregDivision
Eile View PlotSettings Simulation Jools Window Help
MEEHTFIHAQAR EIERR 208 OS5 2

¥ FreqDision £ FreqDivision

- 5] | 52
Al
Cycles=4
Phil —outA
»CLK
Phi2 ——outB
PULSE(0 5 0 10n 10n 0.5m 1m)
n 10m
Ready
Fig. 3.37 Waveform of V(outA)
Fig. 3.38 Frequency of == =
node outA is around [ W FregDivision X
250 Hz
Cursor 1
V(outa)
Hozz|  2.997416ms Vert | ov
Cursor 2
V(outa)
Horz|  7.002584ms Vert | v
Diff (Cursor2 - Cursor1)
Horz: | 4.005168ms Vert I v
Freq |  249.67742Hz Slope: | 249.677
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When value of Cycles parameter of the Counter block is an even number, the “outA” and “outB”
outputs are complement of each other (Fig. 3.39).

E’ LTspice XVl - FreqDivision
Eile Edit Hierarchy View 3imulate Tools Window Heip

PEHTFOHRAAK ERIEaE tBREA S8 D3 xDP0D An op

1, FreqDivision ¥ FreqDivision

4, FreqDivision =
Al
Cycles=4
Phil ——outA
»CLK
Phi2 ——outB

PULSE(0 5 0 10n 10n 0.5m 1m)

tran 10m

e =570ms _y = 1061V
Fig.3.39 OutA and OutB are complement of each other

3.6 Example 5: Two-Bit Binary Counter

In this example, we want to simulate a two-bit binary counter. The schematic of this example is shown
in Fig. 3.40. Settings of the flip flops and voltage source V are shown in Figs. 3.41 and 3.42,

respectively.
td=10n|A1 w:mﬁu
A3 e
&ito PRE = PRE
”9W D Q — D Q—Bit0
'CLK QP —PbCLK Q
CLR CLR
Vi
+
T PULSE(0 5 1m 10n 10n .5m 1m)
.tran 4m

Fig.3.40 Schematic of Example 5
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Fig.3.41 D flip flop
settings

[ Component Attribute Editor

Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVil\lib\sym\Digital\dfiop.:

X

Aftribute Value
Prefix A
InstName Al

SpiceModel DFLOP

ue

Value2

Functions

(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)

(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
O EXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)

OPWLH vi2v2.)

(OPWLFILE: Browse

Vinitial[V]:
Von[V]:

Tdelay(s]: Tm

Trise[s]: 10n

Tall[s]: 10n

Ton[s]: 5m

Tperiod[s): m
Ncycles:

Additional PWL Points
Make this information visible on schemaltic:

SpicelLine
Spiceline2 e
corce
W Independent Voltage Source - V1 X

DC Value

Make this information visible on schematic

Small signal AC analysis(.AC)

ACAmpiiude: | |
AC Phase: :I

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 3.42 Voltage source V1 settings
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Don’t forget to enter the delay time (td) of the flip flops (Fig. 3.41). Otherwise you get the follow-
ing error message (Fig. 3.43).

Fig. 3.43 This error -
message appears when LTspice XVl X
delay time is not defined

Analysis: Time step too small: time = 0.001, timestep = 1.25e-018: trouble with
dflop-instance a1

Run the simulation. The result is shown in Fig. 3.44. During the [0, 1 ms] time interval, Bitl =0
and Bit0 = 0, which shows (00), = 0. During the [1 ms, 2 ms] time interval, Bitl = 0 and Bit0 = 1,
which shows (01), = 1. During the [2 ms, 3 ms] time interval, Bitl = 1 and Bit0 = 0, which shows
(10), = 2. During the [3 ms, 4 ms] time interval, Bitl = 1 and Bit0 = 1, which shows (11), = 3.

[&F LTspice Xvil - Dratts - ] ®
| Eile Edit Hjerarchy View 3Simulate Tools Window Help
MEEDF0HQAQR B HBET DM OB S0 +£3 D000 D Aa 2p

= Drats € Drafis

2.0ms

A Drants = FoE x|

= 3762ms y = 4924V

Fig. 3.44 Simulation result
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3.7 Exercises

1. Implement the following Boolean function with Multisim.

F=(A+B)(AB+AC+BC)

2. Simulate a full adder circuit.
3. (a) Simulate an 8 x 1 multiplexer in LTspice and test it.
(b) Simulate a 4-bit shift register in LTspice and test it. Use D flip flop.
4. Simulate a 4-bit Johnson counter in LTspice and test it.
5. An state diagram is given in Fig. 3.45.

Fig.3.45 State diagram 0
of Exercise 5

rst_n
0
0 1
1
The state table of this state diagram is shown in Table 3.2.
Table 3.2 State table of Fig. 3.45
Current state Input / Next state Outputs
A B Ao B Y
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 0 1
0 1 1 1 0 1
1 0 0 0 0 0
1 0 1 1 0 0
1 1 0 X X X
1 1 1 X X X

(a) Use hand analysis to ensure that the circuit in Fig. 3.46 implements the given state diagram.
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vCe T U1 A
__5.0V K j_r\ SET
ey ] Q
< < , I
CLE ~Q b
~,__° RESET
== D_FF
B
uz2
JET
D Q
CLE Q0 b
RESET

g, V1 D_FF
(‘?mz

Fig. 3.46 D flip flop realization of state diagram shown in Fig. 3.45

(b) Simulate the circuit shown in Fig. 3.46 in LTspice and ensure that it works similar to Table 3.2
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Simulation of Power Electronics
Circuits with LTspice®

4.1 Introduction

In this chapter, you will learn how to analyze power electronics circuits in LTspice. The theory behind
the studied circuits can be found in any standard power electronics text book [1—4]. Similar to previ-
ous chapters, doing some hand calculations for the given circuits and comparing the hand analysis
results with LTspice results are recommended.

4.2 Example 1: Buck Converter (I)

In this example, we want to simulate a buck converter. Draw the schematic shown in Fig. 4.1. An
NMOS block (Fig. 4.2) is used to simulate the MOSFET switch. MOSFET switch is controlled with
voltage source V2. Settings of the voltage source V2 is shown in Fig. 4.3. The frequency and duty
cycle of the pulse applied to the MOSFET is determined by the Tperiod[s] and Ton[s] boxes shown in

Fig. 4.3. According to the settings of Fig. 4.3, the switching frequency is % =25kHz and duty
u
cycle of the pulse applied to the MOSFET is 4213_# =0.6.

u

Fig. 4.1 Schematic for Example 1

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 391
F. Asadi, Essential Circuit Analysis using LTspice®, https://doi.org/10.1007/978-3-031-09853-6_4
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W Select Component Symbol X

Top Directory:  Ci\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym v
N-Channel MOSFET transistor

|I'IITIOS

(2 C\Users\farzinasadi\Documents\L T spiceXVIN\lib\sym\

load npn4 SOAtherm-HeatSink

load2 pif SOAtherm-PCB

Ipnp pmos sw

Itline pmos4 tline

mesfet pnp TVSdiode

nj pnp2 varactor

r— votage

nmos4 polcap zener

npn res

npn2 res2

npn3 schottky
>

=

Fig. 4.2 NMOS block
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W Independent Voltage Source - V2
Functions
(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(O PWLFILE: Browse
Vinitial[V]: 0
Von[V]: 12
Tdelay(s]: 0
Trise[s]: 10n
Tall[s]: 10n
Ton[s]: 24u
Tperiod[s): 40u
Ncycles:

Additional PWL Points
Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.3 Voltage source V2 settings

Right click on the MOSFET and click the Pick New MOSFET button (Fig. 4.4).

[ MOSFET - M12

MOSFET Properties

MOSFET:
Manufacturer. :'
o [ ]
Rdsomie): [ |
Qgatefc} [ |

HX

Cancel

' Pick New MOSFET |

Fig. 4.4 MOSFET window



394 4 Simulation of Power Electronics Circuits with LTspice®

Select IRFZ44V and click the OK button (Fig. 4.5). The schematic changes to what is shown in
Fig. 4.6.

[ select MOSFET X
Cancel

Part No. Manufacturer  Polarity Vds[V] Ron[mQ] Gate Chg[nC SPICE Model ~
IRFP250N International Rectifier N-chan 2000 750 123 .model IRFP250N
IRFR120Z Interational Rectifier N-chan 200.0 150.0 7 .model IRFR120Z\
IRFR2307Z Intemational Rectifier N-chan 750 128 50 .model IRFR2307Z
IRFR2607Z International Rectifier N-chan 75.0 176 34 .model IRFR2607Z

IRFR2905Z International Rectifier N-chan 55.0 11 29 .modallRFRZSDSZ.
IRFZ44N International Rectifier N-chan 55.0 139 63 .model IRFZ44N VI

IRFZ46N International Rectifier N-chan 55.0 128 72 ‘model IRFZ46N VI ¥
< I >

Fig.4.5 Selection of IRFZ44V

Fig.4.6 Schematic after applying changes to the components

Right click on the diode and click the Pick New Diode button (Fig. 4.7).
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[ Diode - D1 %
Pick New Diode
Diode Properties

oot [ 0]

Manufacrer | |

e

Average Forward Current[A]: I:]
BreakdownVohage[Vl: [ - |

Fig. 4.7 Diode window

Select the 1N5818 and click the OK button (Fig. 4.8). The schematic changes to what is shown in
Fig. 4.9. The schematic is ready to do the simulation.

[ select Diode X
Cancel
Part No. Mfg. type Vbrkdn[V] Iave[A] SPICE Model 2
N914 OnSemi silicon 75.0 020  .model IN914 D(ls=2.52n Rs.
1N4148 OnSemi silicon 75.0 0.20 .model TN4148 D(Is=2.52n F
MMSD4148 Onsemi silicon 1000 020  .model MMSD4148 D(Is=25
NS817 OnSemi Schottky 200 100 .model IN5817D(Is=31.7u F
TNS819 OnSemi Schottky 40.0 100 .model IN5819 D(Is=31.7uF
BATS4 Vishay Schottky 300 030  .modelBAT54D(ls=luRs=.,
< I >

Fig. 4.8 Select Diode window

Fig. 4.9 Schematic after applying changes to the components
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Run the simulation and draw the voltage of node “out.” The voltage of node “out” is composed of
two regions: Transient region and steady-state region (Fig. 4.10). The transient is finished after 1.5 ms.

B (Tspice xvrl--_suckton-.'erter = (m] X
Eile Edit Hierarchy View Simulate Tools Window Help

DS ERELRQRAQR R ERE IENAE LD 43 2D00D Anop |
1 BuckConverter | BuckConverer

I-:T- = [ B 22]]

2.0ms

V2 D e, ] R3
6 R2 2
PULSE() 12 0 10n 10n 24u 40u) 10010 20m

tran 5m

x=1953ms y= 5218V

Fig.4.10 Graph of V(out) for [0, 5 ms]

Let’s measure the output voltage ripple. Zoom into the steady-state region of the graph (Fig. 4.11).
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W LTspice XVl - BuckConverter = 0 X |

Eile View PlotSettings Simulation Tools Window Help

PE DA RQAR I RIERE IR SS o)

2 BuckConvener € BuckConverer

4.900ms 90 s 4.910ms 4.915ms 4.920ms
1 = =] ]E3
2
o
Fe& CYRN P
J_ i _1_ 1o0p 10m
c1
V1
V2 D e, ] R3
& R2 2
PULSE(D 12 0 10n 10n 24u 40u) el 20m
tran 5m

%= 4.90832ms y = 34504V

Fig.4.11 Graph of V(out) for [4.875 ms, 4.925 ms]

Use two cursors to measure the output voltage ripple (Fig. 4.12). According to Fig. 4.13, the output
voltage ripple is around 37 mV. You can calculate the average of output voltage by averaging the

. A
maximum and minimum of output voltage. The average of output voltage is 3.367+3.405 =3.386V.

Remember that output voltage of an ideal buck converter (i.e., with 100% efficiency) operating in
Continuous Conduction Mode (CCM) is given by V, = D x V;,, where D and V,, show the duty cycle
of the pulse applied to the MOSFET and input voltage, respectively. For the given converter, V,, =6 V
and D = 0.6. So, we expect the average of output voltage to be around 3.6 V. The average output volt-
age of the simulation is a little bit less than 3.6 V since the efficiency of the converter is not 100%.
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_@' LTspice XVll--suckCon-.'erter i = 0 X |
Eile View PlotSettings Simulation Tools Window Help

REEDLHRAR RICEBE & b N OSH o

2 BuckConverter 4 BuckConverter

}: BuckConverter == @

4.910ms 4.915ms
£ = ==
2
o §
in Fc L ot t
ILEEIE 1004 1om
c1
V1
V2 D e, ] R3
6 i o 2
PULSE(D 120 10n 10n 24u 40u) ' S
tran 5m
X = 4.88447ms  y = 34606V
Fig.4.12 Two cursors are used to measure the minimum and maximum of the graph
Fig.4.13 Values
measured by cursors W BuckConverter X
Cursor 1
V(out)
Hoz |  4.8900442ms Vert|  3.3678274v
Cursor 2
V(out)
Horz:|  4.9102655ms Vert|  3.4048776v
Diff (Cursor2 - Cursor1)
Horz |  20.221239ps Vert|  37.050235mv
Freq:|  49.452954KHz Slope: | 1832.24

Let’s measure the frequency of the ripple. According to Fig. 4.14, the frequency of the output volt-
age ripple is around the switching frequency of MOSFET (25 kHz).
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Fig.4.14 Frequency of
ripple is around 25 kHz W BuckConverter X
Cursor 1
V(out)
Horz:|  4.9097619ms Vert|  3.404799v
Cursor2
V(out)
Hoz|  4.949709ms Vert|  3.4051083v
Diff (Cursor2 - Cursor1)
Horz | 39.94709ps Vert | 309.3713pV
Freq:|  25.033113kHz Slope: | 7.74453

4.3 Example 2: Buck Convert (ll)

In the previous example we learned how to simulate a buck converter with the aid of a pulse voltage
source. In this example, we want to use a pulse width modulator to produce the control pulses of the
MOSFET.

The modulator produces the gate pulses by comparing a reference signal with a high frequency saw
tooth (ramp) carrier (Fig. 4.15). When the reference signal is bigger than the carrier signal, output of
the comparator is high. When the reference signal is less than the carrier signal, output of the com-
parator is low. We want to simulate the modulator of Fig. 4.15 in LTspice.

Reference C{L

Comparator
Fig.4.15 Generation of PWM signal

Carrier

L

Draw the schematic shown in Fig. 4.16. Settings of voltage source V2 is shown in Fig. 4.17. The
voltage source V2 produces the saw tooth carrier signal. Amplitude of the produced ramp is
1 V. Frequency of voltage source V2 determines the frequency of output pulses. Voltage source V3
determines the duty cycle of output. For instance, when V3 equals to 0.6 V, the duty cycle of the out-
put pulses is 0.6.

Voltage source B1 is an arbitrary behavioral voltage source (Fig. 4.18). It’s settings are shown in
Fig. 4.19. According to the settings in Fig. 4.19, when the reference signal (voltage source V3 in
Fig. 4.16) is bigger than the carrier signal (voltage source V2 in Fig. 4.16), the output pulse has the
value which is determined by variable Vpmax. When the reference signal is less than the carrier sig-
nal, the output pulse has 0 value. Note that value of Vpmax must be bigger than the gate-source
threshold voltage of the MOSFET. Otherwise it cannot turn on the MOSFET.
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Fig.4.16 Buck converter

[ Independent Voltage Source - V2 %
Functions DC Value
O (none) DCvalue: |
@ PULSE(V1 V2 Tdelay Trise Tall Ton Period Neycles) '
O SINE(Vofiset Vamp Freq Td Theta Phi Ncycles)

Make this information visible on schematic: |

OEXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis(AC)
(O SFEM(Voff Vamp Fear MDI Fig) ACAmpltude: | |
OPWLETvIRV2.) acehes| |
OPWLFILE: - el Make this information visible on schematic: [/]
| | Parasitic Properties
Vinitial[V]: 0 Series Resistance[Q]:
Von[V]: | {Vrmax} Parallel Capacitance[F]:
Tdelay(s]: 0 Make this information visible on schematic:
Trise[s]: {1/F}
Tfalls]: 10n
Ton[s): 0
Tperiod[s]: | {1/F}
Ncycles:
| Addiional PWLPoints
Make this information visible on schematic:[/] cncsl | [k ]

Fig.4.17 Settings of voltage source V2
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W Select Component Symbol X

Top Directory: [C‘\Users\famasad\Documerﬂs\LTspweXVl\ib\sym v |

| Arbitrary behavioral voltage source

[ C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches)] FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmo
[Digital] v ______¥ mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csw ind nmos pnp4
[OpAmps] current ind2 nmos4 polcz|
[Optos] diode 1ISO16750-2 npn res
[PowerProducts] e ISO7637-2 npn2 res2
[References] e2 LED npn3 schot|
< >

coce

Fig.4.18 Arbitrary behavioral voltage source block

Fig. 4.19 Settings of
arbitrary behavioral
voltage source block

P component Attribute Editor

Ci\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\bv.asy

Attribute Value Vis. A
Prefix B

InstName B1 X
SpiceModel

Vae ____|V=ifVOuyCyclepViViamp).Vpmax0) | X |
Value2

Spiceline

SpiceLine2 N
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Simulate the circuit and draw the graph of voltage difference between the gate and source. The
result is shown in Fig. 4.20.

| E’ LTspice >(\c'||-- BuckConverter2
Eile Edit Hierarchy View Simulate Tools Window Help |
RS ETERARER | ERE IDEN OSSO+ ¥DIOD Aaop |

t:BuckC;nvenefz‘ { BuckConventer2

= 3.036ms y= 1341V

Fig.4.20 Graph of V(Gate, Source)

Zoom in the graph (Fig. 4.21). Let’s measure the duty cycle of the gate-source pulses. According
to Fig. 4.22, the duration of the High section of the pulse is about 24 ps. So, the duty cycle is
24 us
=0.6.
40 us
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. W LTspice XVl - BuckConverter2 - m) X
Eile View PlotSettings Simulation Tools Window Help
PEETFOAQAAR ROIERE IDEMH OE ()
2 BuckConvener2 1 BuckConverter2
E,:Bu:htomnetz =% _IEJ_@

J0ps 40us 50ps

60ps 80ps 100ps 110ps 1 130ps 140ps)
1 =) el [
i
- £ 8 Souns L Aa_em
T T
) J-J B el ==
&
i
?ﬂmm—ncwnmnum - " Vu BV Dty Cpcin ) = W] Vrsemp ). { Vipman }, 89
o ¥
x = 1748us y = 1394V
Fig.4.21 Zoomed graph of V(Gate, Source)
Fig.4.22 Measurement e
of high and low section W BuckConverter2 X
of graph Cursor 1
V(Gate.Source)
Hoz |  40.069384ps Vert | 12.000001V
Cursor 2
V(Gate.Source)
Horz |  64.111015ps Vert | ov
Diff (Cursor2 - Cursor1)
Horz |  24.041631ps Vert|  -12.000001V
Freq|  41.594517KHz Slope: | -499134

Waveform of node “out” voltage is shown in Fig. 4.23. Note that output voltage is around 6 V at
t = 0. Let’s see why output voltage starts from around 6 V.
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W LTspice XVl - BuckConverter2 = 0 X |

Elle Edit Hierarchy View Simulate Tools Window Help

PEEHTAFOQAAR R HBRR IDEASB LR 3 DO An op |

EZ BuckConverterz 1 BuckConverer2

x=3.904ms y = 6.043V

Fig. 4.23 Graph of V(out)

Add the .op command to the schematic (Fig. 4.24) and run it. The result is shown in Fig. 4.25.
According to Fig. 4.25, the voltage of node “out” is 5.93446 V and current of inductor L1 is 2.96723 A.
According to the gate-source voltage shown in Fig. 4.21, the MOSFET is closed in the [0, 24.04 ps]
time interval. Therefore, a circuit is made by V1, MOSFET, inductor and load resistor. According to
the result shown in Fig. 4.25, the current of the inductor is 2.96723 A. So, we can write

# =2.96723 A. Rps shows the drain-source resistance of the MOSFET. After doing

R +0.01+2

some simple calculations, Rps = 12.1 mQ is obtained. Therefore, the voltage of node “out” is
2

——— x6=5.9345V.
0.0121+0.01+2
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Fig. 4.24 Addition of .op command to the schematic

Fig.4.25 Simulation
result [ * C:\Users\farzinasadi\Documents\LTspiceXVIl\BuckConverter2.asc p.s
--- Operating Point --- [
V{in) : 6 voltage
V (source) : 5.9671 voltage
V(n001) : 5.96413 voltage
V(out) : 5.93446 voltage
V(n002) : 8.90169%9e-018 voltage
V(gate) : 17.9671 voltage
V(vramp) : 0 voltage
'V (dutycycle): 0.6 voltage
I(Bl): 1.77636e-015 device_current
Id(M12): 2.96726 device_current
Ig(M12): -3.2e-009 device_current
Is(M12): -2.96726 device_current
I(ci): 4.45085e-016 device_current
I(D1): -3.17e-005 device_current
I(Ll): 2.96723 device_current
I(R3): 2.96723 device_current
I(R2): 4.45085e-016 device_current
I(R1): 2.96723 device_current
I(V3): 0 device_current
I(V2): 0 device_current
I(Vl): -2.96726 device_current
v
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You can add the initial condition command to force the output voltage starts from 0 V (Fig. 4.26).
After running the schematic shown in Fig. 4.26, the result shown in Fig. 4.27 is obtained. Now, the

output voltage starts from zero.

>
3
N
in =X Source e i o
TG 100§ 1om
C1
1 v 8 D1 o R3
@) 8 i .
= 1N5818
2 20m
v
< o
g % 8
£
>
V2 V3 B1
PULSE(0 {Vrmax} 0 {1/F} 10n 0 {1/F}) 6 V=if(V(DutyCycle)>V(Vramp),{VpmaxJ},0)
-
.param F=25k ic V(out)=0 &
tean 5o .param Vrmax=1 ¢ I(L1)=0

.param Vpmax=12

Fig.4.26 Applying the zero initial conditions to the simulation

. B¥ (Tspice XVIl - BuckConverter2 = (m] X
Eile View PlotSettings Simulation Tools Window Help
M@ ETFHAQQAR RIIERBH RO O )
2 BuckConvener2 1 BuckConverter2
o

|_:,‘ BuckConverter2

1.0ms

133“'{

x=4303ms y=5377TV

Fig.4.27 Simulation result
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You can force the output to start from zero with the aid of another method: Right click on the
Arbitrary behavioral voltage source B1 and change the Value box to what is shown in Fig. 4.28 and
click the OK button. Now, the schematic changes to what is shown in Fig. 4.29.

Fig. 4.28 New settings

for the arbitrary I Component Attribute Editor X
behavioral voltage
source Bl bol:  C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\bv.asy

This is the second atiribute to appear on the netlist line.

Attribute Value Vis, A
Prefix B

InstName B1 X
SpiceModel

Value V=iff1-V(DutyCycle)<V(Vramp) {Vpmax}.0) | X
Value2

Spiceline

SpiceLine2 v

Fig. 4.29 Schematic after applying changes
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Run the simulation and draw the graph of gate-source voltage (Fig. 4.30). Now, the gate-source
voltage starts from O V. In other words, the MOSFET is open at t = 0 and voltage source V1 cannot
affect the node “out” voltage. If you draw the voltage of node “out,” you can see that the voltage starts
from 0 V automatically (Fig. 4.31) and there is no need to any .ic command.

. W Im XV - BuckConverter2
Eile View PlotSettings Simulation Tools Window Help
PEETFOAQAAR ROIERE IDEMH OE ()

2 BuckConvener2 1 BuckConverter2

[}_ BuckConverter2

40us 50ps

|

3
e

v n "
ALSELD (Weman} 8 {L/F) B8 {LIFT) (N o LA Dyt <V meng (a0}
e
vy
— “param pmarn i3

x = 2898us y= 13.89V

Fig. 4.30 Graph of V(Gate, Source)
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_@' LTspice xvrl--_suckton-.'erterz . = (m] X
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHTAFOQAAR R HBRR IDEASB LR 3 DO Aa op
EZ BuckConverterz 1 BuckConverer2

B = [TEHTES

2.0ms

]
Le
)

v a [
PULSELD (Wmax} 8 {1/F) 100 8 {LIF}) (7 a1 Dty Crcin W Wraemgr ), [ Va0
parme F o 250
i

“parme manat
param Vpemarn 12

Fig. 4.31 Graph of V(out)

4.4 Example 3: Making New Blocks

In the previous example, we saw how to generate the PWM signal required to control the MOSFET. If
you need the pulse width modulator in another schematic, you need to redraw it or copy paste the
blocks from previous example to the new schematic.

There is another way to reuse a group of blocks which is better than the previous two methods:
Making a new block from them. The generated new block is added to LTspice components and you
have access to it in all of the schematics.

Let’s convert the pulse width modulator of previous example into a new block called PWM. The
PWM block has one input: The desired duty cycle and one output which applies the generated pulses
to the circuit.

Let’s start. Draw the schematic shown in Fig. 4.32 and save as it with the name PWM.asc.
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P LTspice XVl - [PWM] - o *
A e Edit Hierarcty i Tools Window _Help ~T=I=
B#iﬂ[?li‘i‘ QIQ'&Q&IQEZIE!EI PBREN OB ILB I XDUOD Cmeiday

Fig.4.32 First sketch for Example 3

Click the File> New Symbol (Fig. 4.33). After clicking the File> New Symbol, the window changes
to what is shown in Fig. 4.34.

[ LTspice XVII - [PWM]

-( Eile Edit Hierarchy View Simulate
EB New Schematic Ctrl+N

Fig.4.33 File> New Symbol
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[ LTspice XVl - [Untitied]
1> file Edit Hierarchy Draw View Jools Window Help

= o x

P@ BRI ER I RRNAE L LD LI TDVNOD Cmeitnop

AEWM D Uit

(-15,-88)

Fig. 4.34 Opened window

Click the Draw> Rect (Fig. 4.35) and draw a rectangle (Fig. 4.36).

Draw View To

\. Line

.Ll

lrect R

Q Circle C
(" Ac A
=== Line Style

AxText T

Fig.4.35 Draw> Rect
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[T LTspice XVl - [Untitled]
- file Edit Hierarchy Draw View Iools Window Help _alx

PEEFAOQRARRIE SR S DBAOS /LD 3 TODODC i

£ PWM T Uniitied

= a X

s

Fig.4.36 Drawing a rectangle

Click the Draw> Line (Fig. 4.37) and connect three lines to the drawn rectangle (Fig. 4.38).

m View To
~
CJRect 'R
Q Circle C
( Ac A
=== Line Style
AaText T

Fig.4.37 Draw> Line
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[T LTspice XVl - [Untitled]

1 File Edit Hierarchy Draw View Tools Window Help

a X

PEEFAOQRARRIE SR S DBAOS /LD 3 TODODC i

£ PWM T Uniitied

Fig.4.38 Three line are connected to the drawn rectangle

Use the Draw> Text (Fig. 4.39) to add the “PWM?” label to the drawn rectangle (Fig. 4.40).

Fig.4.39 Draw> Text

m View To
\\ Line L
CJRect 'R
Q Circle C
O Ac A
=== Line Style
Al ]
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B LTspice XVl - [Untitled]
- Fle Edit Hierarchy Draw View JTools Window Help = o=

PEEFAOQRARRE DB S DBAOB /LD 3 TODODC i

£ PWM D Uniited

== a X

=21,

Fig. 4.40 PWM label is added to the rectangle

Click the Window> Tile Vertically (Fig. 4.41) to see the drawn symbol and drawn schematic simul-
taneously (Fig. 4.42).

Window Help
f= Tile Horizontally

% Cascade
E Close Everything
=== Arrange Icons

1PWM
[¢" 2 Untitled

Fig.4.41 Window> Tile Vertically
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B LTspice XVl - Untitled - o b2
Eile Edit Hierarchy Draw View Jools Window Help
PEEPFHRAQAR|LIIERH s BN AB /LD 3 OB OD Cimiat o

£ PWM D Uniited

Fig.4.42 Drawn symbol and drawn schematic are shown simultaneously

Click the Edit> Add Pin/Port (Fig. 4.43). After clicking the Edit> Add Pin/Port, the Pin/Port prop-
erties window is opened. Do the settings similar to Fig. 4.44 and click the OK button. After clicking
the OK button, a pin is attached to the mouse pointer. Click on the left end of the left line to attach the
pin to it (Fig. 4.45). Note that only the labels defined in the schematic can be entered to the Label box
of Pin/Port Properties window (Fig. 4.44).

& Tspice XVII - Untitled

Eile | Edit Hijerarchy Draw
- [#)©D Unde F9
: LF (¥ Redo  Shift+F9
Attributes  »

&) o0 pivron v |
& Move F7
<% Drag F8

Em Rotate  Ctrl+R
F3 Miror Ctri+E
& Delete 5
B Duplicate 6

Fig.4.43 Edit> Add Pin/Port
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Fig.4.44 Pin/Port
Properties window W Pin/Port Properties X

Labet
Pin Label Justification
*

TOP
@LEFT RIGHT O

soTTOM

O
O NONE(NotVisible)
[Jvertical Text

Ofet | 8 %

B LTspice XVl - Untitled - o b2
Eile Edit Hierarchy Draw View Jools Window Help

PERFAOQRARRE L EBE S DBAOD / LD 3 TODODC i

£ PWM D Uniited

-100) ]

Fig.4.45 DutyCycle label is added to the left pin of the rectangle
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Add two more pins to the right ends of right lines (Fig. 4.46).

B LTspice XVl - Untitled - o b2
File Edit Hierarchy Draw View Tools Window Help

PERFAOQRARRE L EBE S DBAOD / LD 3 TODODC i

£ PWM D Uniited

Fig. 4.46 Gate and Source labels are added to the right pins of the rectangle

Click the Edit> Attributes> Attributes Window (Fig. 4.47). This opens the Attributes Window to
Add window (Fig. 4.48). Click on the InstName to highlight it. Then click the OK button. Now add
the <InstName> to the drawn symbol (Fig. 4.49).
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[ LTspice XVl - Untitled - o »e
File | Edit w Draw View Jools Window Help

D e PlHAARRCIEBW I BMRESS /LB 3 YDVODCrmeidk s

Fig. 4.47 Edit> Attributes> Attributes Window

[ Attribute Window to Add ¥

This is the name of the instance, like a
reference designator

Type
SpiceModel
Value
Value2
SpicelLine
SpiceLine2

[ cmes | [ ok ]

Fig. 4.48 Attribute Window to Add window
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B LTspice XVl - Untitled - o *

Eile Edit Hierarchy Draw View Tools Window Help
PEEFAQRARRE DB S DBAOD / LD 3 TODODC i

£ PWM D Uniited

5,-118)

Fig. 4.49 Addition of <InstName> to the drawn rectangle

Click the Edit> Attributes> Edit Attributes (Fig. 4.50) and type F=50k Vrmax=1 Vpmax=12 into
the SpiceLine box (Fig. 4.51). This line specifies the default value of carrier frequency (remember that
frequency of output signal is the same as the frequency of the carrier), amplitude of carrier signal
(amplitude of saw tooth signal) and high level value of output pulses.

Fig. 4.50 Edit> e
Attributes> Edit Edit Hierarchy Draw View Tools Window Help

Attributes '{)Undg F9 FQQ&|§§§|E%

Q¥Redo  ShiftsF9 [Roa——

e T
[0] Add Pin/Port P | ipste WindowCtrl+W

% Move F7
% Drag F8
Erm Rotate  Ctr+R
E3 Mirror  Ctrl+E
& Delete £5
Duplicate  F6
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Fig.4.51 Symbol
Attribute Editor window

[ symbol Attribute Editor X

Symbol Type: Block v

This is the fourth aftribute to appear on the netlist line.

attribute value
Prefix

SpiceModel

Value PWM

Value2
SpiceLine [F=50k Vrmax=1Vpmax=12 |

SpiceLine2
Description
ModelFile

Click the File> Save As (Fig. 4.52) and save the file with the name PWM.asy (Fig. 4.53). Note that
the entered name must be the same as the name of schematic file.

Fig.4.52 File> Save As

[ LTspice XVII - Untitled

File Edit Hierarchy Draw View Toc

@ New Schematic Ctrl+N
1D~ New Symbol

ﬁ Open... Ctrl+0
m Close

n Save Ctrl+S

Rfsavess.
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T save As X
e = v 94 |« Program Files > LTC > LTspiceXVil > v O O Search LTspiceXVil
Organize ~  New folder =~ @
B Shared Space # ~  Name Date modified Type Size
& Documents  examples 8/1/2020 11:01 AM File folder
Pictures & 7 lib 6/24/2021 8:15 PM File folder
>
~
A Hide Folders
e |
Fig. 4.53 Save As window
Now, open a new schematic (Fig. 4.54).
B LTspice XVl - [Draft17] - o *
A Ele Edit Hierarchy View Si Tools Window Help -8 x

PFEHPAFIQAAR I ERE IDEHN OB L LB £3 XDVOD O

€ Dati? D PWM £ PWM

Fig. 4.54 A new schematic is opened
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Press the F2 key of your keyboard. This opens the Select Component Symbol window. Select the
first option of the “Top Director” drop down list (Fig. 4.55). The block PWM is added there. Now, you
have the PWM block in your component list and you can use it in your simulations. Add one PWM
block to the opened schematic (Fig. 4.56).

Fig. 4.55 Select

Component Symbol [ Select Component Symbol X
window S
Ea C.Mﬂ' sadi\Documents\LTspiceXVIl
P LTspice Vil - [Draf17] o o x
4 Ele Edit iew §imulate Jools Window Help _Tel=

PEEPFoeAeR IEHRE I DENOS LD 3 YDV OD O idap

£ Drat? - PWM £ PWM

Fig.4.56 PWM block is added to the schematic
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Right click on the PWM block. This opens the window shown in Fig. 4.57 and permits you to enter
the values that you want.

Fig.4.57 Navigate/Edit i i i
Schematic Block W Navigate/Edit Schematic Block s

window
Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVINPWM.asy

Open Schematic: C:\users\farzinasadi\documents\itspicexvii\pwm.asc

Visible

Instance Name: D

PARAMS: [] |F-50k Vrmax=1Vpmax=12 ]

Change the frequency to 25 kHz and click the OK button (Fig. 4.58).

Fig. 4.58 Frequency is ) ) -
changed to 25 kHz W Navigate/Edit Schematic Block X

Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVINPWM.asy
Open Schematic: C:\users\farzinasadi\documents\itspicexvii\pwm.asc

Visible

Instance Name: D

PARAMS: [] [F=25KVimax=1Vpmax=12 |

Add the required parts to the schematic and draw the schematic shown in Fig. 4.59.



424 4 Simulation of Power Electronics Circuits with LTspice®

BY (Tspice XVIl - [Draft17]

= 0 *
r\ File Edit Hjerarchy Miew Simulate Tools Window Help
ME R TFORAAR IR HRE IBDEASB LSBT 3 DD An op
in L Rl out
100p 10m
SISt
\Z! 13
) o o
=2 /X 2
1N5818
§R2
20m
N
.tran 5m

Fig. 4.59 Drawn schematic

Run the simulation. The result is shown in Fig. 4.60. The obtained result is the same as the result
of Examples 1 and 2.

| [EF LTspice Xl - Draft1?

File Edit Hierarchy View Simulate Tools Window Help
@@n?i @\ QQ\E\: E%%ﬁ & By “ag&e@‘?#gﬂj}@@o PP
£ Dam7 £ Dram?

(_Dsann = _E
in ;g P
J. 1009 10m
@) il i

1N3818

X = 2982ms y = 5240V

Fig. 4.60 Graph of V(out)
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4.5 Example 4: Operating Mode of DC-DC Converter

In this example, we want to determine the operating mode (Continuous Conduction Mode (CCM) or
Discontinuous Conduction Mode (DCM)) of the Buck converter studied in Example 1. In order to do
that, run the schematic of Example 1 and draw the inductor current (Fig. 4.61).

Bf LTspice XVl - BuckConverter = 0 X
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHTAFONAAAR R HRR DR OSB LSBD 3 DD An op |
1, BuckConvener |2 BuckConverter

B S [ER] |

=
Mz

M
s
-]

I

g ¢
AN
NS

6
PULSE(0 120 10n 10n 24u 40u) 10818 il

x=3117ms y = 4333A

Fig.4.61 Graph of I(L1)

Zoom into the steady-state region (Fig. 4.62). According to Fig. 4.62, minimum of the inductor
current is bigger than zero. So, the converter is operated in CCM.
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B7 LTspice XVII - [BuckConverter] s 0 X
EZ File View PlotSettings Simulation Tools Window Help

PEEHTF QAR BOEHRR tBEMH OB o

£, BuckConverer £ BuckConvener

4.62ms 4.65ms . L 4. L 4.74ms 4.77ms 4.80ms 4.83ms 4.86ms 4.89ms 4.92ms 4.96ms 4.98ms

Fig. 4.62 Zoomed inductor current

Increases the load value to 25 Q and run the simulation (Fig. 4.63).

fﬂ LTspice XVIl - BuckConverter - o ®

Eile Edit Hierarchy Yiew Simulate Tools Window Help

MERHTLIRQRAQARE ERT IBEHAOSB LB 3 000D Aa sp

4, BuckConverter | BuckConverier

2.0ms 2.5ms 3.5ms 4.0ms

( BuckConverter =

=
iz

v
i 75p
o — 2

5
PULSE(® 12 0 10n 10n 24u 40u)

¥ = 3849ms vy = 3.545A

Fig. 4.63 Inductor current for 25 Q load
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Zoom into the steady-state region of the graph (Fig. 4.64). According to Fig. 4.64, the converter is
operated in DCM.

B7 LTspice XVII - [BuckConverter] s 0 X
L,, File View PlotSettings Simulation Tools Window Help

PEEHTF QAR BOEHRR tBEMH OB o

£, BuckConverer £ BuckConvener

160mA

120mA-

-40mA-+ 1 T T T T t T T t t 1
4.816ms 4.823ms 4.830ms 4.83Tms 4.844ms 4.851ms 4.858ms 4.866ms 4.872ms 4.879ms 4.886ms 4.893ms

% = 4.88047ms vy = 454.10mA

Fig. 4.64 Zoomed inductor current

4.6 Example 5: Efficiency of the Converter

In this example, we want to measure the efficiency of the buck converter of Example 1 for different
output loads. Change the schematic of Example 1 to what is shown in Fig. 4.65. The .step param Iload
1 3 0.1 command changes the value of Iload from 1 A to 3 A with 0.1 A steps.

>
3§
in s X L1 R1 ot
J_ j’_ l 100p 10m
- c1
<> v2 D1 751 a
T6 jay R2 Q)
PULSE(0 12 0 10n 10n 24u 40u) il 20m toed]
SR
.tran 5m
.step param ILoad 1 3 0.1
.meas Pin AVG -V(in)*I(V1)
.meas Pout AVG V(out)*I(I1)

.meas Efficiency param Pout/Pin

Fig.4.65 Schematic of Example 5
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Run the simulation (Fig. 4.66).

[ LTspice XVl - BuckConverterEfficiency - (m) *
Eile Edit Hierarchy View Simulate Tools Window Help

PEREHDFIQRUAR IR EREIDERSB LD 3 D00 An op |
2 BuckConvenerEficiency . BuckConvenerEficiency

[} = | BHE3

4, BuckConverterEfficiency =mijs(=]

@ % i

PULSE(D 12 0 10n 10n 24u 40u) 5518

(]
A

.tran 5m

step param Iload 1 3 0.1
-meas Pin AVG -V(in)*1[V1)
-meas Pout AVG V{out)*I{I1)
-meas Efficiency param Pout/Pin

Loading Operating Point
Fig.4.66 Simulation is run

Press the Ctrl+L. This opens the log file (Fig. 4.67).

I BT SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVINBuckConverterEfficiency.log X

Circuit: * C:\Users\farzinasadi\Documents\LTspiceXVII\BuckConverterEfficiency.asc ~»

Direct Newton iteration for .op point succeeded.
.step iload=1

.step iload=1.
.step iload=1.
.step iload=1.
.step iload=1.
.step iload=1.
.step iload=1.
.step iload=1.
.step iload=1.
.step iload=1.
.step iload=2

.step iload=2.
.step iload=2.
.step iload=2.
.step iload=2.
.step iload=2.
.step iload=2.
.step iload=2.
.step iload=2.
.step iload=2.

W W

o g s W

Fig.4.67 Log file
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Scroll down until you see the values of efficiency (Fig. 4.68). For instance, according to Fig. 4.68,
efficiency is 92.14% for step 1. According to Fig. 4.67, Iload=1 A for step 1, Iload=1.1 A for step 2, etc.

‘ W SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVINBuckConverterEfficiency.log X
|Hnasuromnnt: efficiency

step pout/pin
1 0.92144
2 0.922677
3 0.923327
4 0.923464
5 0.92334
6 0.922864
7 0.922197
8 0.921472
9 0.92052
10 0.919571
11 0.918395
12 0.917193
13 0.916142
14 0.91503
15 0.91389
16 0.912696
17 0.911424
18 0.91019
19 0.908881
20 0.907556 e

Fig. 4.68 Log file

Right click on the output log file shown in Fig. 4.68. Then click the Plot .step’ed .meas data
(Fig. 4.69). After clicking the Plot .step’ed .meas data, the window shown in Fig. 4.70 appears.

@ Find Ctrl+F
% Plot .step’ed .meas data

m Close

Fig.4.69 Plot .step’ed .meas data

|5 BuekConverterEfficiencylog — ey

Fig. 4.70 Appeared window
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Right click on the window shown in Fig. 4.70 and click the Add Traces (Fig. 4.71).

|5 BuckConverterEfficiency.log

E{ Zoom to Eit
{€] Autorange Y-axis

View r

;;'fm Add Traces

Add Plot Pane

F
Draw
Edit
Marching Waveforms
File
[~ Float Window

Fig.4.71 Add Traces

Enter efficiency*100 to the Expression to add box (Fig. 4.72) and click the OK button. After clicking
the OK button, the plot shown in Fig. 4.73 appears. This is the graph of efficiency vs. output current.

Fig.4.72 Add Traces to
Plot window

BT Add Traces to Plot

Available data:

iload
pin
pout

Expression(s) to add:

X

Cancel

Only listtraces matching

Asterisks match colons

efficiency*100

AutoRange
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I}_ BuckConverterEfficiency.log =

[

Fig. 4.73 Graph of efficiency

4,7 Example 6: Simulation of Circuits Containing LT IC’s

LTspice has the model of a great deal of IC’s made by Linear Technology. Let’s study an example
which contains an IC. Double click the [PowerProducts] section (Fig. 4.74).

[ select Component Symbol X
Top Directory: | C:\Users\farzinasadi\Documents\L TspiceXVIllib\sym v
Double click to change directory to
"PowerProducts"
.{PowerProducts]

Ci\Users\farzinasadi\Documents\L TspiceXVIlib\sym\

| |[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches] FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmos
[DAC] bi2 g Itline pmos
[Digital] bv g2 mesfet pnp
[FilterProducts) cap h njf pnp2
[Misc) csw ind nmos pnp4
[OpAmps]) current ind2 nmos4 polce
!Oilos| diode 1ISO16750-2 npn res
[PowerProducts e 1S07637-2 npn2 res2
[References] e2 LED npn3 schot
< >

Fig. 4.74 PowerProducts section of Select Component Symbol window
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Select the LT3467A (Fig. 4.75). Then click the Open this macromodel’s test fixture button. After
clicking the Open this macromodel’s test fixture, the schematic shown in Fig. 4.76 appears. This is a
sample circuit to show the basic operation of the IC.

W Select Component Symbol X
Top Directory: :C:\Users\farzinasadl\Documents\LTspiceX\fmlib\sym v
£ o 2.1MHz, 1.1A Step-Up DC/DC Converter in
Vin sSwW ThinSOT with Integrated Soft-Start

2SHDN LY

Q

== Open this macromodel's test fixture
GND
= (1134673

C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\PowerProducts\
LT3088 LT3154-1 LT3437 LT3465 LT3470A
LT3089 LT317A LT3439 LT3465A L7347
LT3090 LT3420 LT3460 LT3466 LT3472
LT3091 LT3420-1 LT3460-1 LT3466-1 LT3473
LT3092 LT3430 LT3461 LT3467
LT3093 LT3430-1 LT3461A LT3467A
LT3094 LT3431 LT3462
LT3095 LT3433 LT3462A LT3468-1 LT3475
LT3120 LT3434 LT3463 LT3468-2 LT3475-1
LT3150 LT3435 LT3463A LT3469 LT3476
LT3154 LT3436 LT3464 LT3470 LT3477

< 2>

Fig.4.75 LT3467A
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Fmpiuxwlrmm - a ®
A Fle Edit Hierarchy i Tools Window Help Ta]=

D& RF GIQQQQIQEZIE'!'E‘I S BENEB LR3I RXDYO D Cimeadasr

£ 367A L Dran2s

T
SHDN

L0
ss LT3467A

GND

Fig.4.76 Opened test fixture

There is another way to open the test fixture of an IC: Place the IC on the schematic (Fig. 4.77).
Then right click on it. After right clicking on the IC, the menu shown in Fig. 4.78 appears. Click the
Open this macromodel’s test fixture button to see the IC’s test fixture.
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Fmpiuxwl[mmq - o b2
A Fle EditHierarchy i Tools Window Help =]

PE A GIQQQQIQIQIE!EI S BENEB LR3I RXDYODCimeadasr

Vin SW
Ul
SHDN Ly
FB
LT3467A
SS
GND
Fig.4.77 LT3467A is added to the schematic
Fig.4.78 Click the
Open this macromodel’s y LTspice XVII X
test fixture to open the
given sample cireuit 2.1MHz, 1.1A Step-Up DC/DC Converter in ThinSOT with
Integrated Soft-Start
| Open this macromodel's test fixture. ]
| Go to Analog's website for datasheet ]
| Cancel |

You are not limited to the provided sample circuits (test fixtures). For instance, in Fig. 4.79, a
SEPIC converter with coupled inductors is simulated with LT3467 A.
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L1 c1 D1
SIA I
1o0p 1p L2 MBRO520L

out

e

V3 s)10p
Vin SW

U1
3 SHDN

LY o
- LT3467A
5 l_"ss R4

10n
GND 01k

<z

kil1L20.98
.tran 2m startup

Fig. 4.79 SEPIC converter with LT3467A

Run the simulation and draw the voltage of node “out” (Fig. 4.80). According to Fig. 4.80, the
output voltage is about 4.90 V.

_ET LTspice ><\.';| -ééprc_lc- = (m] X 1
File Edit Hierarchy Wiew Simulate Tools Window Help
PEEHTAFONQAAAR R HRR DR OSB LSBD 3 YOO Aa op

4 SEPICIC |2 SEPICIC

B il

0.4ms 0. 1.0ms 1.2ms

4« sepicic =&
L1 c1 D1

C3 J_C4

L
10p p 12 MBRO520L

v3 5 Hop

Vin . SW 270k Ty 7p 158
3 SHDN

LT o

c2
I Lss LT3467A
10n R4

GND
91k
7

k1L1L20.98
JAran 2m startup

g4

%= 0.821ms y = 5083V

Fig. 4.80 Graph of V(out)

Let’s study the effect of input voltage changes on the output voltage of the converter. In order to
that, right click on the voltage source V3 and do the settings similar to Fig. 4.81.



436

4 Simulation of Power Electronics Circuits with LTspice®

W Independent Voltage Source - V3
Functions
O (none)

(OEXP(V1V2 Td1 Taul Td2 Tau2)
(O SFFM{Voff Vamp Fcar MDI Fsig)
@PWLHVIRV2.)

(O PULSE(V1V2 Tdelay Trise Tfall Ton Period Neycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

X
DC Value
DCwvalue

Make this information visible on schematic: ||

Small signal AC analysis(.AC)
AcAmpige |
scprase |

OPWLFLE: [ Browse | Make this information visible on schematic: [7]
Parasitic Properties
time1[s]: Series Resistance[Q):
value1[V]: Parallel Capacitance([F]:
time2[s}; om Make this information visible on schematic:
value2[V]: 3
time3[s: | 200Im
value3[V]: 5
timed(s]:
valued[V]:
| Additional PWL Points |
Make this information visible on schematic: ol | I oK l

Fig. 4.81 Settings of V3 voltage source

After clicking the OK button in Fig. 4.81, the schematic changes to what is shown in Fig. 4.82.

Fig. 4.82 Voltage of V3 jumps from3 Vto 5V att=2ms

The settings shown in Fig. 4.81 cause a jump from 3 V to 5 V at t =2 ms in the input voltage of the
converter. The input voltage of the converter is shown in Fig. 4.83.
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Fig.4.83 Graph of V3 voltage
Run the simulation and draw the graph of output voltage (Fig. 4.84).

LY (Tspice XVII - SEPIC_IC - o X |
File Edit Hierarchy Wiew Simulate Tools Window Help

PEEHTAFOAAAR R HBRR IDERANSB LSRF3 ¥xDIDOD An <P

k2 sepcc 4 SEPICIC

0.8ms

4« sepicic =&

[ -
L] 1 LAl
10p p L2 MBRO520L J_
e Sop R3 c3 ca
15

ga

Vin W 270k 7

PWL(0 3 2m 3 2.001m 5) SHDN

~ 75 A
LT3467A
r{l—-ss
10n R4

GND
* 91k
kl1L1L20.98
JAran 4m startup

% = 3475ms  y = 5,591V

Fig.4.84 Graph of V(out) for closed loop converter
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Zoom in around the time instant that input voltage changed (Fig. 4.85). According to Fig. 4.85, the
effect of input voltage change on the output voltage is very negligible. The schematic shown in
Fig. 4.79 used feedback control to keep the output constant. That is why we see such a small change

in the output.

Y (Tspice XVII - SEPIC_IC - o X
Eile View PlotSettings Simulation Tools Window Help
PEESFOAAAR RIERE oM O )
2 sEPcIC ¢ sePicc
a2}

i sericic

2.004ms 2.010ms 2.016ms 2.022ms

1 = B3
L1 c1 D1
Il [ out .
° " L
10p 1 L2 MBROS20L
o Haop R3 |c3 ca RS
Vo, SW Wk Tazp  Tisw 30
PWL{D 3 2m 3 2.001m 5) SHON LT
Py FB
I 455 LT3467A
‘5 10n R4
GND
¢ 91k
k1L1L20.98
Jran 4m startup
Ready

Fig. 4.85 Graph of V(out) around t =2 ms

Let’s apply the same change to an open loop converter and see the results. The schematic shown in
Fig. 4.86 is used for this purpose. Settings of voltage source V1 is shown in Fig. 4.87.

| IRFZa4v
=
=
-

~
-
z
10T
vi
() v2 D1 758 §R3
T PWL(0 6 2m 6 2.001m 10) T ng o 2
PULSE(0 12 0 10n 10n 24u 40u) S

=
.tran 5m

Fig.4.86 Voltage of V3 jumps from3 Vto5 Vatt=2ms
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W Independent Voltage Source - V1 X
Functions DC Value
O (none) OEvalia
(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Make this information visible on schematic

(O EXP(V1V2 Td1 Taul Td2 Tau2) Small signal AC analysis({.AC)

O SFFM(Voff Vamp Fcar MDI Fsig) ACAmpiiude: | |
@PWLHTVIRV2.) ACPhase:| |
OPWLFILE: Biciae Make this information visible on schematic:

Parasitic Properties

fme1[s]: 0 Series Resistance[Q]: :
valueT[V}: 6 Parallel Capacitance[F]:

ot = Make this information visible on schematic:
value2[V]: 6

time3[s}: | 2.001m
value3[V]: 10

timed|[s]:
value4[V]:

An_:fdilion_al PWL F_'oimg

Make this information visible on schematic: Cancel

Fig. 4.87 Settings of voltage source V1

Run the simulation and draw the graph of output voltage. The result is shown in Fig. 4.88. Output
voltage change is about 2.1 V.
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440
_é" LTspice XVil--éuckCon-.:e.'ter = o - (m) X |
Elle Edit Hierarchy View Simulate Tools Window Help

PEEHDXFIQRUAR IR EREIDERSB LD+ D00 An op |
£ BuckConverer £ BuckConvener

B g | &3

>
¢
" i & L1 R1
1 ﬂ 100p 10m
C1
Vi
@) % e c
2
PWL(0 6 2m 6 2.001m 10) 1NS818 B2
PULSE(0 12 0 10n 10n 24u 40u) 20m

~
Jran sm

x = 3.573ms  y = 7.204V

Fig. 4.88 Graph of V(out) for open loop converter

4.8 Example 7: Voltage Regulator Circuit

In this example, we want to simulate a voltage regulator circuit. We use LT1086 IC (Fig. 4.89) which

is an adjustable voltage regulator.
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W Select Component Symbol X
Top Directory: jC:\_Users\farzinasadi\Documents\LTspicexwulib\syrn v
1.5A Low Dropout Positive Adjustable
Regulator

¢IN LT outs

ADJ Open this macromodel's test fixture

B (111086

C:\Users\farzinasadi\Documents\L TspiceXVIN\lib\sym\PowerProducts\

ADuM4120B LT1054 LT1074 LT1084-3.3 LT1086-3.
ADuM4120C LT1054L LT1074HV LT1084-5 LT1086-5
ADuM4121A LT1070 LT1076 LT1085 LT1086H
ADuM4121B LT1070HV LT1076-5 LT1085-12 LT1103
ADuM4121C LT1071 LT1076HV LT1085-3.3 LT1105
ADuM4122A LT1071HV LT1082 LT1085-3.6 LT1106
ADuM4122B LT1072 LT1083 LT1107

ADuM4122C LT1072HV LT1083-12 T1107-12
ADuM4135 LT1073 LT1083-5 LT1107-5
ADuM4136 LT1073-12 LT1084 LT1086-2.85 LT1108
LT1026 LT1073-5 LT1084-12 LT1086-3.3 LT1108-12
< >

Fig.4.89 LT1086

Draw the schematic shown in Fig. 4.90. Voltage of node “IN” increased linearly from 0 to 10 V
in1s.
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Fmpiuxwlnusﬂ - o b2
A Fle Edit Hierarchy i Tools Window Help =]

PE A GlﬁﬂﬂﬁlﬁiﬂlE!EI S BENEB LR3I XDYO O Cimeadnsr

1 (T § out

ADJ

Fig. 4.90 Schematic of Example 7

The formula for output voltage of the IC is shown in Fig. 4.91. According to the calculations shown
in Fig. 4.92, the output voltage must be around 5 V.

Output Voltage

The LT1086 develops a 1.25V reference voltage between
the output and the adjust terminal (see Figure 1). By
placing resistor R1 between these two terminals, a con-
stant current is caused to flow through R1 and down
through R2 to setthe overall output voltage. Normally this
current is chosen to be the specified minimum load
current of 10mA. Because lp, is very small and constant
when compared with the current through R1, it repre-
sents a small error and can usually be ignored. For fixed
voltage devices R1 and R2 are included in the device.

Vin * + Vour
Vagr
T gon L ! i <
vm-vm(h%)’mm i

Figure 1. Basic Adjustable Regulator

AAA
v
-l
=

Fig.4.91 Formula for output voltage of LT1086
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Fig.4.92 MATLAB
commands

Command Window

>> Vref=1.25;R1=121;R2=365;Iadj=50e-6;
>> Vout=Vref* (1+R2/R1)+Iadj*R2

vout =

5.0389

fi > |

Run the simulation. The result shown in Fig. 4.93 is obtained. When input voltage is bigger than
6V, the output voltage is constant. Value of output voltage is about 5.004 V which is quite close to the
value calculated in Fig. 4.92.

BT (Tspice XVil - 1086 - ] X
File Edit Hierarchy View Simulate Tools Window Help

PEEHTAFONAAAR R HRR DR OSB LSBD 3 ¥DDO An op
4 1086 | 1086

IN
Vi IN

PWL(0 0 1 10)

x= 08205 y=1083V

Fig.4.93 Simulation result
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49 Example 8: Measurement of Voltage Regulation

Let’s measure the voltage regulation of the circuit studied in Example 7. The voltage regulation of a

V,
regulator is defined as O which AV, and AVy show the output voltage changes and input voltage

IN
changes, respectively. Lower value of voltage regulation is better since it shows less output changes

vs. the input changes.
Change the input voltage source V1 into a DC voltage source (Fig. 4.94).

U1

IN IN LY ouT ouT
R1 _I_C :

Vi
Rload
ADJ] 121 iop 10
2 LT1086
R2
365

.tran 0 100m 80m

Fig.4.94 Schematic of Example 8

Run the simulation (Fig. 4.95). According to Fig. 4.96, the output voltage is 5.0037 V for 9 V input.

_E'f LTspice ><\.';|.- 1686 = (m] X
File Edit Hierarchy Wiew Simulate Tools Window Help
PEEHTAFOAAAR R HBRR I DEANSB LSR F3 ¥xDIDOD An op

4 1086 | 1086

Bms 10ms

IN
IN
Vi

.tran 0 100m 80m

Right-Click to edit expression. Control-Left-Click to integrate. Alt-Left-Click to reverse cross probe out.

Fig. 4.95 Graph of V(out)
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[ waveform: V(out) X
Interval Start | 0s |
Interval End: | 20ms |

Average: | 50037V |
RMS: | 5.0037V |

Fig.4.96 Average and RMS values of V(out) for [0, 20 ms] interval

Change the voltage of V1 into 10 V (Fig. 4.97) and run the simulation. According to Fig. 4.98, the
output voltage changes to 5.004 V.

Fig.4.97 V1 value is changed to 10 V

[ waveform: V(out) X
Interval Start | 0s |
Interval End: | 20ms |

Average: | 5.004V |
RMS: | 5.004V |

Fig. 4.98 Average and RMS values of V(out) for [0, 20 ms] interval

5.004 -5.0037
10-9

The voltage regulation of the circuit is =0.0003 % or 0.03%.
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4.10 Example 9: Dimmer Circuit

In this example, we want to simulate a dimmer circuit. A dimmer circuit permits you to control the
RMS of the voltage which is applied to the load. You can use the dimmer circuit to control the inten-
sity of incandescent light bulbs and small universal motors. The schematic of this example is shown
in Fig. 4.99. Diac and triac can be found in the [Misc] section of Select Component Symbol window
(Figs. 4.100, 4.101, and 4.102).

Fig.4.99 Schematic of
Example 9

W Select Component Symbol X

Top Directory: | C:\Users\farzinasadi\Documents\L TspiceXVIllib\sym v
Double click to change directory to "Misc"

|Misc] |
(2 C\Users\farzinasadi\Documents\L T spiceXVIN\lib\sym\
[SpecialFunctions] f load npn4
[Switches) FerriteBead load2 pif
bi FerriteBead2 Ipnp pmo
bi2 g Itline pmo:
bv g2 mesfet pnp
cap h njf pnp2
ind nmos pnp4
ind2 nmos4 polcg|
ISO16750-2 npn res
I1S07637-2 npn2 res2
LED npn3 schot
>

Fig.4.100 Misc section of Select Component Symbol window
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W Select Component Symbol X

Top Directory: l&\Usets\famasadﬁDocmeﬂs\LTsme\ﬂﬂﬂ:\sym v |

Generic Bi-directional Trigger Device symbol
for use with a model that you supply

(&) C:\Users\farzinasadi\Documents\L T spiceXVINlib\sym\Misc\

L] EuropeanResistor LT5401 urc

battery fixedind NE555 urc2

cell Gpoly neonbulb xtal
umper NIGBT xvaristor

DIP10 LT5400-1 pentode

DIP14 LT5400-2 PIGBT

DIP16 LT5400-3 SCR

DIP20 LT5400-4 signal

DIP8 LT5400-5 tetrode

Epoly LT5400-6 TowTom2

EuropeanCap LT5400-7 TRIAC

EuropeanPolcap LT5400-8 triode

coce

Fig.4.101 DIAC block
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W Select Component Symbol X

Top Directory: [C:\Users\famasadﬁDocmelas\LTspioexw&ﬂ:\sym v1

| Generic TRIAC symbol for use with a model
that you supply.

(&) C:\Users\farzinasadi\Documents\L T spiceXVINlib\sym\Misc\

L] EuropeanResistor LT5401 urc
battery fixedind NE555 urc2
cell Gpoly neonbulb xtal
DIAC jumper NIGBT xvaristor
DIP10 LT5400-1 pentode

DIP14 LT5400-2 PIGBT

DIP16 LT5400-3 SCR

DIP20 LT5400-4 signal

DIP8 LT5400-5 tetrode

Epoly LT5400-6 TowTom2
EuropeanCap LT5400-7

EuropeanPolcap LT5400-8 triode

coce

Fig.4.102 TRIAC block

If you try to run the schematic shown in Fig. 4.99, the error message shown in Fig. 4.103 appears.
Note that no simulation model is assigned to the triac and diac in Fig. 4.99. That is why we cannot
simulate the circuit. We need to give the simulation models of triac and diac to LTspice.

LTspice XVII X

Unknown subcircuit called in:
xu1 0 n003 n001 triac

OK

Fig. 4.103 Error message
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Go to the ST Microelectronic website and search for “triac pspice model” (Fig. 4.104). Download
the “Standard and Snubberless Triac PSpice model (.1ib) and symbols (.olb)” file. You can visit other
companies’ websites in order to download their simulation models as well.

® Products KEYWORDS

H series high-temperature Triacs PSpice model (.lib) and symbols (.olb)
Standard and Snubberless™ Triacs PSpice model (.lib) and symbols (.olb)

Tools & Software

Resources T series high-dynamic Triacs PSpice model (_lib) and symbols (.olb)
ACST series overvoltage protected AC switches PSpice model (.lib) and
symbols (.olb)

Solutions AN4606: Inrush-current limiter circuits (ICL) with Triacs and Thyristors
(SCR) and controlled bridge design tips

Videos

Applications
X-Reference

All site

Fig. 4.104 Search for triac Pspice model

Now search for “diac pspice” and download the “Diacs PSpice model (.1ib) and symbols (.olb)” file
(Fig. 4.105).

® Products KEYWORDS

Tools & Sofiware Diacs PSpice model (.lib) and symbols (.olb)

Resources
Videos
Solutions
Applications
X-Reference

All site

Fig.4.105 Search for diac Pspice model
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Unzip the downloaded files. This produces two folders for you: en.standard_snubberless_triacs_
pspice and en.diacs_pspice. Copy these two folders to the Lib directory of LTspice.

You can use Notepad to open the st_standard_snubberless_triacs.lib (the library file in the en.stan-
dard_snubberless_triacs_pspice folder). After opening the st_standard_snubberless_triacs.lib file,
press the Ctrl+F and search for “.SUBCKT.” Name of the modeled triacs are shown in front of the .
SUBCKT command. Simulation model of 157 different triacs is available in the st_standard_snubber-
less_triacs.lib file. You can open the st_diacs.lib (the library file in the en.diacs_pspice folder) in
Notepad and see the diacs that are modeled there. 7 diacs are modeled in the st_diacs.lib file.

Right click on the triac in Fig. 4.99 and enter BTA12-600B to the Value box (Fig. 4.106).

Fig.4.106 BTAI12- ] ]
600B is entered into the H Component Attribute Editor X

Value box
Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVINlib\sym\Misc\TRIAC.:

Aftribute Value Vis. A
Prefix X
InstName (V)] X
SpiceModel
|BTA12-6008
Value2
Spiceline
SpiceLine2 s

Right click on the diac in Fig. 4.99 and enter DB3 to the Value box (Fig. 4.107).

Fig.4.107 DB3 is : :
entered into the Value I Component Attribute Editor X

box
Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVINlib\sym\Misc\DIAC.as

Aftribute Value Vis. A
Prefix X

InstName u2 X
SpiceModel

Value2
Spiceline
SpiceLine2 s
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Add the .inc commands shown in Fig. 4.108. These two commands permit your schematic to use
the “st_standard_snubberless_triacs.lib”” and “st_diacs.lib” files.

«inc D:\Program Files\LTC\LTspiceXVII\lib\en. dard bberless_triacs_pspice) dard_snubberless_triacs_pspice\st_standard_snubberless_triacs.lib
«inc D:\Program I’iles\l.'l‘C\l.TspiueX\fll\llh\en.dlaﬁ_pwlm\dlas_psplue\sk_diacs lib
Jtran 100m

C1

47n vz

BTA12-6008] vy
DB3 A i
o o SINE(0 311 50)
50k
R2

Fig.4.108 Addition of .inc commands to the schematic

Run the simulation. The result is shown in Fig. 4.109. According to Fig. 4.110, the RMS of load
R2 is about 140.77 V.

[ LTspice XVl - Draft18
Eile Edit Hjerarchy Yiew Simulate Jools Window Help

PEET AL RAGRE | EBE IDAMOS LB+ 3 ZDV0D A op |

[ Dratiz 4 Oraiig

4 Dratt1g

Jinc D:\Program Files|LTC\L d dnck

.hcmwmgm-fhs\nt\ﬂq)helmll\mmm\dh\sm\st,mﬁ
tran 100m

1
|-‘7I| uz
BTA12-6008 |

Vil

D83 i £
Rl SINE(D 311 50)
100k
R2

\Ready

Fig.4.109 Graph of voltage across the load resistor R2
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452
[}7 Waveform: V(n004) X
Interval Start Os
Interval End: 100ms
Average: | 345.52mV _
RMS: 140.77V '

Fig.4.110 Average and RMS values of waveform shown in Fig. 4.109

Decrease the value of resistor R1 to 50 kQ and run the simulation (Fig. 4.111). According to

Fig. 4.112, the RMS of load R2 is about 143.7 V.

BY LTspice XVl - Draft18
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
As op

PEETFI QAR R BB I+20H OSSP F3 ¥xDDO0D 3 Az op |

[  oramis | Dratie

100ms: |

1, Draftig
e

Jinc D:\Program Files\LTC\L lriacs_pspice\
Jnc D:\Program Flles\LTC\L diacs, e\ diacs_pspice\st_diacs.ib
.tran 100m

c1

47n uz

% BTA12-6008 |
a3 v

u1
SINE(D 311 50)

R1
S50k
R2

Loading Operating Point

Fig.4.111 Graph of voltage across the load resistor R2

[}7 Waveform: V(n004) X
Interval Start Os
Interval End: 100ms
Average: 156.23mV
RMS: 143.7V '

Fig.4.112 Average and RMS values of waveform shown in Fig. 4.111
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Increase the value of resistor R1 to 300 kQ and run the simulation (Fig. 4.113). According to
Fig. 4.114, RMS of the load R2 is about 121.96 V.

.[‘) LTspice ¥Vil - Draft18 - (u] ¥
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
PSR AL RARE BRE IRENOS LDt TOVOD s Aa op

€ Dom8 | Dratie

1, Draft1a =
Jnc D:\Program Files\LTC\L triacs_pspice) _snubberless_triacs_pspice) triacs. b
Jnc D:\Program Files\LTC\L diacs_pspice\diacs_pspice\st_diacs b
-tran 100m
A&
--‘ill uz
4H_i BTA12-6008 | vy
1= 7
R1 R SINE(D 311 50)
300k
R2
10
x=4621ms _y = 22286V
Fig.4.113 Graph of voltage across the load resistor R2
[}7 Waveform: V(n004) X
Interval Start Os
Interval End: 100ms
Average: 1.1498V
RMS: 121.96V '

Fig.4.114 Average and RMS values of waveform shown in Fig. 4.113

So, we can control the RMS of load by changing the value of resistor R1: When you decrease the value
of R1, the RMS of load R2 increases. When you increase the value of R1, the RMS of load R2 decreases.

4,11 Example 10: Single-Phase Half Wave Controlled Rectifier

In this example, we want to simulate a single-phase half wave controlled (thyristor) rectifier. The
schematic of this example is shown in Fig. 4.115. The SCR can be found in the [Misc] section
(Fig. 4.116) of Select Component Symbol window (Fig. 4.117).
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Fig.4.115 Schematic of Example 10

y Select Component Symbol X

'I'opDire . | : Sy ey .a_-m[:: uments\LTspicoXVINib\svm: Vl
Double click to change directory to "Misc"

|Misc] |
(2] C\Users\farzinasadi\Documents\L T spiceXVIN\lib\sym\
[SpecialFunctions] f load npnd
[Switches] FerriteBead load2 pif
bi FerriteBead2 Ipnp pmo:
bi2 g Itline pmo:
bv g2 mesfet pnp
h njf pnp2
ind nmos pnp4
ind2 nmos4 polcg|
diode ISO16750-2 npn res
IS07637-2 npn2 res2
npn3 schot
>

Fig.4.116 Misc section of Select Component Symbol window
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W Select Component Symbol

X

Top Directory: \C:\Users\famsadi\pocmems\LTspioeN%\sym v |

| Generic SCR symbol for use with a model that
you supply.

| [SCR

(&) C:\Users\farzinasadi\Documents\L T spiceXVINlib\sym\Misc\

L] EuropeanResistor LT5401 urc
battery fixedind NE555 urc2
cell Gpoly neonbulb xtal
DIAC jumper NIGBT xvaristor
DIP10 LT5400-1 pentode

DIP14 LT5400-2 PIGBT

DIP16 LT5400-3

DIP20 LT5400-4 signal

DIP8 LT5400-5 tetrode

Epoly LT5400-6 TowTom2
EuropeanCap LT5400-7 TRIAC
EuropeanPolcap LT5400-8 triode

Cancel

Fig.4.117 SCR block

Settings of voltage source V2 is shown in Fig. 4.118. The value entered into the Tdelay[s] box
determines the firing angle of the thyristor. For instance, for Tdelay = 5 ms, the firing angle is

Sm

20m

frequency of the AC source V1.

x360° =90°. Note that frequency of the pulse applied to the gate of the thyristor is equal to the
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¥ independent Voltage Source - V2 Y
Functions DC Value
(O (none) DCvalue
@PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles) Make this information visible on schematic:
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(OEXP(V1 V2 Td1 Taul Td2 Tau2) Small signal AC analysis(AC)
O SFEM(Voff Vamp Fcar MDI Fsig) ACAmplitude: | |
OPWLHvIRv2.) ACPhase:| |
O PWLFILE: SR Make this information visible on schematic:
Parasitic Properties
Vinitial[V: 0 Series Resistance[Q]:
Von[V]: 10 Parallel Capacitance[F]:
Tdelay(s] B Make this information visible on schematic:
Trise[s]: 10n
Tfall[s): 10n
Ton[s): m
Tperiod[s]: 20m
Ncycles:

Additional PWL Points

Make this information visible on schematic: - Cancel .

Fig.4.118 Settings of voltage source V2

We can’t run the schematic shown in Fig. 4.115. The simulation model of the thyristor must be
given to LTspice. Let’s add the simulation model of the thyristor. Go to the ST Microelectronics web-
site and search for “scr pspice” (Fig. 4.119). Download the “Standard and sensitive SCRs PSpice
model (.1ib) and symbols (.olb).”

@ Products KEYWORDS

High-temperature SCRs PSpice model (_lib) and symbols (.olb)
Standard and sensitive SCRs PSpice model (_lib) and symbols (.olb)

Tools & Software

Resources New Rad Hard Point-of-Load from STMicroelectronics

Videos On-demand Webinar; Rad Hard Point-of-Load
Analog/Power Design Third Parties

Solutions

Applications

X-Reference

All site

Fig.4.119 Searching for scr Pspice
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After downloading the file, unzip it. This produces the “en.standard_sensitive_scr_pspice” folder
for you. Copy this folder in to the Lib folder of LTspice. Use the Notepad to open the “st_standard_
sensitive_scr.lib” and search for “.subckt TXN825RG.” Figure 4.120 shows the simulation model of
TXN825RG.

.subckt TXNB825RG A K G
X1 A K G SCR_ST params:
Vdrm=600v

Igt=40ma

Ih=50ma

Rt=0.014

2021 / ST / Rev O
.ends

*$

Fig.4.120 Simulation model of TXN825RG

* 4+ o+ 4+

According to Fig. 4.120, anode is the terminal 1 of the symbol (because letter A is in the first place
after the component name), cathode is the terminal 2 of the symbol (because letter K is in the second
place after the component name) and gate is terminal 3 of the symbol (because letter G is in the third
place after the component name).

Right click on the thyristor Ul in Fig. 4.115 and enter TXN825RG to the Value box (Fig. 4.121).
After clicking the OK button, the schematic changes to what is shown in Fig. 4.122.

Fig.4.121 TXN825RG - ]
is entered to the Value T Component Attribute Editor X

box
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\Misc\SCR.as

Aftribute Value Vis. [
Prefix X

InstName (V)] X
SpiceModel

Value TXN825RG X
Value2

Spiceline

SpiceLine2 o
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Fig.4.122 Applied
changes are shown on
the schematic

Add the commands shown in Fig. 4.123 to the schematic.

Fig.4.123 .inc command is added to the schematic

Run the simulation and draw the voltage of resistor R1. The result is shown in Fig. 4.124. The
result is not what we expect. Let’s find the reason.
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_@ LTspice X\.'Ir.-_J.-'anzc = a *
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
P ERF£H QARE BRE IBENOS LD+ ¥OVOD An op

% Draf20 1 Draf20

1, Draft20 =0 o _
inc 0\ Program Fles\LTC\L standard _sensitive_scr. _sensitive_scr_pspice\st_standard_sensitive_scr.bb —
5.y E
R2
100
@ e
= n 10
SINE(D 311 50)
10 5m [10n 10n 1m 20m)
‘Ix 100m

%= 43.55ms _y = 3.048mV

Fig. 4.124 Voltage of load resistor R1

Right click on the thyristor U1 and click the Open Symbol button (Fig. 4.125). This opens the SCR
symbol (Fig. 4.126).

Fig.4.125 TXN825RG M ] ]
BT Component Attribute Editor X

is entered to the Value
box
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\Misc\SCR.as

Attribute Value Vis. A
Prefix X

InstName 9] X
SpiceModel

P = N
Value2

SpicelLine

Spiceline2 v
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[ LTspice Xvil - [SCR] - o %
Dl Edit ierachy Draw View Tools Window Help =
PSR FHRAGR[L I EBY S BN AS /LD L3 TOPOO Cimiihaer

¥R Orak0. £ Orakcd T SCR

(93, -53)

Fig.4.126 SCR model is opened

Let’s give the label A, B and C to the terminals of the symbol (Fig. 4.127).

Fig.4.127 Label A, B and C are given to the terminals of SCR in Fig. 4.126
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If you right click on the terminal A in Fig. 4.127, the window shown in Fig. 4.128 appears.
According to this figure, terminal A (gate terminal) is the terminal number two of the symbol.

Fig.4.128 Pin/Port
Properties window for
terminal A in Fig. 4.127

[ Pin/Port Properties X

Label: E NefistOrder | 2 [

Pin Label Justification

O
TOP

OLEFT RIGHT O

soTTOM

O

(® NONE(Not Visible) Cancel
[JVertical Text

Offset 0

If you right click on the terminal B in Fig. 4.127, the window shown in Fig. 4.129 appears.
According to this figure, terminal B (anode terminal) is the terminal number one of the symbol.

Fig.4.129 Pin/Port
Properties window for
terminal B in Fig. 4.127

[ Pin/Port Properties X

Label: NeflistOrder: | 1 &

Pin Label Justification

O
TOP

OLEFT RIGHT O

soTTOM

O

(® NONE(Not Visible) Cancel
[JVertical Text

Offset 0

If you right click on the terminal C in Fig. 4.127, the window shown in Fig. 4.130 appears.
According to this figure, terminal C (cathode terminal) is the terminal number three of the symbol.
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Fig.4.130 Pin/Port
Properties window for
terminal C in Fig. 4.127

[ Pin/Port Properties

Label: E NetistOrder. [ 3 [

Pin Label Justification
O
TOP
OLEFT RIGHT O

soTTOM

O

(® NONE(Not Visible) Cancel

[Jvertical Text

Offset 0

X

According to Fig. 4.120, the downloaded model is written with the assumption that terminal one of
the symbol is anode, terminal two of the symbol is cathode and terminal three of the symbol is gate.
However, according to Fig. 4.128, terminal two of the symbol is gate, and according to Fig. 4.130,

terminal three of the symbol is cathode.

In order to solve the problem, right click on the terminal C in Fig. 4.127 and change the Netlist
Order box to 2 (Fig. 4.131). Then right click on the terminal A in Fig. 4.127 and change the Netlist

Order box to 3 (Fig. 4.132).

Fig.4.131 Netlist order
for cathode terminal is
changed to 2

[ Pin/Port Properties

Label: E NefistOrder | 2 [

Pin Label Justification
O
TOP
QOLEFT RIGHT O

soTTOM

O

(® NONE(Not Visible) Cancel
[JVertical Text

Offset 0
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Fig.4.132 Netlist order
for gate terminal is W Pin/Port Properties X

changed to 3

Label: NetistOrder: | 3 %1

Pin Label Justification
@)
TOP
OLEFT RIGHT O

soTTOM

O

(® NONE(Not Visible) Cancel
[JVertical Text

Offset 0

After applying the changes, close the SCR window (Fig. 4.133).

C EmE 3 Aa op

Fig.4.133 Use the shown button to close the SCR window

Run the simulation. The result is shown in Fig. 4.134. This is the correct result. Let’s measure the
average and RMS of output voltage. According to Fig. 4.135, the average and RMS of output voltage
are around 49.235 V and 109.44 V, respectively.
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[ BY LTspice X\'Ir.-_J.-'ahEG
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
P& ERF£HQARE BRE IBENOS LD+ TOVO0 An op

I Dra20 %, Orat20

B S [@E=

50ms 100ms;

Jnc 0:\Program Files\LTC\L standard_sensitive_scr_ |_sensitive_scr_pspice|\st_standard_sensitive_scr.bb
3 E
2y
R2
Vi 100
Ea R1
C—) W S:n
SINE(D 311 50)
10 5m [10n 100 1m 20m)
,x 100m

x = 5481ms y = 35143V

Fig.4.134 Graph of load R1 voltage

[}7 Waveform: V(n002) X
Interval Start _ Os
Interval End: 100ms
Average: 49235V _
RMS: 109.44V| '

Fig. 4.135 Average and RMS values of waveform shown in Fig. 4.134

Let’s check the obtained results. The MATLAB calculations shown in Fig. 4.136 shows that
LTspice results are correct. Note that in MATLAB calculations, the voltage drop of the thyristor is
ignored. So, LTspice results (which consider the voltage drop of the thyristor and other non-linear
effects) are more accurate.
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Command Window

>> TrigAngle=%0*pi/180;V1=311;
>> syms alpha
RAverage =

45,4972

RMS =
109.9551

fa':>>|

>> Average=eval(l/(2*pi)*int(V1l*sin(alpha),TrigAngle,pi))

>> RMS=eval (sqrt(1l/(2*pi)*int ((V1i*sin(alpha))~2,TrigAngle,pi)))

Fig.4.136 MATLAB commands

Right click on the voltage source V2 and change its settings to what is shown in Fig. 4.137. These
settings trigger the thyristor at t = 3 ms, 23 ms, 43 ms, ... The firing angle for Tdelay = 3 ms is

3M 3600 = 540

20m

{’9 Independent Voltage Source - V2

Functions

(O (none)

(@ PULSE(V1V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(O EXP(V1V2 Td1 Taul Td2 Tau2)

(O SFFM(Voff Vamp Fcar MDI Fsig)

OPWLHIviv2.)

(OPWLFLLE: Browse

Vinitial[V]: 0

Von[V]: 10

Tdelay(s]: 3m

Trise[s]: 10n

Tfall[s): 10n

Ton[s): m

Tperiod[s): 20m

Ncycles:

Additional PWL Points

Make this information visible on schematic:

DC Value

Make this information visible on schematic

Small signal AC analysis(.AC)

AC Amplitude: |
AC Phase: I:I

Make this information visible on schematic:

Parasitic Properties

Series Resistance[(]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.137 Settings of voltage source V2
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Run the simulation. The result is shown in Fig. 4.138. According to Fig. 4.139, the average and
RMS of output voltage for firing angle of 54° are 78.222 V and 142.86 V, respectively. The average
and RMS value increased since the firing angle decreased.

[ BY LTspice X\.'Ir.-_J.-'anzG = a *
Eile Edit Hjerarchy Yiew Simulate Jools Window Help
PE EHFFIRAAARE | EHBE +BEA LSS LB I V0D Az op
[ (om0 oo - - - T
ks o =] \'

100ms:

Jnc 0:\Program Files\LTC\L standard_sensitive_scr_ |_sensitive_scr_pspice|\st_standard_sensitive_scr.bb
3 E
2y
R2
Vi 100
Ea R1
C—) W S:n
SINE(D 311 50)
10 3m 100 10n 1m 20m)
,x 100m

x = 46.32ms y = 35857V

Fig. 4.138 Graph of load R1 voltage

[}7 Waveform: V(n002) X
Interval Start _ Os
Interval End: 100ms
Average: 78.222V _
RMS: 142.86V| '

Fig.4.139 Average and RMS values of waveform shown in Fig. 4.138

Let’s check the obtained results. The MATLAB calculations shown in Fig. 4.140 shows that
LTspice results are correct.
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>> TrigAngle=54*pi/180;V1=311;
>> syms alpha
>> Average=eval (1/(2*pi)*int (V1l*sin(alpha),TrigAngle,pi))

Average =
78.5909
>> RMS=eval (sqrt(1/(2*pi) *int ((V1l*sin(alpha))~2,TrigAngle,pi)))
RMS =
143.4790

Jx >>

Fig.4.140 MATLAB commands

4.12 Example 11:Single-Phase Full Wave Controlled Rectifier (I)

In this example, we want to simulate a single-phase full wave controlled rectifier. The schematic of
this example is shown in Fig. 4.141. Settings of voltage source V2 and V3 are shown in Figs. 4.142
and 4.143, respectively. Note that the phase difference between the control signal of thyristor Ul and
U2 is 180° (10 ms). The firing angle is controlled with the aid of variable Td. For instance for

Td = 3 ms, the firing angle is T?d x360° = 230_m x360° =30°. T shows the period of input AC source.
m

Since it is a 50 Hz input, the period is 20 ms.

Fig. 4.141 Schematic of Example 11



W Independent Voltage Source - V2

Functions

(O (none)

@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
OEXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)

OPWLI VIR V2.)

Vinitial[V]: 0
Von[V]: 10
Tdelay(s]: {Td}
Trise[s]: 10n
Tall[s]: 10n
Ton[s): m
Tperiod(s]: 20m

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

(OPWLFLLE: Browse

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.142 Settings of voltage source V2

W Independent Voltage Source - V3

Functions

(O (none)

@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
OEXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)

OPWLI VIR V2.)

Vinitial[V]: 0
Von[V]: 10
Tdelay[s]: | {Td+10m}
Trise[s]: 10n
Tall[s]: 10n
Ton[s): m
Tperiod(s]: 20m

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

(OPWLFLLE: Browse

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.143 Settings of voltage source V3
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Run the simulation. The simulation result is shown in Fig. 4.144. Note that output frequency is two
times bigger than the input AC source frequency. Let’s measure the average and RMS value of output
voltage. According to Fig. 4.145, the average and RMS of output voltage is 156.1 V and 201.69 V,
respectively.

[ LTspice XVl - Draft21 - o ¥
Eile Edit Hjerarchy View Simulate Jools Window Help
PEET A RAARE ERE IRAMAOS LB+ FOV0D A op

B Drate1 % Drat21

50ms 100ms;

A Drafi21 )
= e e e e e |
Aran 100m
_param Td=3m
i
[0 10 {Td} 10n 10s 1m 20m) [0 10 {Td*10m} 10n 10s 1m 20m)
R V2 - v
TXRB2SRG THNEISRG
Illz & Z L
Vi SINE(D 311 50) =
Lo 5.,
~ -4 300 |
o1 o2
fay Fay
RRILES | RRILGS

Fig.4.144 Voltage across the load resistor R1

[ Waveform: V(N001,N00S) X
Interval Start _ Os
Interval End: 100ms
Average: 156.1V _
RMS: 201.69V] |

Fig.4.145 Average and RMS values of waveform shown in Fig. 4.144

Let’s check the obtained results. The MATLAB calculations shown in Fig. 4.146 shows that
LTspice results are correct. Note that in MATLAB calculations, the voltage drop of the thyristor is
ignored. So, LTspice results (which consider the voltage drop of the thyristor and other non-linear
effects) are more accurate.
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>> Td=3e-3;T=20e-3;TrigAngle=Td/T*2*pi;V1=311;
>> syms alpha
>> RAverage=eval (1l/(pi)*int(Vl*sin(alpha),TrighAngle,pi))

Average =

157.1818
>> RMS=eval (sqrt (1/(pi) *int ((Vl*sin(alpha))~2,TrigAngle,pi)))
RMS =

202.9100

fr >>

Fig.4.146 MATLAB commands

4.13 Example 12: Single-Phase Full Wave Controlled Rectifier (ll)

In the previous example, we simulated a single-phase full wave controlled rectifier with two thyristors
and two diodes. In this example, we simulate the four thyristor version of previous circuit. The sche-
matic of this example is shown in Fig. 4.147. The gate signal of thyristors U1 and U3 are the same so
they are turned on simultaneously. The same thing is correct for U2 and U4: The gate signal of thyris-
tors U2 and U4 are the same so they are turneP on simultaneously. The phase difference between the
gate signal of UI-U3 and U2-U4 is 180°or — . T shows the period of the input AC source. Turn on
instant of U1-U3 is the turn off instant for U22U4 and Turn on instant of U2-U4 is the turn off instant
for U1-U3. The voltage-dependent voltage source E1 and E2 replicates the voltage of nodes S1 and
S2, respectively. So, the same gate signal is applied to U1-U3 and U2-U4. Settings of El and E2 are
shown in Figs. 4.148 and 4.149, respectively.

Fig. 4.147 Schematic of Example 12
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Fig.4.148 Settings of ) )
El [ component Attribute Editor %

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\e.asy

Attribute Value Vis. A
Prefix E
InstName E1 X
SpiceModel
Value2
Spiceline
SpiceLine2 X
Fig.4.149 Settings of ] )
E2 [ component Attribute Editor %
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\e.asy
Attribute Value Vis. A
Prefix E
InstName E2 X
SpiceModel
Value2
SpiceLine
SpiceLine2 X

Run the simulation. The result (for Td = 3 ms) is shown in Fig. 4.150. Let’s measure the average
and RMS of output voltage. According to Fig. 4.151, the average and RMS of output voltage are
around 156.21 V and 201.82 V, respectively. The obtained results are quite close the results of previ-
ous example.
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[ WTspice XVl - Draft22 - o ¥
Eile Edit Hjerarchy View Simulate Jools Window Help
P ERFHQARE BRE IBENOS LD+ ¥OVOD A op

b Dtz K Drat22

1
50ms 100ms;

A, Draft22 == FGaE x|
ne Files\LTCIL dard_sensitive_scr_pspica\standard_sensitive_sce._pspice\st_standard_seasitive_scrib |
Aran 100m
param TdaZm
L

|
[0 10 {Td} 10n 10a 1m 20w} [0 10 {Td+10m]} 10n 10m 1m J0m)
B3 V2 '
TXNBZIRG \ \ o
2 4

V1_SINE(0 311 50)

18 — .
x = 67.97ms y = 32429V — —
Fig.4.150 Graph of voltage across the load resistor R1
[ Waveform: V(LNO0O6) X
Interval Start Os
Interval End: 100ms
Average: 15621V
RMS: | 201,82V

Fig.4.151 Average and RMS values of waveform shown in Fig. 4.150

4,14 Example 13:Three-Phase Controlled Rectifier

In this example, we want to simulate a three-phase controlled rectifier. Schematic of a three-phase
rectifier is shown in Fig. 4.152. The gate signal of thyristors for two firing angle (0° and 30°) is shown
in Fig. 4.153. Note that T5-T6 is closed at t = 0 and firing angle (@) is measured with respect to

ot =2 =300,
6
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Fig.4.152 Three-phase rectifier

Vie

L —

© © o o
N e O @

Normalized phase voltages
o

Van = sin (wt)

2
| vpn =sin (mt-?n)

g X 2
Ve = Sin (wt + ?)

:/Onﬂryﬁstors

021
Y L/ Gate pulses
. Ts-Ts Ts -T}/ Tl-Tz Tz-Ta T3-T4 T4-Ts -Ts ] /
30° . 60° 0%,
VAN VA X
_’ L w't[Deg ree}
150 250 300 350 400

-

o
™

o
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o
Y

o
N

L]

&

Normalized phase voltages
o

5 & & &
(-]

(-]

'
-

Fig. 4.153 Gate signal of thyristors for firing angle of 0° and 30°

Let’s simulate the three-phase rectifier in LTspice. Draw the schematic shown in Fig. 4.154.
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Fig.4.154 Schematic of Example 13

Figure 4.155 shows the power stage of the converter. Settings of used voltage sources are shown in
Figs. 4.156, 4.157, 4.158, 4.159, 4.160, 4.161, 4.162, and 4.163. V5a and V6a cause the thyristor U5
and U6 to be closed at the beginning of the simulation. Variable 7 determines the firing angle of the
thyristors: @ = T x f x 360° where f shows the frequency of input AC source. For instance, for 7= 1 ms

and f= 50 Hz, @ = 18°. Td and DT are two constants: Td = % and DT = 6L . For 50 Hz system,
Td=1.667 x 10> and DT =3.333 x 10> For 60 Hz system, Td = 1.389 x 10~} and DT =2.778 x 10>

Fig.4.155 Power circuit
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(O (none)

(OPWLFLLE:

W Independent Voltage Source - V1

Functions

(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

O EXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

Browse

Vinitial[V]: 0
Von[V]: 10
Tdelay[s): | {Td+T}
Trise[s]: 10n
Tall[s]: 10n
Ton[s]: im
Tperiod(s]: 20m

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.156 Settings of voltage source V1

(O (none)

(OPWLFLLE:

W Independent Voltage Source - V2

Functions

(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

O EXP(V1V2 Td1 Taul Td2 Tau2)

() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

Browse

Vinitial[V]: 0
Von[V]: 10
Tdelay(s]): | {Td+T+DT}
Trise[s]: 10n
Tall[s]: 10n
Ton[s]: im
Tperiod(s]: 20m

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.157 Settings of voltage source V2



W Independent Voltage Source - V3
Functions
(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(O PWLFILE: Browse
Vinitial[V]: 0
Von[V]: 10
Tdelay[s]: |{Td+T+2'DT
Trise[s]: 10n
Tall[s]: 10n
Ton[s): m
Tperiod(s]: 20m
Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.158 Settings of voltage source V3

W Independent Voltage Source - V4
Functions
(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(O PWLFILE: Browse
Vinitial[V]: 0
Von[V]: 10
Tdelay[s]: |{Td+T+3'DT
Trise[s]: 10n
Tall[s]: 10n
Ton[s): m
Tperiod(s]: 20m
Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.159 Settings of voltage source V4




W Independent Voltage Source - V5
Functions
(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)
(OPWLFLLE: Browse

Vinitial[V]: 0
Von[V]: 10
Tdelay[s]: |{Td+T+4'DT
Trise[s]: 10n
Tall[s]: 10n
Ton[s]: im
Tperiod(s]: 20m

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.160 Settings of voltage source V5

W Independent Voltage Source - V5a
Functions
(O (none)
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
() EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
@PWL(t1vi2v2.)

(OPWLFLLE: Browse
time1[s]: 0
valuel[V]: 10
time2(s]: m
value2[V]: 10
time3[s): 1.001Tm
value3[V]: 0
timed|[s]: 1
valued[V]: 0

| Addiional PWLPoints |
Make this information visible on schematic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.161 Settings of voltage source V5a




W Independent Voltage Source - V6
Functions
(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)
(OPWLFLLE: Browse

Vinitial[V]: 5
Von[V]: 10
Tdelay[s]: |{Td+T+5"DT
Trise[s]: 10n
Tall[s]: 10n
Ton[s]: im
Tperiod(s]: 20m

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.162 Settings of voltage source V6

W Independent Voltage Source - V6a
Functions
(O (none)
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
@PWL(t1vi2v2.)

(O PWLFILE: Browse
time1[s]: 0
valuel[V]: 10
time2(s]: m
value2[V]: 10
time3[s): 1.001Tm
value3[V]: 0
timed|[s]: 1
value4[V]: 0

| Addiional PWLPoints |
Make this information visible on schematic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.163 Settings of voltage source V6a
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The input three-phase AC source is shown in Fig. 4.164. Settings of the sources are shown in
Figs. 4.165, 4.166, and 4.167.

Fig. 4.164 Input three-phase source

W Independent Voltage Source - Va X
Functions DC Value
O (none) DCvalue:
(OPULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(® SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
(O EXP(V1V2Td1 Taul Td2 Tau2) Small signal AC analysis(AC)
(O SFFM(Voff Vamp Fcar MDI Fsig) ACAmplitude: | |

OPWLHT vIRv2.) AC Phase: |:]

Make this information visible on schematic: |

OPWLFILE: Make this information visible on schematic: [~]
Parasitic Properties
DC offsetV]: 0 Series Resistance[Q]:
Amplitude[V: an Parallel Capacitance[F]:
FreqlHa] %0 Make this information visible on schematic: [+/]
Tdelay[s]: 0
Theta[1/s]: 0
Phi[deg]: 0
Neycles:

Make this information visible on schematic: 7] | cancet | | ok |

Fig. 4.165 Settings of voltage source Va



W Independent Voltage Source - Vb

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s]:
Theta[1/s]:
Phi[deg]:

Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

mn

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.166 Settings of voltage source Vb

W Independent Voltage Source - Vc

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s]:
Theta[1/s]:
Phi[deg]:

Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

mn

(=]

120

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.167 Settings of voltage source Vc
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The commands used in the schematic 154 are shown in Fig. 4.168.

.inc D:\Program Files\LTC\LTspiceXVII\lib\en.standard_sensitive_scr_pspice\standard_sensitive_scr_pspice\st_standard_sensitive_scr.lib

.tran 100m

Jparam Td=1.667m
.param DT=3.3333m
.param T=1m

Fig.4.168 SPICE commands
Run the simulation. The result is shown in Fig. 4.169. Let’s measure the average and RMS value

of the obtained waveform. According to Fig. 4.170, the average and RMS value are around 487.58 V
and 490.46 V, respectively.

W LTspice XVIl - ThreePhaseRectifier e 0 X
Elle Edit Hierarchy View Simulate Jools Window Help

PEEHFAFIQRAARIR HBEE I eANSE SR 3wD00 An op
1, ThreePhaseRectfier | ThreePhaseRectifier

= = iElPal

50ms

4 ThreePhaseRectifier = CE

o P —— P—
P iy ] o T
E: E E o = At
R, o e "
2
E o

il

s
x = 23.64ms  y = 53444V
Fig. 4.169 Voltage across load resistor RL
[T Waveform: V(LNO012) %
Interval Start | Os
Interval End: 100ms
Average: 487.58V
RMS: | 490,46V '

Fig.4.170 Average and RMS values of waveform shown in Fig. 4.169



482 4 Simulation of Power Electronics Circuits with LTspice®

Let’s check the obtained result. The average value of output voltage can be calculated with the aid
of V,=1.35V}; cos (@) formula. V,, V;; and a show the average value of output voltage, RMS of line-
line voltage that supplies the rectifier and triggering angle, respectively. According to the calculations
shown in Fig. 4.171, the output voltage must be around 489.24 V. The LTspice result is quite close to
this value. Note that the V, = 1.35V}; cos (a) formula ignores the voltage drop of thyristors. So, the
value calculated by this formula is a little bit bigger than the correct average value.

Command Window

>> VLL=220*sqrt (3);
>> 1.35*VLL*cosd(18)

489.2416

fJg>>|

Fig.4.171 MATLAB commands

The following MATLAB code calculates the average and RMS of output voltage of the converter.

£=50;
Vm=311;
w=2*pi*f;

syms t

Van=Vm*sin (w*t) ;
Vbn=Vm*sin (w*t-2*pi/3) ;
Ven=vVm*sin (w*t+2*pi/3) ;

T=1e-3;

Td=1.667e-3;

DT=3.333e-3;

V=Van-Vbn;
Average=eval (1/DT*int (V, t, Td+T, Td+T+DT) )
RMS=eval (sqrt (1/DT*int (V"2, t, Td+T, Td+T+DT) ) )

After running the above code, the result shown in Fig. 4.172 is obtained. Note that the above code
ignored the voltage drop of the thyristors. So, the obtained results are a little bit bigger than the
LTspice results shown in Fig. 4.170.
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Command Window

Average =

489.2101

RMS =
492.0823

fx >> v

Fig.4.172 Output of MATLAB code

Let’s assume that the voltage drop across the anode-cathode of a closed thyristor is 0.75 V. So, voltage
drop across two closed thyristors is 1.5 V. The following MATLAB code, considers this voltage drop.

£=50;
Vm=311;
w=2*pi*f;

syms t

Van=Vm*sin (w*t) ;
Vbn=Vm*sin (w*t-2*pi/3);
Ven=vVm*sin (w*t+2*pi/3) ;

T=1le-3;

Td=1.667e-3;

DT=3.333e-3;

V=Van-Vbn-1.5; $ voltage drop of 1.5 V is assumed
Average=eval (1/DT*int (V, t, Td+T, Td+T+DT) )

RMS=eval (sgqrt (1/DT*int (V*2, t, Td+T, Td+T+DT) ) )

After running the code, the results shown in Fig. 4.173 is obtained. Note that the obtained results
are quite close to the LTspice results shown in Fig. 4.170.

Command Window

Rverage =

487.7101

RMS =

490.5911

Jx >> | v

Fig.4.173 Output of MATLAB code
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Figure 4.174 shows the simulation result for firing angle of 36° (T =2 ms). According to Fig. 4.175,
the average and RMS value are around 415.57 V and 426.17 V, respectively.

W LTspice XVIl - ThreePhaseRectifier = o X |

Eile Edit Hierarchy View Simulate Tools Window Help
PEEHTAFOAAR R HBRR I DEASE LSRF3I ¥xDOOD Aa op

E2 ThreePhaseRectfier L. ThreePhaseRectifier

50ms

+« TiveePhaseRectifier =&

)
JL

{Right-Click to edit expression. Control-Left-Click to integrate.

Fig.4.174 Voltage across the load resistor RL for firing angle of 36°

[T Waveform: V(LN012) %
Interval Start Os
Interval End: 100ms
Average: 41557V
RMS: | 42617V

Fig.4.175 Average and RMS values of waveform shown in Fig. 4.174

Let’s check the result. The following MATLAB code calculates the average and RMS value of
output voltage with the assumption of 1.5 V voltage drop for on thyristors.
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£=50;
Vm=311;
w=2*pi*f;

syms t

Van=vVm*sin (w*t) ;
Vbn=Vm*sin (w*t-2*pi/3);
Ven=Vm*sin (w*t+2*pi/3) ;

T=2e-3;

Td=1.667e-3;

DT=3.333e-3;

V=Van-Vbn-1.5; % voltage drop of 1.5 V is assumed
Average=eval (1/DT*int (V, t, Td+T, Td+T+DT) )

RMS=eval (sqrt (1/DT*int (V*2, t, Td+T, Td+T+DT) ) )

After running the code, the result shown in Fig. 4.176 is obtained. The obtained results are quite
close to LTspice results shown in Fig. 4.175.

Command Window

Average =

414.6382

RMS =
425.3248

Jx >> | v

Fig.4.176 Output of MATLAB code

Figure 4.177 shows the simulation result for firing angle of 0° (T = 0). According to Fig. 4.178, the
average and RMS value are around 512.85 V and 513.3 V, respectively. In fact, firing angle of zero
simulates the three-phase diode rectifier shown in Fig. 4.179.
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W LTspice XVl - ThreePhaseRectifier = o X |

Elle Edit Hierarchy View Simulate Jools Window Help

PEEHTAFONQAAR R EHBRR I DERASB LSRR F3 ¥xDODOD Aa 2p |

E2 ThreePhaseRectfier L. ThreePhaseRectifier

4 ThreePhaseRectifier = |-=

3 B B b Bt TR e b B DT
Yo i PR = -
“ - & Wi wm——n
. —n)
z
-

il

x=41.59ms y = 54511V

Fig.4.177 Voltage across the load resistor RL for firing angle of 0°

[T Waveform: V(LN012) %
Interval Start Os
Interval End: 100ms
Average: 512.85V
RMS: | 5133V

Fig.4.178 Average and RMS values of waveform shown in Fig. 4.177

Fig. 4.179 Three-phase diode rectifier
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Let’s check the result. The following MATLAB code calculates the average and RMS value of
output voltage with the assumption of 1.5 V voltage drop for on thyristors.

£=50;

Vm=311;

w=2*pi*f;

% voltage drop of 1.5 V is assumed
syms t

Van=Vm*sin (w*t) ;

Vbn=Vm*sin (w*t-2*pi/3) ;

Ven=vVm*sin (w*t+2*pi/3) ;

T=0;

Td=1.667e-3;

DT=3.333e-3;

V=Van-Vbn-1.5;
Average=eval (1/DT*int (V, t, Td+T, Td+T+DT) )
RMS=eval (sqrt (1/DT*int (V"2, t, Td+T, Td+T+DT) ) )

After running the code, the result shown in Fig. 4.180 is obtained. The obtained results are quite
close to LTspice results shown in Fig. 4.178.

Command Window
Average =

512.8946

RMS =
513.3486

fx >> v

Fig.4.180 Output of MATLAB code

Let’s draw the graph of circuit currents. Studying the graph of currents helps you to select suitable
thyristors for your circuit. The load current for triggering angle of 18° (T = 1 ms) is shown in
Fig. 4.181. According to Fig. 4.182, the average value of load current is 1.6251 A.
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_@' LTspice )(VII--ThreePrlaseRe(tiher = o X |
Eile Edit Hierarchy View Simulate Tools Window Help

REETEHRAARE ERE IEHOS LD+ 3 YOVOD An 5p
E2 ThreePhaseRectfier L. ThreePhaseRectifier

[ =1 2

4« TiveePhaseRectifier =&

3 B B b Bt TR e b B DT
Yo i PR = -
“ - & Wi wm——n
. —n)
z
-

il

X =4644ms y = 1.83144

Fig.4.181 Current through the load resistor RL for firing angle of 36°

[T Waveform: I(RI) X
Interval Start Os
Interval End: 100ms
Average: 1.6251A
RMS: | 1.6347A

Fig.4.182 Average and RMS values of waveform shown in Fig. 4.181

You can see the current passed from thyristors easily. In Fig. 4.183, voltage source V7 (with value
of 0 V) is added in series with thyristor U1l. The current of voltage source V7 is shown in Fig. 4.184.
According to Fig. 4.185, the average value of current passed from thyristor U1 is 546.01 mA. Average
value of current passed from other thyristors is the same as the average value of current passed from
thyristor U1. Note that the average value of current passed from the thyristors is one third of the aver-
age value of current passed from the load. This is expected since each thyristor conducts the load
current for one third of the cycle, i.e., 120°.
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L
v7
0
R1 vi R3 v3
TXN825RG VA TXN825RG
i 7 100
u3i
Vé6a
- o () RL
A 300
v4
R4 R6
TXN825RG 'I'KNB!SRG_
7 100 Ué 100
U4

Fig.4.183 Voltage source V7 measures the current through thyristor U1

[T LTspice XVl - ThreePhaseRectifier R = 0 X
Eile View PlotSettings Simulation Tools Window Help

PEESFOAAAR ROIERE IDEMH O )

E2 ThreePhaseRectfier 4 ThreePhaseRectifier

| ThreePhaseRectifier =|-& -

Fig.4.184 Current entered into the + terminal of V7 (=Current through thyristor U1)

[T Waveform: I(V7) X
Interval Start _ Os
Interval End: . 100ms
Average: 546.01mA|
" RMS: 952 55mA

Fig. 4.185 Average and RMS values of waveform shown in Fig. 4.184
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4.15 Example 14: Harmonic Analysis of Rectifiers

In this example, we want to see the harmonic content of a single-phase half wave rectifier which has
a freewheeling diode. The schematic of this example is shown in Fig. 4.186. The two .options lines in
Fig. 4.186 increase the accuracy of the calculations.

Fig.4.186 Schematic
of Example 14

Set up a transient analysis with the settings shown in Fig. 4.187. After clicking the OK button in
Fig. 4.187, the schematic changes to what is shown in Fig. 4.188.

[ Edit Simulation Command
Fig. 4.187 Simulation : _
settings Transient AC Analysis DCsweep Noise DC Transfer DC oppnt

Perform a non-linear. time-domain simulation.

Sepsine
Time to start saving data: i |
Maximum Timestep: I 100n |

Start external DC supply voltages at0V: [ ]

Stop simulating if steady state is detected: []

Don'treset T=0 when steady state is detected:
Step the load current source: []
Skip initial operating point solution: [_]

Syntax _tran <Tprint> <Tstop> [<Tstart> [<Tmaxstep>]] [<option> [<option>] ...]

| ran 0 100m 0 100n
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D2

in ~ out
L
RR2L6S
R1
100
Vi D1
C} 7N
“SINE(031150)  R2L6S L1
250m

N

.options numdgt=7
.options plotwinsize=0
.tran 0 100m 0 100n

Fig.4.188 .trans command is added to the schematic

Run the simulation and draw the voltage of node “out” (Fig. 4.189). Note that the frequency of the
output voltage is 50 Hz.

[T LTspice XVII - FreeWheelingDiode
File Edit Hierarchy Wiew Simulate Tools Window Help

PE LA IR I ERE IDEALSE LR3I XDVOD An op |

£, FreeWheehngDiode | FreeWheelingDiod

40ms 50ms G0ms s B0ms 90ms
-l: FreeWheelingDiode — L=
D2
in N
-1
RR2L6S
R1
100
Vi D1
T sINg(o31150) RR2L6S i
250m
Joptions numdgt=7 ‘J7
.options plotwinsize=0
-tran 0 100m 0 100n

Fig.4.189 Graph of voltage across the RL load
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Right click on the black area and click the View> FFT (Fig. 4.190). After clicking the FFT, Select
Waveforms to include in FFT window appears. Select V(out) and click the OK button (Fig. 4.191).

fw LTspice XVl - FreeWheelingDiode = 0 x|

| Eile Edit Hierarchy View Simulate Tools Window Help

PEEDFRAARE | ERE IDANSS LB +3 DV An 2 |

4 FreeWheelingDiode | FreeWheelingDiode

= @R

Q\ Zoom to Eit
1&1 Autorange Y-axis
15 Add Traces «*, Mark Data Points
Add Plot Pane Q Visible Traces
F a0 L g
Draw L4 & Manual Limits
Edit ¥ |5 Reset Colors =
: : L. R =
L gDiode  Marching L @ SPICE Entor Log =) E
File X Piot Defs File
|~ Float Window 0l Copy bitmap to Clipboard
@ Write image to .emf file RL
Vi D1 100
SINE(031150) "R2L6S i
250m
-options numdgt=7
.options plotwinsize=0
«tran 0 100m 0 100n

|Perform a Fast Fourier Transform of selected data

Fig.4.190 View> FFT
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Fig.4.191 Select
Waveforms to include in
FFT window

W Select Waveforms to include in FFT

NOTE: Fourier components are normalized to

cormrespond to the time domain RMS amplitude.

Ctrl-Click to toggle
V(in)

V(n001)
D7)
1D2)
IiLY)
I(R1)
Iv1)

Number of data point samples in time:

Quadratic interpolate uncompressed data

Time range to include

Start Time: (@ Use Extent of Simulation Data
(O Use currentzoom Extent
() Specify a time range

End Time:

Binomial Smoothing done before FFT and windowing

Number of Points:

Windowing (Periodic and normalized to unit area)

Windowing Function: (none)

NOTE: The DC componentis removed before windowing.

Resetto Default Values

493

X

Cancel

262144 2

-

4»

After clicking the OK button in Fig. 4.191, the graph shown in Fig. 4.192 appears on the screen.

|32 FreeWheelingDiode.fft

100KHz

S~

Fig.4.192 Simulation result
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Right click on the horizontal axis. After right clicking, the window shown in Fig. 4.193 appears.
Enter 1kHz to the Right box and click the OK button. After clicking the OK button, the graph changes
to what is shown in Fig. 4.194. This graph shows the amplitude of harmonics for [10 Hz, 1 kHz]
range. You can use the cursors to read the amplitude of each harmonic.

[’;7 Horizontal Axis X

Quantity Plotted:  frequency ye Diagrar
Axis Limits

Left 10Hz tick: | -~ N/A-- Right 1kHz
Btogarthmic Cance

Fig. 4.193 Horizontal Axis window

['5% FreeWheelingDiodeft o[- @l

Fig. 4.194 Simulation result ([10 Hz, 10 kHz] range)

Right click on the vertical axis and select the Linear (Fg. 4.195). Now, the vertical axis shows the
amplitude of harmonics with unit of Volts (Fig. 4.196).

[1} Left Vertical Axis -- Magnitude X
Range Representation
Top: | 1K Bode »
Tick: | 100 @ Linear S
Bottom: [ 0 8;2?;:mm

Fig.4.195 Left Vertical Axis -- Magnitude window
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" FreeWheelingDiode fft =-[-E

100KHz

Fig.4.196 Simulation result

Right click on the horizontal axis and enter 1kHz to the Right box (Fig. 4.197). Now the graph
shows the harmonics in the [10 Hz, 1 kHz] range (Fig. 4.198).

W Horizontal Axis X

Quantity Plotted:
Axis Limits

Left 10Hz tick: I -~ N/A-- Right 1kHz
togarthmic Cance

Fig. 4.197 Horizontal Axis window

1" FreeWneelingDiode fft ==

Fig. 4.198 Simulation result
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You can use the cursors to read the value of harmonics. For instance, according to Fig. 4.199, the
RMS of fundamental harmonic (50 Hz) is 109.896 V and according to Fig. 4.200, the RMS of second
harmonic (100 Hz) is 46.65 V.

Fig. 4.199 RMS of

50 Hz component is W FreeWheelingDiode.fft X
109.896 V i
V(out)
Freq| 4999928Hz | Mag |  109.89604v ®
Phase: | -89.96559° '
Group Delay: ‘ 242.36233ys |
Cursor2
-~ N/A- Mag: | - N/A--
' -~ N/A--
sroup Delz -~ N/A-
Ratio (Cursor2 [ Cursorl)
~ N/A- M - N/A-
-~ NJA-
-~ N/A--

Fig.4.200 RMS of

100 Hz component is W FreeWheelingDiode.fft X
around 46.65 V Eani
V(out)
Freq:| 10000011Hz | Mag |  46.64887v ®
Phase: | 179.993° '
Group Delay: ‘ 183.91999us |
Cursor2
~ N/A- Mag: | - N/A--
' -- N/A--
sroup Dele -~ N/A-
Ratio (Cursor2 [ Cursorl)
-~ NJA- M -~ N/A-
- N/A-
-~ N/A--

Let’s check the obtained results. Fourier series of half wave rectified waveform is shown in
Fig. 4.201.
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T 7 t
2
\% \% *© 2V
v()=—+ == sin(ogf) — Y, —5——— cos(nwyl)
T 2 n=2,46.. (n* -

Fig.4.201 Fourier series of half wave rectified signal

11
According to Fig. 4.201, the amplitude of fundamental harmonic is 3—=155.5V. RMS of

2
355'5 =109.95V. Amplitude of second harmonic is ELEI =66V.

66 (2 -1)x
RMS of this value is — =46.67 V. So, the LTspice results are correct.

2

fundamental harmonic is

4.16 Example 15: Measurement of Power Factor for Rectifier Circuits

In this example, we want to measure the power factor of rectifier circuit of Example 14. The power
factor is nothing more than ratio of average power drawn from the input AC source to the apparent
power of the input AC source. In linear circuits, the power factor can be calculated with the aid of
cos(¢p) formula. ¢ shows the phase difference between the voltage and current. However, in nonlinear
circuits, the current is full of harmonics and you can’t use the aforementioned formula. In this case,
you need to calculate the power factor using the ratio of the average power to the apparent power.
Let’s start. Remove the .option commands from the schematic of previous example (Fig. 4.202).

D2
™~

in out
LA
RR2L6S
R1
1
. Vi D1 o
() 7aN
SINE(0 311 50) REALLS Li
250m
.tran 100m N

Fig.4.202 Schematic of Example 15

Run the simulation and draw the current of diode D2 (Fig. 4.203). According to Fig. 4.204, the
frequency of diode current is 50 Hz.
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[ LTspice XVII - FreeWheelingDiodePowerFactor - (m] X
File Edit Hierarchy View Simulate Tools Window Help

PEEHDFIQRAAR IR EREIDERSB LD 3 D000 An op
[ FreeWheelingDiodePowerFactor £, FreeWheelingDiodePowerFacior

B =) |3

4, FreeWneelingDiodePowerFactor =1
in E]ﬁ gﬂ!
RR2L6S
R1
100
- vi D1
AN
SINE(0 311 50) RiaLss L1
250m
.tran 100m N
x = 54.56ms y = 3.341A
Fig.4.203 Current through diode D2
Fig. 4.204 Frequency [Ty
of waveform shown in | W FreeWheelingDiodePowerFactor X
Fig. 4.203 is 50 Hz Lo
I(D2)
Hoz|  70.175439ms Vert|  -1.1138286pA
Cursor2
(D2)
Horz:|  90.175439ms Vert|  -1.0671943pA
Diff (Cursor2 - Cursor1)
Horz | 20md Vert|  46.634215nA
Freq: | 50Hz Slope:|  2.33171e-006

Use the Zoom to rectangle icon (Fig. 4.205) and try to select one cycle of diode current (Fig. 4.206).
Select the cycle from steady-state portion of the graph.
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& Q QK[

~ | Zoom to rectangle

Fig. 4.205 Zoom to rectangle icon

W LTspice XVl - FreeWheelingDiodePowerFactor - o b
Eile View PlotSettings Simulation Tools Window Help

PEESFOAQAAR RIERE IDEMH O8 @)

2 FreeWheelngDiodePowerFaclor 1, FreeWheslingDiodePowerFactor

|52 FreeWheelingDiodePowerFactor el B S

70ms 72ms 5 B0ms 86ms 8 90ms

1 = B[R
D2
in 3] ]
P opt
RR2L6S
R1
100
vi D1
AN
SINE(0 311 50) RiaLss L1
250m
.tran 100m =7

x = 8201ms _y = 2.848A

Fig.4.206 One cycle from steady-state region of the waveform is shown

Right click on the horizontal axis (Fig. 4.207). According to Fig. 4.207, the length that we selected
is 92 ms — 68 ms = 24 ms. However, according to Fig. 4.204, the length of one cycle must be 20 ms.
So, enter 88 ms to the Right box and click the OK button (Fig. 4.208). After clicking the OK button,
the graph changes to what is shown in Fig. 4.209.
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E" Horizontal Axis X

Quantity Plotted: | time Eye Diagram
Axis Limits

Left 68ms tick: 2ms Right 92ms
[] Logarithmic Cancel

Fig. 4.207 Horizontal Axis window

E" Horizontal Axis
Quantity Plotted: | time Eye Diagram
Axis Limits

Left 68ms tick: 2ms Right 88ms
[] Logarithmic Cancel

Fig. 4.208 Right box is changed to 88 ms

. W LTspice XVl - FreeWheelingDiodePowerFactor
Eile View PlotSettings Simulation Tools Window Help
PEESFOAAAR RIERE IDEMN O ()

I FreeWheslingDiodePowerFactor 4 FresWheelingDiodePowarFactor

|2 FreeWneelingDiodePowerFactor

B0ms 82ms

1 = B[R
D2
in 3] ]
P opt
RR2L6S
R1
100
vi D1
AN
SINE(0 311 50) RiaLss L1
250m
.tran 100m =7

x = T742ms y = 2.927TA

Fig. 4.209 Current of diode D2 for [68 ms, 88 ms] interval is shown
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Hold down the Ctrl key and click on the I(D2) in Fig. 4.209. After clicking the I(D2), the window
shown in Fig. 4.210 appears and shows the RMS of the current passed from the diode D2. The diode
and the input AC source are connected in series, so, the RMS of the current drawn from the input AC
source is the same as the RMS of the current drawn from the input AC source. According to Fig. 4.210,

the RMS of the current is 1.2742 A. So, the apparent power is E>< 1.2742 =280.2123 VA .

V2

[ waveform: I(D2) X
Interval Start: | 68ms |
Interval End: | 88ms |
Average: | 796.84mA |
RMS: | 12742A |

Fig. 4.210 RMS of current waveform in Fig. 4.209 is 1.2742 A

Let’s measure the average power drawn from the input AC source. Run the simulation and draw the
graph of V(in)*I(V1) (Fig. 4.211). You can hold down the Alt key and click on the voltage source V1
to see its instantaneous power waveform of V1 as well.

The instantaneous power waveform of voltage source V1 is shown in Fig. 4.212. Note that
V(in)*I(V1) shows the instantaneous power of the input AC source. According to Fig. 4.213, the fre-
quency of the power waveform is 50 Hz. So, duration of one cycle of power waveform is 20 ms.

Fig.4.211 Add Traces

to Plot window [ Add Traces to Plot X

[ o ]

[] Asterisks match colons Cancel

Only listtraces matching

Available data:

Viout)
V(n001)
(D7)
(D2)
IiL1)
I(R1)
V1)
time

Expression(s) to add:

[Vnyiev1)
[#] AutoRange
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[ Ursice XV - FreeWneelingDioderomerfactor - o x|
Eile Edit Hjerarchy View Simulate Jools Window Help
PEEHTFORQAAARE EHRF +2P#H O8RS+ 3 DI An op

1, FreeWheelingDiodePowerFactor | FreeWheelingDi 'owerFactor

10ms 20ms

4, FreeWneelingDiodePowerfactor = EN x|
D2
in o
> oyt
RR2L6S
R1
100
v D1
C) /i
SINE(031150) RAL6S L1
250m
tran 100m N

Fig.4.212 Graph of instantaneous power drawn from the source

Fig.4.213 Frequency |
of instantaneous power W FreeWheelingDiodePowerFactor X
waveform in Fig. 4.212 Clesaid
is 50 Hz V(in)IV1)
Hoz|  65.663717ms Vet|  -713.43352W
Cursor 2
V(in)*I(v1)
Horz:|  85.663717ms Vert|  -712.15527w
Diff (Cursor2 - Cursor1)
Horz | 20ms Vert|  1.2782597W
Freq: | 50Hz Slope: | 63.913

Select one cycle from the steady-state portion of the graph (Fig. 4.214). Now hold down the Ctrl
key and click on the V(in)*I(V1) in Fig. 4.214. According to Fig. 4.215, the average value of one cycle
is —178.18 W. Note that the negative sign shows that the AC source delivered power to the circuit.
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[T LTspice XVl - FreeWheelingDiodePowerfactor
File View PlotSettings Simulation Tools Window Help

PEEHTF QAR BROdEHRR tBEMH OB )

aow
ow
-a0w
-160W

BIms

x = |8 %
in E\zl w
RR2L6S
R1
100
Vi D1
b AN
SINE(031150) R2L6S L1
250m
.tran 100m ~
x=754Tms y = 130.00W _
Fig.4.214 One cycle from steady-state region is selected
[ Waveform: V(in)*I(V1) X
Interval Start | 63ms
Interval End: | 83ms
Average: -178.18W| ]
Integral: . -3.5637J '

Fig.4.215 Average power is around 178.18 W

According to the calculations shown in Fig. 4.216, the power factor of the circuit is 0.6359.

Fig.4.216 MATLAB Command Window
command

>> P=178.18;
>> Vrms=(311/sqrt(2));Irms=1.2742;S=Vrms*Irms;
>> pf=P/S
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4.17 Example 16:Single-Phase PWM Inverter

In this example, we want to simulate a single-phase full bridge inverter (Fig. 4.217) with unipolar
PWM.

Fig. 4.217 Full-bridge converter for unipolar PWM

In a unipolar switching scheme for pulse-width modulation, a high frequency triangular carrier is
compared with two low frequency sinusoidal references (Fig. 4.218). The output v, = v, in Fig. 4.217
is switched either from high to zero or from low to zero (Fig. 4.218). That is why it is called unipolar.
In unipolar switching scheme,

S, is on when v, > V.
S, is on when —vg,. < Vyi.
S5 1s on when —vg,. > Vyi.
S41s on when v, < Vgi.

Fig. 4.218 (a) V, —V.

v, sine sine

Reference and carrier - /

signals (b) bridge

voltages v, and v, (c)

Output voltage M,W

O T O |

Vab 0

_Vdc (C}
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The schematic of this example is shown in Fig. 4.219. Variables “m” and “fm” determine the
amplitude modulation ratio and frequency of output voltage, respectively. Amplitude modulation ratio
is the ratio of amplitude of sinusoidal reference to the amplitude of triangular carrier, i.e.,

Sinusoidal Reference

m =——— . Frequency modulation ratio is the ratio of carrier frequency to frequency of
) 'Triangular Carrier ) fTrian ar Carrier
sinusoidal reference, i.e., m, = e e
fSinusoidal Reference

Fig.4.219 Schematic of Example 16

Settings of V1, V2, and Carrier voltage sources (Fig. 4.220) are shown in Figs. 4.221, 4.222, and
4.223, respectively. Carrier is a triangular waveform with amplitude of 1 V. Frequency of Carrier is
1150 Hz (m;= 23). Voltage source V1 and V2 play the role of reference signal and their frequency is
50 Hz.
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W Select Component Symbol P4

Top Directory: IC:\Usem\famasadlDocunem\LTspmeXVﬁb\sym v |

Voltage Source, either DC. AC, PULSE. SINE.
PWL. EXP. or SFFM

|volhge

{2 C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym)

load npn4 SOAtherm-HeatSink
load2 pif SOAtherm-PCB
Ipnp pmos sw
Itline pmos4 tline
mesfet pnp TVSdiode
njf pnp2 varactor
nmos pnp4
nmos4 polcap zener
npn res
npn2 res2
npn3 schottky
e ——— >

=

Fig.4.220 Voltage source block




W Independent Voltage Source - V1

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s]:
Theta[1/s]:
Phi[deg]:

Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

{m}

{fm}

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.221 Settings of voltage source V1

W Independent Voltage Source - V2

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s]:
Theta[1/s]:
Phi[deg]:

Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.222 Settings of voltage source V2
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W Independent Voltage Source - Carrier
Functions
(O (none)
(@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Ncycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)
() EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLH viv2.)

(O PWLFILE: Browse
Vinitial[V]: -1
Von[V]: 1
Tdelay(s): 0

Trise[s]: | 434.8u
Tfallls: | 434.8u
Ton[s]: 0

Tperiod(s]: 869.6u

Ncycles:

Additional PWL Points

Make this information visible on schemalic:

X
DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.223 Settings of voltage source Carrier

Settings of B1, B2, B3, B4, B5 and B6 Arbitrary behavioral voltage sources (Fig. 4.224) are shown

in Figs. 4.225, 4.226, 4.227, and 4.228, respectively.
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W Select Component Symbol X

Top Directory: lc:\Users\famasadaDocmeMs\LTspioeN%\sym v |
| Arbitrary behavioral voltage source

|bv

(2] C:\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[SpecialFunctions] f load npn4 SOAt
[Switches] FermiteBead load2 pif SOAt
bi FeriteBead2 Ipnp pmos swW
bi2 g Itine pmos4 tline
mesfet pnp TVS¢

cap h njf pnp2 varac
cSW ind nmos pnp4 voltaﬂ
current ind2 nmos4 polcap zene
diode 1ISO016750-2 npn res
e 1IS07637-2 npn2 res2
e2 LED npn3 schottky

< S ———— >

=

Fig.4.224 Arbitrary behavioral voltage source block

Fig. 4.225 Settings of
arbitrary behavioral
voltage source B1

P component Attribute Editor X

C\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\bv.asy

Attribute Value Vis. A
Prefix B

InstName B1 X
SpiceModel

Vawe _____[v=ivipveni20 | x|
Value2

Spiceline

Spiceline2 v
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Fig.4.226 Settings of
arbitrary behavioral P Component Attribute Editor X
voltage source B2
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy
Attribute Value Vis. [
Prefix B
InstName B2 X
SpiceModel
Value
Value2
Spiceline
| SpiceLine2 v
Cancel
Fig. 4.227 Settings of
arbitrary behavioral IF Component Attribute Editor X
voltage source B3
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy
Attribute Value Vis. [
Prefix B
InstName B3 X
SpiceModel
(tri).12.0)
Value2
Spiceline
Spiceline2 el
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Fig. 4.228 Settings of -
arbitrary behavioral ¥ component Attribute Editor X
voltage source B4
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIllib\sym\bv.asy
Attribute Value Vis. ~
Prefix B
InstName B4 X
SpiceModel
Value | V=ilfV(1)<V(i).12.0)
Value2
Spiceline
SpiceLine2 b
Cancel

Run the simulation and draw the voltage of the load (Fig. 4.229). According to Fig. 4.230, the RMS

of this waveform is 66.556 V.

W LTspice XV1I - SinglePhaselnverter = (m] X
File Edit Hierarchy View Simulate Tools Window Help
P ET AL RQRAARE EB2Y IbrH oS LoD +3 YOV0D A op

£ SingleP! fer |2 Single

4 SinglePhaselnverter

by k4

=t
onepety
-

x = 5282ms y= 12273V

Fig.4.229 Graph of voltage across the RL load
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[ Waveform: V(a,b) X
Interval Start _ Os
Interval End: 100ms
Average: . -1.3835mV
RMS: 66.556V (|

Fig. 4.230 RMS of the load voltage is around 66.556 V

The waveform of the load current is shown in Fig. 4.231. This waveform is similar to a sinusoidal
waveform. Let’s see why? The load contains an inductor and the impedance of inductor increases with
frequency. So, the inductor acts as a filter and decreases the harmonic content of the load current.
According to Fig. 4.232, the RMS of load current is 470.32 mA.

Bf LTspice XVII - SinglePhaselnverter |

Elle Edit Hierarchy View Simulate Tools Window Help

PEHEHSAFIQAAARIR I EBY RSB LR 3 DU 0D Aa 2p |

[ SinglePhaselnverter %, SinglePhaseinverter

4 singlePhaselnverter

x = 584Tms y = 739.39mA

Fig.4.231 RL load current
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W Waveform: I(R1) X
Interval Start | Os ]
Interval End: | 100ms [
Average: 1.9848mA ]
RMS: | 470.32mA| |

Fig.4.232 RMS of load current is 470.32 mA

4.18 Example 17:Three-Phase PWM Inverter

In this example, we want to simulate a three-phase inverter (Fig. 4.233) which uses the Sine-PWM
(SPWM) modulation technique.

Fig. 4.233 Three-phase
inverter

OS OS OS
xn xa Rs
A

Ve = B
C
o o o
)Ts‘, ﬁsb }Tsz

In SPWM, we need three reference signals. The three reference sinusoids are 120° apart (Fig. 4.234).
Harmonics will be minimized if the carrier frequency is chosen to be an odd triple multiple of the
reference frequency, that is, 3, 9, 15, 21, 27 ... times the reference. In SPWM scheme,

S, is on when v, > v.
S, is on when v, > vy.
S5 1s on when v, > v.
S41s on when v, < V.
Ssis on when v, < v.
Se 1S on when v, < V.

Vearrier

v
A, ref VB, ref Ve, ref

Fig. 4.234 PWM generation for three-phase inverter
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The schematic of this example is shown in Fig. 4.235. Variable “m” determines the index of modu-
lation. Variable “fm” determines the frequency of frequency of output voltage of the inverter.

Fig.4.235 Schematic of Example 17

This schematic is composed of two parts: Power stage (Fig. 4.236) and control section (Fig. 4.237).
The control section applies suitable pulses to the gate of the MOSFETs.

Fig.4.236 Power circuit
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Fig.4.237 Control circuit

Settings of V1, V2, V3, and carrier voltage sources (Fig. 4.238) are shown in Figs. 4.239, 4.240,
4.241, and 4.242.

W Select Component Symbol X

Voltage Source, either DC, AC, PULSE. SINE,
PWL. EXP. or SFFM

|vollage |

(2 C\Users\farzinasadi\Documents\L T spiceXVIN\lib\sym\

load npn4 SOAtherm-HeatSink

load2 pif SOAtherm-PCB

Ipnp pmos sw

Itline pmos4 tline

mesfet pnp TVSdiode

njf pnp2 varactor

nmos pnp4

nmos4 polcap zener

npn res

npn2 res2

npn3 schottky
—>

coc

Fig.4.238 Voltage source block




W Independent Voltage Source - V1

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s):
Theta[1/s]:
Phi[deg]:
Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

{m}

{fm}

Additional PWL Points

Make this information visible on schemaltic:

DC Value
L value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.239 Settings of voltage source V1

W Independent Voltage Source - V2

Functions

(O (none)

(O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLtIviv2.)

(OPWLFLLE:

DC offset[V]:
Amplitude[V]:
Freq[Hz]:
Tdelay[s):
Theta[1/s]:
Phi[deg]:
Ncycles:

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

Browse

{m}

{fm}

120

Additional PWL Points

Make this information visible on schemaltic:

DC Value
/alue.

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig.4.240 Settings of voltage source V2




W Independent Voltage Source - V3

Functions

(O (none)

O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLH vi2v2.)

(O PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(@ SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(O PWLFILE: Browse

DC offset[V]: 0

Amplitude[V]: {m}

Freq[Hz]: {fm}
Tdelay[s): 0
Theta[1/s]: 0

Phi[deg]: -120

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.241 Settings of voltage source V3

W Independent Voltage Source - Carrier

Functions

(O (none)

O EXP(V1V2 Td1 Taul Td2 Tau2)
() SFFM(Voff Vamp Fcar MDI Fsig)
OPWLH vi2v2.)

@ PULSE(V1 V2 Tdelay Trise Tfall Ton Period Neycles)
(O SINE(Voffset Vamp Freq Td Theta Phi Ncycles)

(O PWLFILE: Browse

Vinitial[V]: -1
Von[V]: 1
Tdelay(s]: 0

Trise[s]: 434.8u

Thalljs): |  434.8u
Ton[s]: 0

Tperiod(s]: 869.6u

Ncycles:

Additional PWL Points

Make this information visible on schemaltic:

DC Value

Make this information visible on schematic:

Small signal AC analysis(.AC)

ACAmpiiude: | |
ACPhase:| |

Make this information visible on schematic:

Parasitic Properties

Series Resistance[Q]:
Parallel Capacitance[F]:

Make this information visible on schematic:

Fig. 4.242 Settings of voltage source Carrier
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Settings of B1, B2, B3, B4, B5 and B6 Arbitrary behavioral voltage sources (Fig. 4.243) are shown
in Figs. 4.244, 4245, 4.246, 4.247, 4.248, and 4.249.

W Select Component Symbol P4

Top Directory: [C:\Usars\fanhasacﬂpocmem\LTspioeXVﬂib\sym v |
Arbitrary behavioral voltage source

{22 C\Users\farzinasadi\Documents\L T spiceXVIl\lib\sym\

[SpecialFunctions] f load npn4 SOAt
[Switches] FeriteBead load2 pif SOAt
i FeriteBead2 Ipnp pmos sw

g Itine pmos4 tline
mesfet pnp TVS

cap h njf pnp2 vara
cSW ind nmos pnp4 volta
current ind2 nmos4 polcap zene
diode 1SO16750-2 npn res
e 1S07637-2 npn2 res2
e2 LED npn3 schottky

< e ——— >

Fig.4.243 Arbitrary behavioral voltage source block
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Fig. 4.244 Arbitrary
behavioral voltage T Component Attribute Editor X
source B1
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy

Attribute Value Vis. A

Prefix B

InstName B1 X

SpiceModel

Value

Value2

Spiceline

Spiceline2 ™

Cancel
E:ia:li:j V?ﬁggary T Component Attribute Editor X
source B2
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy

Attribute Value Vis. &

Prefix B

InstName B2 X

SpiceModel

ET V(). 12.0)

Value2

Spiceline

Spiceline2 ™

Cancel
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Fig.4.246 Arbitrary ) )
behavioral voltage T Component Attribute Editor X

source B3
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy

Aftribute Value Vis. A
Prefix B
InstName B3 X

SpiceModel

ue

Value2

Spiceline

Spiceline2 ™
Fig. 4.247 Arbitr:
be?lavioral voltageaw T Component Attribute Editor X

source B4
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy

Aftribute Value Vis. A
Prefix B
InstName B4 X

SpiceModel

Value2
Spiceline
Spiceline2 ™
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Fig. 4.248 Arbitrary
behavioral voltage
source B5

[ component Attribute Editor X

Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy

Aftribute Value Vis. A
Prefix B
InstName BS X

SpiceModel

Value

Value2

Spiceline
SpiceLine2 v
Cancel
;g}:;i:: Vﬁizgém T Component Attribute Editor X
source B6
Open Symbol: C:\Users\farzinasadi\Documents\LTspiceXVIl\lib\sym\bv.asy
Attribute Value Vis. &
Prefix B
InstName B6 X
SpiceModel
V=if{\V(3)<V(tri).12.0)
Value2
Spiceline
Spiceline2 ™

Run the simulation. The waveform of resistor R1 current is shown in Fig. 4.250. According to
Fig. 4.251, the RMS of resistor R1 current is 236.25 mA.
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[ LTspice XVl - [ThreePhaselnverter]
I:r; File View PlotSettings Simulation Tools Window Help
PE T L RAAARROIERE I DERN OB 2]

b= ThreePhasel 1, ThreePh.

420mA

280mA

210mA

140mA

-140mA,

-210mA
-280mA
-350mA

-420mA-1 ; : ; ;
Oms 10ms 20ms 30ms 40ms 70ms 90ms

x = 100.00ms y = 252.25mA

Fig.4.250 Load current in R1L1 branch

[T Waveform: I(R1) X
Interval Start Os
Interval End: 100ms
Average: 967.39pA _
RMS: 236.25mA ]

Fig.4.251 RMS of waveform shown in Fig. 4.250 is around 236.25 mA

Let’s see the voltage difference between node “a” and node “n.” The graph of this voltage is shown
in Fig. 4.252. According to Fig. 4.253, the RMS of this voltage is 35.821 V.
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W LTspice XVl - [ThreePhaselnverter] i o %
ES file View PlotSettings Simulation Iools Window Help

PE DA RAQAR I RIERT IDEN S8 o)

= ThreePhasel £ The

40ms

x = 62.55ms y = T4.11V

Fig.4.252 Waveform of voltage between node a and n

[9 Waveform: V(a,N) X
Interval Start | Os
Interval End: | 100ms
Average: l -317.63v
RMS: | 35821V

Fig.4.253 RMS of waveform shown in Fig. 4.252 is around 35.821 V

Let’s see the line-line voltage, i.e., voltage difference between node “a” and node “b.” The graph
of line-line voltage is shown in Fig. 4.254. According to Fig. 4.255, the RMS of line-line voltage is
62.091 V.
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W LTspice XVl - [ThreePhaselnverter] - (m] x
I%:Ei!e View PlotSettings Simulation Tools Window Help

PE BT £ RAQAR RIIEBE & DM OF o

= ThreePhasel £, ThreePhasel

50ms 60ms

Fig. 4.254 Waveform of line-line voltage

[9 Waveform: V(a,b) X
Interval Start l Os
Interval End: | 100ms
Average: l -2.6214mV
RMS: | 62,091V

Fig. 4.255 RMS of waveform shown in Fig. 4.254 is around 62.091 V

4,19 Example 18: Harmonic Content of Three-Phase Inverter

In this example, we want to see the harmonic content of the output voltage of the inverter circuit of
Example 17. Change the schematic of Example 17 to what is shown in Fig. 4.256. Added blocks are
shown in Fig. 4.257. Block El and E2 are Voltage-dependent voltage sources (Fig. 4.258).
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[ LTspice XVl - [ThreePhaselnverter] - o b ?
A fle Edit Hierarchy View Si Tools Window Help _Ta[=

PEFEHPAHNQAARIR | ERE IDEMHN OB LD XDVOD O

Fig.4.256 Schematic of Example 18

Fig. 4.257 Added blocks measure the phase and line-line voltages
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W Select Component Symbol X
Top Directory: [C:\Users\fa@asadﬂDocumems\LTspiceXW\ib\sym v ]
| Voltage dependent voltage source
| e |
(11 C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\
[ADC] [SpecialFunctions] f load npn4
[Comparators] [Switches) FerriteBead load2 pif
[Contrib] bi FerriteBead2 Ipnp pmo
[DAC] bi2 g Itline pmos
[Digital] bv g2 mesfet pnp
[FilterProducts] cap h njf pnp2
[Misc] csw ind nmos pnp4
[OpAmps] current ind2 nmos4 polcz|
[Optos] diode ISO16750-2 npn res
[PowerProducts] X S07637-2 npn2 res2
[References] e2 LED npn3 schot
< - >
Fig. 4.258 Voltage-dependent voltage source

Fig

.4.259 Settings of
voltage-dependent
voltage source E1

Settings of E1 and E2 are shown in Figs. 4.259 and 4.260, respectively.

P component Attribute Editor

Ci\Users\farzinasadi\Documents\LTspiceXVI\lib\sym\e.asy

Attribute Value Vis. A
Prefix E 5
InstName El X
SpiceModel
e = [ | %
Value2 I
Spiceline

Spiceline2
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Fig. 4.260 Settings of » e ) )
voltage-dependent P’ Component Attribute Editor X
voltage source E2
Open Symbol: C:\Users\farzinasadi\Documents\L TspiceXVIl\lib\sym\e.asy
Attribute Value Vis. A
Prefix E
InstName E2 X
[ SpiceModel
T N
| | Value2
| | SpiceLine
| |spiceLine2 v
Run the simulation (Fig. 4.261).
_i}_f LTspice xvrl--‘-Inreepna;eln-eer:er —— B = O X
Eile Edit Hierarchy View Simulate Tools Window Help
PERTEFONQRAQAR R BT RN OSB LB 3 2DROHC Aa ap
4, ThreePhasel k& ThreePhasel
=) s

B

T0ms

10ms

A ThreePhaselnverter

Loading Operating Point

Fig.4.261 Simulation is run
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Right click on the black region and select the FFT (Fig. 4.262). This opens the Select Waveforms
to include in FFT window. Select the V(phase) and click the OK button (Fig. 4.263).

Fig.4.262 View> FFT

Q\ Zoom to Fit
1@ Autorange Y-axis

Vi

3

15" Add Traces

Add Plot Pane
52 Delete this Pane
J# Sync. Horiz. Axes

Draw
Edit

Marching Waveforms

File
[~ Float Window

d | Grid
«*, Mark Data Points
% Visible Traces
48 Select Steps
&3 Step Legend
» &, Manual Limits
4 :ﬁ‘:"j Reset Colors
, i I
- SPICE Error Log
*| Plot Defs File
ﬂ Copy bitmap to Clipboard

] @ Write image to .emf file
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Fig.4.263 V(phase) is
selected [57 Select Waveforms to include in FFT X
NOTE: Fourier components are normalized to
correspond to the ime domain RMS amplitude.
Ctrl-Click to toggle Cancel
V(1) V(n I(Carrier)  I(V3) Ig(M86)
V(2) M{En I(Vin) Is(M1)
V(3) V(tri) (E2) I1d(M1) 1s(M2)
V(a) V(vin) I(L1) 1d(M2) Is(M3)
V(b) V(n001)  I(L2) 1d(M3) Is(M4)
V(c) V(n002) I(L3) Id(M4) Is(M5)
V(g1) V(n003)  IR1) 1d(M5) Is(M6)
V(a2) I(B1) I(R2) 1d(M6)
V(g3) (B2) I(R3) Ig(M1)
Vigd)  1(B3) IR4) Ig(M2)
V(a5) 1(B4) I(RS) 19(M3)
V(g6) 1(B5) I(vV1) Ig(M4)
Vil 1(B6) 1V2) 1g(M5)

Number of data point samples in time: | 262144 ~—:—

Quadratic interpolate uncompressed data

Time range to include

Start Time: Os (® Use Extent of Simulation Data
(O Use current zoom Extent
End Time: 100ms (O Specify a time range

Binomial Smoothing done before FFT and windowing

Number of Points: | 3 %

Windowing (Periodic and normalized to unit area)
Windowing Function: (none) v
ajser-Bessel Parameter Beta 2
Preview Window

NOTE: The DC componentis removed before windowing.

Resetto Default Values

After clicking the OK button in Fig. 4.263, the result shown in Fig. 4.264 appears on the screen.
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|2 ThreePhaselnverter.fft

Fig.4.264 Simulation result

- o &

100KHz 1MHz

Right click on the vertical axis and select the Linear (Fig. 4.265). This changes the unit of vertical

axis into Volts (Fig. 4.266).

[}7 Left Vertical Axis -- Magnitude

Range
Top: [ 33
Tick: | 3
Bottom: [ 0

X
Representation
Bode v
@ Linear Cancel
(O Logarithmic
(O Decibel

Fig. 4.265 Left Vertical Axis — Magnitude window
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{3 ThreePhaselnverter.fft =niw(=)

i _LLl_]nM__
10KHz 100KHz

Fig.4.266 FFT of V(phase)

You can use cursors to measure the RMS of harmonics (use the magnifier icon (Fig. 4.267) to zoom
in and put the cursor at peak of harmonic that you want). According to Fig. 4.268, RMS value of the
fundamental harmonic of phase voltage is 24.66 V. So, the amplitude of the fundamental harmonic of
phase voltage is 24,6672 =34.87V .

§ir‘ate Tools Wi

& O QR

Fig.4.267 Magnifier icon

Fig. 4.268 RMS of
fundamental component BT ThreePhaselnverter.fft X
of phase voltage is B
around 24.67 V V(phase)
Freq| 4999768Hz | Mag 24.667218\] ®
Phase: -89.943693°
Group Delay: 5.0860777ms
Cursor2 h
NJA- I
Ratio (Cursor2 / Cursorl)
N/A- N/A
/A~
N/A
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You can right click on the horizontal axis and enter the desired frequency range that you want to
see. For instance, if you right click on the horizontal axis and enter 1kHz to the Left box, enter 20kHz
to the Right box and click the OK button (Fig. 4.269), [1 kHz, 20 kHz] portion of the graph appears
on the screen (Fig. 4.270). Use the magnifier icon shown in Fig. 4.267 to put the cursors at peak of the
harmonic that you want.

E’ Horizontal Axis X

Quantity Plotted:  frequency ye Diagrar
Axis Limits

Left 1kHz tick: I 2K Right 20kHz
Btogarthmi Cance

Fig. 4.269 Horizontal Axis window

| ThreePhaselnverter.fft = n(=)

AL A 0 bl
TKHz 9KHz 13KHz 17TKHz

Fig.4.270 FFT of phase voltage for [1 kHz, 20 kHz] interval

4,20 Example 19:Total Harmonic Distortion (THD) of Three-Phase Inverter

In this example, we want to calculate the THD of output voltage of the inverter circuit of Example 17.
Add the .options numdgt=7, .options plotwinsize=0 and .four 50 300 V(phase) commands to the sche-
matic of Example 17 (Figs. 4.271 and 4.272).
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Fig.4.271 SPICE commands used for measurement of THD

[T LTspice XVl - [ThreePhaselnverter] - o b2
AL Eile Edit Hierarchy View Si Tools Window Help -8

PSR FLRAARE EBE IDEAOE LD +3 YDVODCriior

Fig.4.272 Schematic of Example 19

Run the simulation. After simulation is done press the Ctrl+L to see the log file (Fig. 4.273).
According to Fig. 4.273, the THD of V(phase) is 105.253808%.
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W SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVI\ThreePhaselnverter.log X

Heightened Def Con from 0.0739888 to 0.0739888 ~
Heightened Def Con from 0.0922945 to 0.0922946

Heightened Def Con from 0.0966099 to 0.0966099

N-Period=1

Fourier components of V(phase)

DC component:-4.9359e-006

|Harmonic Frequency Fourier Normalized Phase
Number [Hz] Component Component [degree]
1 5.000e+01 3.489%e+01 1.000e+00 0.06°
2 1.000e+02 6.085e-06 1.744e-07 131.57°
3 1.500e+02 4.059%e-05 1.163e-06 -129.57°
4 2.000e+02 6.910e-05 1.980e-06 -81.36°
5 2.500e+02 5.786e-05 1.658e-06 -B3.78°
6 3.000e+02 9.803e-05 2.80%e-06 =-111.55°
7 3.500e+02 1.682e-04 4.822e-06 -100.84"°
8 4.000e+02 1.946e-04 5.576e-06 -90.69°
9 4 .500e+02 2.29Be-04 6.585e-06 -95.36°

Total Harmonic Distortion: 0.001066%(105.253808%)

= y
£ >

Fig.4.273 Simulation result

Note that in Fig. 4.273, two numbers are shown 0.001066% and 105.253808%. The number inside
the parenthesis is the correct THD that we look for. The number before the parenthesis, shows the
partial THD up to the harmonic that you requested. For instance, in Fig. 4.273, value of harmonics up
to ninth harmonic are calculated. Following MATLAB code, calculates the THD up to the ninth har-
monic and ignores the harmonics higher than 9.

format long

V1=3.489el;

V2=6.085e-6;

V3=4.059e-5;

V4=6.910e-5;

V5=5.786e-5;

V6=9.803e-5;

V7=1.682e-4;

V8=1.946e-4;

V9=2.298e-4;

V=[V2 V3 V4 V5 V6 V7 V8 V9];
totalHarmonicDistortin=100*sgrt (.5*V*V"')/(V1/sqgrt(2))

After running the code, the result shown in Fig. 4.274 is obtained which is the same as the number
shown by LTspice in Fig. 4.273.

Command Window

totalHarmonicDistortin =

0.001066213806452

Jx >> v

Fig.4.274 Output of MATLAB code
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Change the .four command to what is shown in Fig. 4.275. This command measures the harmonics
up to 20th harmonic.

Fig. 4.275 SPICE commands used for measurement of THD

Simulation result is shown in Fig. 4.276. The first number (number before the parenthesis) increased
t0 0.642121%.

E’ SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVIl\ThreePhaselnverter.log o
Fourier comp ts of V(ph ) £
DC component:-4.9359e-006
|Harmonic Frequency Fourier Normalized Phase

Number [Hz] Component Component [degree]

1 5.000e+01 3.489%e+01 1.000e+00 0.06°
2 1.000e+02 6.085e-06 1.744e-07 131.57°
3 1.500e+02 4.059e-05 1.163e-06 -129.57°
4 2.000e+02 6.910e-05 1.980e-06 -B1.36°
5 2.500e+02 5.786e-05 1.658e-06 -83.78°
6 3.000e+02 9.803e-05 2.809e-06 =-111.55°
7 3.500e+02 1.682e-04 4.822e-06 =-100.84°
8 4.000e+02 1.946e-04 5.576e-06 =-90.69°
9 4.500e+02 2.298e-04 6.585e-06 -95.36"
10 5.000e+02 3.235e-04 9.271le-06 -99.81°
11 5.500e+02 4.349%e-04 1.246e-05 -93.57°
12 6.000e+02 5.042e-04 1.445e-05 -92.79"
13 6.500e+02 6.591le-04 1.889%e-05 -96.15°
14 7.000e+02 8.729%e-04 2.502e-05 =-95.00°
15 7.500e+02 1.108e-03 3.176e-05 -92.68°
16 8.000e+02 1.437e-03 4.117e-05 -93.53°
17 8.500e+02 1.967e-03 5.639e-05 -953.13°
18 9.000e+02 2.870e-03 B8.224e-05 -952.71°
19 9.500e+02 2.239%e-01 6.416e-03 B8.55°
20 1.000e+03 8.154e-03 2.337e-04 -91.53°
Total Harmonic Distortion: 0.642121%(105.253808%)
v
< >

Fig. 4.276 Simulation result
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Following MATLAB code measures the partial THD up to 20th harmonic.
After running the code, the result shown in Fig. 4.277 is obtained which is almost the same as the
number shown in Fig. 4.276.

format long
V1=3.489%e1;
V2=6.085e-6;
V3=4.059%9e-5;
V4=6.910e-5;
V5=5.786e-5;
V6=9.803e-5;
V7=1.682e-4;
V8=1.946e-4;
V9=2.298e-4;
V10=3.235e-04;
V11=4.349e-04;
V12=5.042e-04;
V13=6.591e-04;
V14=8.729e-04;
V15=1.108e-03;
V16=1.437e-03;
V17=1.967e-03;
vV18=2.870e-03;
V19=2.239e-01;
V20=8.154e-03;
V=[V2 V3 V4 V5 Vo V7 V8 V9 V10 V11 V12 V13 V14 V15 Vlie V17
V18 V19 v20];
totalHarmonicDistortin=100*sgrt (.5*V*V"')/(V1l/sqrt(2))

Command Window

totalHarmonicDistortin

0.642267096661838

Jx >> v

Fig. 4.277 Output of MATLAB code

The simulation results for 50, 100, and 300 harmonics are shown in Figs. 4.278, 4.279, and 4.280,
respectively. As the number of harmonics increases, the first number (i.e., number outside the paren-
thesis) become closer to the second number (i.e., number inside the parenthesis).
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y SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVIl\ThreePhaselnverter.log X
25 1.250e+03 8.690e+00 2.491e-01 88.53° )
26 1.300e+03 1.084e-02 3.106e-04 89.13°
27 1.350e+03 2.349%e-01 6.732e-03 88.57°
28 1.400e+03 5.536e-03 1.587e-04 90.46°
29 1.450e+03 4.679%-03 1.34le-04 90.86°
30 1.500e+03 4.181e-03 1.198e-04 91.63°
31 1.550e+03 3.875e-03 1.11le-04 92.44°
32 1.600e+03 3.640e-03 1.043e-04 93.91°
33 1.650e+03 3.461le-03 9.919%e-05 94 .58°
34 1.700e+03 3.391e-03 9.720e-05 95.66"°
35 1.750e+03 3.343e-03 9.580e-05 98.27°
36 1.800e+03 3.280e-03 9.400e-05 100.70°
37 1.850e+03 3.302e-03 9.465e-05 103.26°
38 1.900e+03 3.424e-03 9.813e-05 107.98°
39 1.950e+03 9.426e-03 2.702e-04 16.64°
40 2.000e+03 3.966e-03 1.137e-04 124.14°
41 2.050e+03 3.449%e-01 9.884e-03 -2.43"

42 2.100e+03 4.901le-03 1.405e-04 135.06°
43 2.150e+03 8.418e-03 2.413e-04 153.81°
44 2.200e+03 2.169%e-02 6.217e-04 168.02°
45 2.250e+03 1.772e+01 5.078e-01 -2.96°
46 2.300e+03 6.552e-02 1.878e-03 0.18°
47 2.350e+03 1.768e+01 5.068e-01 177.02°
48 2.400e+03 2.163e-02 6.199%-04 166.84°
49 2.450e+03 B8.666e-03 2.484e-04 149.31°
50 2.500e+03 5.496e-03 1.575e-04 127.80°

Total Harmonic Distortion: 79.930030% (105.253808%)

v
<
Fig. 4.278 Simulation result (up to 50th harmonic)

y SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVIl\ThreePhaselnverter.log X
76 3.800e+03 1.368e-02 3.920e-04 -93.46° ~
77 3.850e+03 3.279%e-02 9.397e-04 -93.90°
78 3.900e+03 1.016e-02 2.913e-04 -92.15°
79 3.950e+03 9.792e-03 2.806e-04 -91.70°
80 4.000e+03 8.325e-03 2.386e-04 -89.38°
81 4.050e+03 7.570e-03 2.169%e-04 -98.62°
82 4.100e+03 7.216e-03 2.068e-04 -83.66°
83 4.150e+03 7.007e-03 2.008e-04 =-77.65°
84 4.200e+03 7.299e-03 2.092e-04 -65.15°
85 4.250e+03 4.160e-01 1.192e-02 174.86°
86 4.300e+03 9.220e-03 2.642e-04 -44.40°
87 4 .350e+03 2.890e+00 8.281le-02 174.15°
88 4.400e+03 1.506e-02 4.317e-04 -165.39"

89 4.450e+03 1.153e-02 3.303e-04 -159.22°
920 4.500e+03 1.453e-02 4.165e-04 -165.55°
91 4.550e+03 3.220e+00 9.228e-02 -6.05°
92 4.600e+03 1.947e-02 5.580e-04 -20.50°
93 4.650e+03 3.218e+00 9.223e-02 174.13°
94 4.700e+03 1.443e-02 4.134e-04 -166.48°
95 4.750e+03 1.139%e-02 3.264e-04 -161.03°
96 4.800e+03 1.508e-02 4.322e-04 -167.50°
97 4.850e+03 2.883e+00 B8.263e-02 -6.06°
98 4.900e+03 8.609e-03 2.467e-04 -40.97°
99 4,.950e+03 4,.233e-01 1.213e-02 -6.64°
100 5.000e+03 6.207e-03 1.77%e-04 -62.06°
|Total Harmonic Distortion: 92.818377%(105.253808%)
v
<

Fig. 4.279 Simulation result (up to 100th harmonic)
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E’ SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVIl\ThreePhaselnverter.log o
k-] 1. 375&TU% 1.4951€-Ul 4. love=uvo =LY .LL 7
276 1.380e+04 3.736e-03 1.071e-04 -141.23°
277 1.385e+04 1.544e-01 4.425e-03 162.30°
278 1.390e+04 7.831e-03 2.244e-04 -172.58°
279 1.395e+04 1.638e-02 4.695e-04 97.39°
280 1.400e+04 1.191e-02 3.414e-04 -179.66°
281 1.405e+04 8.590e-01 2.462e-02 -18.23°
282 1.410e+04 1.776e-02 5.089%e-04 -45.26°
283 1.415e+04 1.298e+00 3.721e-02 144.98°
284 1.420e+04 2.180e-02 6.247e-04 179.27°
285 1.425e+04 1.008e+00 2.890e-02 71.64°
286 1.430e+04 2.96%e-02 8.510e-04 131.11°
287 1.435e+04 1.520e+00 4.356e-02 -17.54°
288 1.440e+04 7.753e-03 2.222e-04 62.76°
289 1.445e+04 1.104e+00 3.165e-02 -9.02°
290 1.450e+04 2.404e-02 6.891e-04 34.53°
291 1.455e+04 1.124e+00 3.222e-02 -109.04°
292 1.460e+04 1.007e-02 2.887e-04 -89.23°
293 1.465e+04 9.668e-02 2.771e-03 =-19.72*

294 1.470e+04 3.021e-03 8.659e-05 -35.54°

295 1.475e+04 8.377e-02 2.401e-03 58.33°

296 1.480e+04 6.937e-03 1.988e-04 61.27°

297 1.485e+04 4.941e-01 1.416e-02 -109.29°

298 1.490e+04 4.130e-03 1.184e-04 -111.88°

299 1.495e+04 2.593e-03 7.432e-05 -23.40°

300 1.500e+04 4.276e-03 1.226e-04 89.59°
|Total Harmonic Distortion: 101.099454% (105.253808%)

v

< >

Fig.4.280 Simulation result (up to 300th harmonic)

The THD of line-line voltage can be calculated in the same way. The commands shown in Fig. 4.281
measure the THD of line-line voltage. According to Fig. 4.282, THD of line-line voltage is
105.401496%.

Fig.4.281 SPICE commands used for measurement of THD
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¥ SPICE Error Log: C:\Users\farzinasadi\Documents\LTspiceXVII\ThreePhaselnverter.log X

Heightened Def Con from 0.0739888 to 0.0739888 L
Heightened Def Con from 0.0922945 to 0.0922946
Heightened Def Con from 0.0966099 to 0.0966099
-Period=1l
Fourier components of V(1l)
component:-0.00120367

Harmonic Fregquency Fourier Normalized Phase
Number [Hz] Component Component [degree]

1 5.000e+01 6.044e+01 1.000e+00 =-29.95°

2 1.000e+02 2.46%e-03 4.085e-05 =-90.79°

3 1.500e+02 2.452e-03 4.057e-05 -90.93°

4 2.000e+02 2.518e-03 4.166e-05 -90.91"

5 2.500e+02 2.578e-03 4.265e-05 -51.71"°

6 3.000e+02 2.620e-03 4.335e-05 -92.16"

7 3.500e+02 2.703e-03 4.472e-05 -92.50°

8 4.000e+02 2.813e-03 4.654e-05 -93.03°

9 4.500e+02 2.891e-03 4.784e-05 -93.34°
|Total Harmonic Distortion: 0.012330%(105.401496%)

L4

< I > 4

Fig. 4.282 Simulation result

You can measure the THD of load current as well. In Fig. 4.283, voltage source V4 (with value of
0 V) is added in series to R1. This voltage source acts as a current sensor.

[T LTspice XVl - [ThreePhaselnverter] - o b2
A File Edit Hierarchy View Si Tools Window Help -8 x

PSR FLRAGRE EBE IDEAOE LD +3 YDVODCriior

Fig. 4.283 Measurement of current THD
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The commands shown in Fig. 4.284 measures the THD of the current that pass through V4.
According to the result shown in Fig. 4.285, the THD of load current is 7.675878%, which is quite
smaller than the THD of voltage. The inductive nature of the load acts as a filter and decrease the
amplitude of higher harmonics. Reduction of higher harmonics from the load current decreases the
THD of current. If you remove the inductor (i.e., purely resistive load), the THD of current and THD

of voltage become equal.

Fig. 4.284 Commands for measurement of current THD

E’ SPICE Error Log: C\Users\farzinasadi\Documents\LTspiceXVIl\ThreePhaselnverter.log

-Period=1

|Total Harmonic Distortion:

Fourier components of I(vd)

DC component:-6.3316%e-008
|Harmonic Fregquency Fourier
Number [Hz] Component
1 5.000e+01 3.329%e-01
2 1.000e+02 1.442e-07
3 1.500e+02 2.674e-07
4 2.000e+02 2.929e-07
5 2.500e+02  3.799%e-07
6 3.000e+02 5.327e-07
f 3.500e+02 6.483e-07
8 4.000e+02 7.689%e-07
9 4.500e+02 8.573e-07

Heightened Def Con from 0.0992417 to 0.09952417

Normalized  Fhase Normalized
Component [degree] Phase [deg]
1.000e+00 -17.39° 0.00°
4_.331e-07 -132.06° -114.67°
8.033e-07 -145.24° -127.86°
8.798e-07 -158.46° -141.07°
1.141e-06 -150.55° -133.17°
1.600e-06 -162.60° -145.21°
1.948e-06 -167.45° -150.07°
2.310e-06 -169.72° -152.34°
2.575e-06 -166.84° -149.46"°

0.000461% (7.675878%)

Fig.4.285 Simulation result

4.21 Exercises

1. A single-phase voltage controller is shown in Fig. 4.286. SCR S1 is triggered at 2kz + a and SCR
S2 is triggered at (2k + 1)z + a angles (k =0, 1, 2, ...). The load voltage/current waveforms are

shown in Fig. 4.287.
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Fig.4.286 Schematic of Exercise 1

Fig.4.287 Waveforms
of circuit in Fig. 4.286

m+ao

o~

Use LTspice to simulate the circuit for @ = 30 °, 60° and 90°.

2. Simulate the boost converter shown in Fig. 4.288 with LTspice and measure the output voltage,
output voltage ripple, output power and efficiency. Signal S1 has frequency of 200 kHz and duty
cycle of 0.5. Voltage drop of diode is assumed to be 0.7 V.

Fig.4.288 Schematic 100u 20m 1N 5818
of Exercise 2 VW )\/\/\' &
25m
RL
vDC . §
AN =) | KIRFZ 44 8
100u T

:]|—<



542

4 Simulation of Power Electronics Circuits with LTspice®

3. Simulate a fly back converter with LTspice.

4. A cascaded multilevel inverter is shown in Fig. 4.289. It is composed of series connection of two
single-phase H bridge inverters. Each of the H bridge inverter can produce output voltage of —V/,,
0 and +V,. So, with series connection of two H bridge inverters, we can produce —2V,., — V,,
0, + V., and +2V,,.. Increasing the number of series stages helps to decrease the output THD.

Ao

G- OO D

K 2505
A Kas

Qs K

Fig.4.289 Schematic of Exercise 4

Assume the switching pattern shown in Tables 4.1 and 4.2.

Table 4.1 Switching pattern for Q1, Q2, Q3 and Q4

Q“ZT,S:JP

Interval

Control signal for Q1

Control signal for Q2

Control signal for Q3

Control signal for Q4

Al<wt<a,

1

0

0

1

B, <wt<z—a 1 0 1 0
Cr—m<wt<z+a, |1 0 0 1
Diz+a,<wt<2m—a, |0 1 0 1
E27—a,<wt<2m 1 0 0 1
Table 4.2 Switching pattern for Q5, Q6 Q7 and Q8

Interval Control signal for Q5 | Control signal for Q6 | Control signal for Q7 | Control signal for Q8
al<wt<a 1 0 0 1
b:ay <wt<nm— 1 0 1 0
er—o <wt<rz+a 1 0 0 1
dir+ay<wt<22m—a; |0 1 0 1
e2n —a <wt<2rx 1 0 0 1
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The switching patterns given in Tables 4.1 and 4.2 produce the voltage waveforms shown in
Fig. 4.290.

Fig. 4.290 Waveforms Wye
generated with

switching pattern shown Vae

in Tables 4.1 and 4.2 - J_

WV —_——— —_
2 0 o n-d, x ot 2n
a b c d e
Vv J _____________________
! 0 o n-o xn [0} 2n

Use LTspice to simulate the circuit for a; = 20° and a; = 40° and measure the output THD.
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