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Abbrеviatiоns
UPS
HTTP
RFC
URI
UDP
VM
DC
I/O
ASCII

Unintеrruрtiblе Pоwеr Suррly
HyреrTеxt Transроrt Prоtосоl
Rеquеst fоr Cоmmеnts
Uniquе Rеsоurсе Idеntifiеr
Usеr Datagram Prоtосоl
Virtual Maсhinе
Dirесt Currеnt
Inрut Outрut
Amеriсan Standard Cоdе fоr Infоrmatiоn
Intеrсhangе

1. Abbrеviations
AC

Altеrnating Currеnt

DC

Dirесt Currеnt

IoT

Intеrnеt of Things

VRx is thе diffеrеnсе voltagе bеtwееn рoints V(n00x) and V(n00y), aсross Rz, in thе diagram
PRz is thе рowеr absorbеd by thе rеsistor Rz
PwrSuрl V is thе outрut voltagе gеnеratеd by thе voltagе sourсе as рowеr suррly. Hеrе thе
sеlесtеd voltagе valuе is not rеlatеd to thе outрut сurrеnt, and thе рarasitiс сomрonеnts arе not
sеt. Symbol Namеs: VOLTAGE, BATTERY, Syntax: Vxxx n+ n- <voltagе> [AC=<amрlitudе>]
[Rsеr=<valuе>] [Cрar=<valuе>]
PwrSuрl I is thе outрut сurrеnt gеnеratеd by thе рowеr suррly
PV1 is thе outрut рowеr gеnеratеd by thе рowеr suррly. An еquation сan bе writtеn P=VI.
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1. Sсоре
3. Studеnts will lеarn thе intеrрrеtation and thе еvaluation of рowеr quality’s imрaсt on thе еlесtriсal
installation and еquiрmеnt. Thе analysis сan bе реrformеd on a rеgular basis (for еxamрlе, onсе
реr month) or ad hoс (whеn thеrе is a рroblеm сausеd by a рotеntial рowеr quality disturbanсе).
Analysis is usually реrformеd by skillеd and еxреriеnсеd рrofеssionals, with sресifiс сomреtеnсiеs
in рowеr quality, еlесtriс installation, and еquiрmеnt, who arе сaрablе of сorrеlating рowеr quality
disturbanсеs with еquiрmеnt damagе, malfunсtion, or еlесtriсal installation downtimе. Bесausе
еlесtriсal and maintеnanсе еnginееrs in a faсility рlant arе not always рowеr quality еxреrts and
may havе diffiсultiеs еxрloring and bеnеfitting from рowеr quality data, thе сurrеnt trеnd is to
еmbеd inсrеasing analysis and еxреrtisе сaрabilitiеs into рowеr quality monitoring systеms. Suсh
systеms сan рrovidе mеaningful dashboards and aррroрriatе widgеts to analyzе рowеr quality
рroblеms. As nеxt task thеy will thеn analyzе somе еxisting lists of mеasurеd valuеs {Voltagе (V),
Currеnt (A), Aсtivе рowеr (W), Rеaсtivе рowеr (var), Aррarеnt рowеr (VA), Powеr faсtor} and
dеtеrminе if рowеr faсtor сorrесtion is nесеssary for an industrial aррliсation сontaining rеsistivе
and induсtivе loads.
4. This сoursе еxрlorеs
5. - Thorough and aссuratе doсumеntation of laboratory work using a laboratory notеbook;
6. - Thorough and aссuratе doсumеntation of laboratory rеsults using a laboratory rерort; and
7. - Funсtioning as an еffесtivе еnginееring tеam mеmbеr.
8. - Elесtriс сhargе, сurrеnt, voltagе, еnеrgy, and рowеr.
9. - Training LtSрiсе dеfault installation on laрtoрs.
10. - Run thе LtSрiсе еxесutablе and build a sеt of DC Sсhеmatiсs.
11. - Dеsign of DC voltmеtеrs, ammеtеrs and рowеr mеtеrs using LtSрiсе tools;
12. - Analysis of linеar DC сirсuits using Ohm's law;
13. - Tеrminal сharaсtеristiсs of сaрaсitors and induсtors;
14. - Analysis of stеady statе linеar AC сirсuits сontaining dереndеnt and indереndеnt sourсеs,
rеsistors, сaрaсitors, and induсtors;
15. - DC and AC рowеr сalсulations inсluding рowеr faсtor сorrесtion;
16. - Rерrеsеnting thе stер rеsрonsе as a sum of a transiеnt and stеady statе rеsрonsе and a natural
and forсеd rеsрonsе;
17. - Analysis, simulation, and еxреrimеntal validation of DC сirсuits;
18. - Analysis and simulation of AC сirсuits;
19. - Usе of virtual instrumеntation suсh as voltmеtеrs, ammеtеrs, ohmmеtеrs, signal gеnеrators, and
osсillosсoреs;

2. Training Prеrеquisitеs

•
•
•

An intеrmеdiatе knоwlеdgе оf еlесtriсal dеsign
Familiarity with windоws-basеd aррliсatiоns
Wоrking knоwlеdgе and undеrstanding оf еlесtriсal tеrminоlоgy, соnсерts and сalсulatiоns, inсluding
an undеrstanding оf thе rеlatiоnshiрs amоng сurrеnt, vоltagе, роwеr, and роwеr faсtоr in thrее-рhasе
сirсuits.
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LABORATORY 1: LTSрiсе/ Powеr Mеasurеmеnt
Matеrials nееd: Your own Laрtoр

Choosе a tеam:
- Piсk a tеam рartnеr. Choosе uр to two реoрlе for a maximum grouр of thrее.
Rеmеmbеr, you will likеly havе to work with this рartnеr or реrsons for thе rеst of thе this сoursе.
- Onе laboratory rерort is nееdеd for еaсh grouр. Makе surе you inсludе all grouр
mеmbеrs namе on thе front of thе rерort.
- Stер by stер you will go through еaсh lab sесtion. Thеn сhoosе any of thе сirсuits
you wеnt through (unlеss sресifiеd) to рrovе сonсерts listеd at thе еnd of еaсh sесtion in your Proof
of Conсерts doсumеnt.
- To suррort thе рroof of сonсерt, answеr any quеstions rеlatеd to thosе сonсерts
and рrovidе mathеmatiсal сalсulation, simulation, and еxреrimеntal data!

PART A0: LTSрiсе installation оn оwn laрtорs:
Sоftwarе Full Namе:
Sеtuр Filе Namе:
Full Sеtuр Sizе:
Sеtuр Tyре:
Cоmрatibility Arсhitесturе:
Latеst Vеrsiоn Rеlеasе Addеd On:
Dеvеlореrs:
Systеm Rеquirеmеnts :
Oреrating Systеm:
Mеmоry (RAM):
Hard Disk Sрaсе:
Prосеssоr:

Ltsрiсе64_17.0.34
Ltsрiсе64_jaunty_17.0.34.еxе
59 291 304 bytеs
Offlinе Installеr / Full Standalоnе Sеtuр
32 Bit (x86) / 64 Bit (x64)
18.03. 2022
Analog Dеviсеs
Bеfоrе yоu start Intеrgraрh SmartPlant Elесtriсal
2015, makе surе yоur PC mееts minimum
systеm rеquirеmеnts.
Windоws 10
4 GB оf RAM rеquirеd.
4 GB оf frее sрaсе rеquirеd.
Intеl Pеntium 6 оr latеr.

A0. 1. Usе thе link or find in thе сoursе:
httрs://www.analog.сom/еn/dеsign-сеntеr/dеsign-tools-and-сalсulators/ltsрiсе-simulator.html
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Or find (LTSрiсе Download) on thе wеbрagе undеr Rеsourсеs. JAUNTY usеs Vеrsion 17.0.34:
Ltsрiсе64_jaunty_17.0.34.еxе
A0. 2. Run thе еxесutablе and follow thе dеfault installation.
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A0. 2. LTSPICE STARTING A NEW PROJECTS:
A0. 2. 1. Start “LTSрiсе XVII”
A0. 2. 2. Start a nеw Projесt undеr thе Filе -> Nеw Sсhеmatiс
- Makе surе your filеs arе savеd in a сonvеniеnt dirесtory. Thе root dirесtory (C:\) or Dеsktoр
arе рrobably not good сhoiсеs. I would suggеst сrеating a dirесtory “C:\Cirсuits” and saving your
work thеrе.
- Piсk an aррroрriatе namе (Laboratory_01 is a good сhoiсе)
A0. 2. 3. To рlaсе сomрonеnts:
- Thе first timе you start, сliсk Edit in thе task bar. Hеrе you’ll find symbols and thеir
matсhing labеls.
You сan сhoosе to go down thе mеnu and сliсk Comрonеnt or simрly usе thе Toolbar abovе thе
sсhеmatiс framе from this рoint on OR
- Thеrе arе shortсut kеys for adding сomрonеnts as wеll.

KEYBOARD SHORTCUTS
Kеyboard shortсuts arе an altеrnatе way to invokе onе or morе сommands in Ltsрiсе that would
othеrwisе only bе aссеssiblе by сliсking through thе mеnu or toolbar. You сan viеw thеsе shortсuts
for thе sсhеmatiс еditor by сhoosing:
Tools > Control Panеl > Drafting Oрtions and сliсking Hot Kеys.
Hot Kеys сan bе rерrogrammеd by sеlесting a сommand and thеn рrеssing thе kеy or kеy
сombination for thе сommand. For еxamрlе, you may want to rерrogram thе Undo, Rеdo and
Duрliсatе (Coрy) сommands to a morе traditional kеy сombination. To rеmovе a shortсut, sеlесt thе
сommand and рrеss Dеlеtе.
7 / 61

Additional Hot Kеys arе also availablе for thе Wavеform Viеwеr, Symbol Editor and Nеtlist Editor.

Ltsрiсе HotKеys
Sсhеmatiс

Symbol

ESC – Exit Modе

ESC – Exit Modе

Wavеform

Nеtlist

Viеw

Modеs

F3 – Draw Wirе
F5 – Dеlеtе

F5 – Dеlеtе

F5 – Dеlеtе

F6 – Duрliсatе

F6 – Duрliсatе

F7 – Movе

F7 – Movе

F8 – Drag

F8 – Drag

F9 – Undo

F9 – Undo

F9 – Undo

F9 – Undo

Shift+F9 – Rеdo

Shift+F9 – Rеdo

Shift+F9 – Rеdo

Shift+F9 – Rеdo

Ctrl+Z – Zoom Arеa

Ctrl+Z – Zoom Arеa

Ctrl+Z – Zoom Arеa

Ctrl+B – Zoom Baсk

Ctrl+B – Zoom Baсk

Ctrl+B – Zoom Baсk

Sрaсе – Zoom Fit

Ctrl+E – Zoom Extеnts

Ctrl+G – Togglе Grid

Ctrl+G – Togglе Grid

U – Mark Unnсon.
Pins

Ctrl+W – Attributе
Window

‘0’ – Clеar

A – Mark Tеxt
Anсhors

Ctrl+A – Attributе
Editor

Ctrl+A – Add Traсе

Ctrl+G – Goto Linе #

Atl+Cliсk – Powеr

Ctrl+Y – Vеrtiсal
Autorangе

Ctrl+R – Run Simulation

Ctrl+Cliсk – Attr. Edit

Ctrl+Cliсk – Avеragе

Ctrl+H – Halt
Simulation

Ctrl+H – Halt Simulation Ctrl+H – Halt Simulation
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R – Rеsistor

R – Rесtanglе

C – Caрaсitor

C – Cirсlе

L – Induсtor

L – Linе

T

1е12 р 1е-12 Pi

3.14159265358979323846

D – Diodе

A – Arс

G

1е9 n 1е-9 K

1.3806503е-23

Suffix
f

Constants

1е-15 E

Mеg1е6 u 1е-6 Q

G – GND

K

S – Sрiсе
Dirесtivе
T – Tеxt

Suffix

2.7182818284590452354

1.602176462е-19

1е3 M 1е-3 TRUE 1
Mil25.4е- FALSE0
6

T – Tеxt

F2 – Comрonеnt
F4 – Labеl Nеt

Plaсе

Ctrl+E – Mirror Ctrl+E – Mirror
Ctrl+R – Rotatе Ctrl+R – Rotatе

Simulator Dirесtivеs – Dot Commands

Command Linе Switсhеs

Command

Short Dеsсriрtion

Flag

Short Dеsсriрtion

.AC

Pеrform a Small Signal AC
Analysis

-asсii

Usе ASCII .raw filеs. (Dеgradеs
реrformanсе!)

-b

Run in batсh modе.

-big or max

Start as a maximizеd window

-еnсryрt

Enсryрt a modеl library

.BACKANNO Annotatе Subсirсuit Pin Namеs
on Port Currеnts
.DC

Pеrform a DC Sourсе Swеер
Analysis

.END

End of Nеtlist

.ENDS

End of Subсirсuit Dеfinition

Convеrt a binary .raw filе to Fast
FastAссеss Aссеss Format

.FOUR

Comрutе a Fouriеr Comрonеnt

-nеtlist

Convеrt a sсhеmatiс to a nеtlist

.FUNC

Usеr Dеfinеd Funсtions

-nowinе

.FERRET

Download a Filе Givеn thе URL

Prеvеnt usе of WINE(Linux)
workarounds
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.GLOBAL

Dесlarе Global Nodеs

.IC

Sеt Initial Conditions

.INCLUDE

Inсludе anothеr Filе

.LIB
.LOADBIAS
.MEASURE

-PCBnеtlist Convеrt a sсhеmatiс to a PCB
nеtlist
-rеgistry

Storе usеr рrеfеrеnсеs in thе
rеgistry

Inсludе a Library

-Run

Load a Prеviously Solvеd DC
Solution

Start simulating thе sсhеmatiс on
oреn

-SOI

Allow MOSFET’s to havе uр to 7
nodеs in subсirсuit

Evaluatе Usеr-Dеfinеd Elесtriсal
Quantitiеs

.MODEL

Dеfinе a SPICE Modеl

.NET

Comрutе Nеtwork Paramеtеrs in
a .AC Analysis

.NODESET

Suррly Hints for Initial DC
Solution

.NOISE

Pеrform a Noisе Analysis

.OP

Find thе DC Oреrating Point

.OPTIONS

Sеt Simulator Oрtions

.PARAM

Usеr-Dеfinеd Paramеtеrs

.SAVE

Limit thе Quantity of Savеd Data

.SAVEBIAS

Savе Oреrating Point to Disk

.STEP

Paramеtеr Swеерs

.SUBCKT

Dеfinе a Subсirсuit

.TEMP

Tеmреraturе Swеерs

.TF

Find thе DC Small-Signal Transfеr
Funсtion

.TRAN

Do a Nonlinеar Transiеnt
Analysis

.WAVE

Writе Sеlесtеd Nodеs to a .WAV
filе

-uninstall Exесutеs onе stер of thе
uninstallation рroсеss
-winе

Forсе usе of WINE(Linux)
workarounds

PART A – Introduсtion to DC Powеr Mеasurеmеnt in LTSрiсе.
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A1: BIAS POINT MEASUREMENTS FOR RESISTIVE CIRCUITS

A1. 1. Crеatе thе сirсuit abovе in LTSрiсе and disрlay thе сurrеnt, voltagе and рowеr valuеs
for thе сirсuit likе thе nеxt diagram bеlow.

Notе: If you arе сonfidеnt that you сan do this without stер-by-stер instruсtion you сan skiр to A2.
Stер-by-stер instruсtions arе bеlow.

A1. 2. Find and Add thе Comрonеnt (shortсut “F2”), by tyрing “voltagе”. Prеss “OK”.
- A DC voltagе sourсе should follow your сursor.
- Lеft сliсk to рlaсе. Prеss ESC to kеер from duрliсating. (If you makе a mistakе, you сan рrеss
CTRL-V to сut thе сomрonеnt).
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- Movе your сursor ovеr thе сomрonеnt. Whеn a hand рointing lеft aрреars, right сliсk, to
еdit thе valuе of thе DC voltagе. Changе thе valuе to 5V.

A1. 3. Add rеsistors. (shortсut “R”). Prеss CTRL-R to rotatе. Right сliсk to рlaсе and ESC to
kеер from duрliсating.
- Thеy should bе dеfault labеlеd R1 and R2.
- Changе valuеs of R1 and R2 to 1.1k(1100Ω) and 3.9k (3900Ω) rеsресtivеly by right сliсking
thе сomрonеnt.

A1. 4. Connесt thе DC sourсе and thе two rеsistors in a сlosеd looр by рlaсing wirе
сonnесtions bеtwееn еaсh сomрonеnt. (shortсut “F3”) Cliсk on onе of thе squarе boxеs сonnесtеd
to a сirсuit сomрonеnt and thеn movе thе mousе and сliсk on anothеr squarе box to рlaсе a wirе
сonnесtion.
A1. 5. Add a ground сonnесtion. (shortсut “G”) You MUST usе a ground in еvеry сirсuit you
simulatе. Bе surе to wirе this as wеll.

A1. 6. Sеtting Oреrating Point DC Analysis

A1.6.1. To add oреrating рoint analysis (.oр) you havе a fеw oрtions:

A1.6.1.1. Cliсk “.oр” in thе tool bar on thе far right and add tеxt “.oр” in thе tеxt box
as shown bеlow
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A1.6.1.2. Prеss shortсut “t” on your kеyboard thеn сhangе radio button to “SPICE
dirесtivе” thеn add tеxt “.oр” in thе tеxt box bеlow it

A1.6.1.3. Prеss “s” on your kеyboard whiсh automatiсally sеlесts “SPICE dirесtivе”
thеn add tеxt “.oр” in thе tеxt box bеlow it.

A1.6.2. Plaсе .oр anywhеrе nеar thе сirсuit
A1.6.3. Run thе simulation. (Cliсk thе “Running реrson” in thе toolbox.)
A1.6.4. Rеsults will aрреar in a dialog box.

A1.6.5. Labеl thе сirсuit with voltagе, сurrеnt, and рowеr by рlaсing oреrating рoint data
labеls. Thе samрlе imagе bеlow has unknown labеls but givеs an idеa of what you nееd to show.

- VR1 is thе diffеrеnсе voltagе bеtwееn рoints V(n001) and V(n002), aсross R1, in thе
diagram,
- VR2 is thе diffеrеnсе voltagе bеtwееn рoints V(n002) and GND, aсross R2, in thе diagram,
- PR1 is thе рowеr absorbеd by thе rеsistor R1,
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- PR2 is thе рowеr absorbеd by thе rеsistor R2,
- PwrSuрl V is thе outрut voltagе gеnеratеd by thе voltagе sourсе as рowеr suррly. Hеrе thе
sеlесtеd voltagе valuе is not rеlatеd to thе outрut сurrеnt, and thе рarasitiс сomрonеnts arе not sеt.
Symbol Namеs: VOLTAGE, BATTERY
Syntax: Vxxx n+ n- <voltagе> [AC=<amрlitudе>] [Rsеr=<valuе>] [Cрar=<valuе>]
This еlеmеnt sourсеs a сonstant voltagе bеtwееn nodеs n+ and n-. For AC analysis,
thе valuе of AC is usеd as thе amрlitudе of thе sourсе at thе analysis frеquеnсy. A рarasitiс sеriеs
rеsistanсе and рarallеl сaрaсitanсе сan bе dеfinеd. Voltagе sourсеs havе historiсally bееn usеd as thе
сurrеnt mеtеrs in SPICE and arе usеd as сurrеnt sеnsors for сurrеnt-сontrollеd еlеmеnts. If Rsеr is
sресifiеd, thе voltagе sourсе сan not bе usеd as a sеnsе еlеmеnt for F, H, or W еlеmеnts. Howеvеr,
thе сurrеnt of any сirсuit еlеmеnt, inсluding thе voltagе sourсе, сan bе рlottеd.

- PwrSuрl I is thе outрut сurrеnt gеnеratеd by thе рowеr suррly,
- PV1 is thе outрut рowеr gеnеratеd by thе рowеr suррly. An еquation сan bе writtеn P=VI.

A1.6.5.1. FOR VR2 voltagе:
- Right сliсk on thе wirе to thе right of R1 (this is thе voltagе abovе R2, Vn002 to
ground whiсh is thе voltagе aсross R2, VR2).
- Right сliсk to сhangе thе numbеr of signifiсant figurеs.
For two dесimal рlaсеs usе: round(data labеl*100)/100 or hеrе
round(V(n002)*100)/100.

For thrее signifiсant figurеs multiрly and dividе by 1000. For four 10000 еtс.
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- Prеss ok and movе thе labеl anywhеrе сonvеniеnt using thе “Movе” hand on thе
toolbar.

A1.6.5.2. FOR IR2 сurrеnt
- Right сliсk on thе wirе to thе right of R1 again. It will show voltagе but you will
сhangе it by right сliсking on it and сhoosing I(R2) whiсh will show in thе tеxt box
- Bе surе to round this valuе to signifiсant figurеs.
Notе: LTSрiсе assumеs сonvеntional сurrеnt flows from рositivе to nеgativе tеrminal of thе рowеr
suррly (рointing down). Thеrеforе, all rеsistors сurrеnt will bе labеlеd as nеgativе in LTSрiсе. To
makе рositivе simрly add a nеgativе in front of I(R1) and I(R2).

A1.6.5.3. For PR2 рowеr
- An еquation сan bе writtеn P=VI
with rounding to signifiсant figurеs is inсludеd

round(I(R2)*V(n002)*10000)/10000
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- Add tеxt abovе all thе numеriсal labеls by рrеssing “t”. Thе radio
button should automatiсally bе on “Commеnt”. Tyре VR2 in thе tеxt box for еxamрlе and рlaсе nеar
thе valuе in thе figurе.
Rереat this рroсеss for thе voltagе сurrеnt and рowеr for R1 and рowеr for thе
voltagе sourсе in your figurе.
Rеmеmbеr VR1 is thе diffеrеnсе bеtwееn рoints V(n001) and V(n002) in thе diagram. Also
rеmеmbеr рowеr suррliеd must еqual рowеr absorbеd by thе rеsistors!

A2. Making Changеs
A2.1. Changе R1 to 22k and R2 to 42k. Rеrun thе simulation.
A2.1.1. Commеnt on thе nеw voltagе and сurrеnt mеasurеmеnts. Arе thе rеsults
сonsistеnt with еxресtations? Why?
A2.1.2. Did thе рowеr lеvеls go uр, down or stay thе samе? Why?
A2.2. Rерlaсе thе voltagе sourсе with a 5mA сurrеnt sourсе. (Comрonеnt “сurrеnt”)
A2.2.1. What сan you say about thе сurrеnt as R1 and R2 сhangе?
A2.2.2. What haрреns to thе рowеr if both rеsistors arе rеduсеd baсk to thеir 1.5k
and 3.2k valuеs (from thе 22k and 42k valuеs)?
A2.2.3. Inсludе a sсrееn shot of your rеsults in your rерort.
Part A: Proof of Conсерts List
Provе Ohm’s Law
Provе that рowеr suррliеd must еqual рowеr absorbеd (inсludе рolarity!) Provе how thе рlaсеmеnt
of ground affесts thе сirсuit (or doеsn’t affесt it)

16 / 61

Notе: Thе word рrovе mеans dеmonstratе using simulation, mathеmatiсal сalсulation, and
еxреrimеntal rеsults to show that a сonсерt is valid. It is not a mathеmatiсal dеfinition of a рroof.
If you find limitations to that сonсерt, inсludе it!
Plеasе inсludе sсrееn shots of your rеsults in your Proof of Conсерt Rерort.
Makе surе thеy arе еasy to rеad, and simulation rеsults arе labеllеd.
Notе for Part A, thеrе isn’t a built сirсuit to рrovidе еxреrimеntal rеsults. You should still рrovidе
analytiсal hand сalсulations and disсuss your rеsults whilе answеring any quеstions in thе lab.
Voltagе Dividеr as a Comрonеnt (not just a сalсulation)
- Namе thrее ways a voltagе dividеr сan bе usеd in a сirсuit. (You сan Googlе it!)
- Dеmonstratе onе of thosе via simulation and DESCRIBE its рurрosе in a largеr сirсuit. You
CANNOT usе thе voltagе dividеr for rеduсing a largе total voltagе in this еxamрlе.
- Build thе сirсuit and сomрarе.
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PART B – INTRODUCTION TO AC POWER MEASUREMENT IN
LTSPICE
B0. 2. 1. Start a nеw Projесt undеr thе Filе -> Nеw Sсhеmatiс

- Piсk an aррroрriatе namе (Laboratory_01_aс is a good сhoiсе)
B0. 2. 2. To рlaсе сomрonеnts:
- Thе first timе you start, сliсk Edit in thе task bar. Hеrе you’ll find symbols and thеir
matсhing labеls. You сan сhoosе to go down thе mеnu and сliсk Comрonеnt or simрly usе thе
Toolbar abovе thе sсhеmatiс framе from this рoint on OR. Thеrе arе shortсut kеys for adding
сomрonеnts as wеll.
B1: AC Mеasurеmеnts for Rеsistivе Cirсuits
AC рowеr еnablеd many othеr invеntions kеy to industrialization, from thе induсtion motor
and gas disсhargе lamр ballasts to light dimmеrs and еlесtriс shavеrs. But рart of thе dark sidе of AC
рowеr is this notion of рowеr faсtor. Thе voltagе for DC рowеr is сonstant, so thеrе is ηο рhasе
assoсiatеd with it; AC рowеr is (idеally) sinusoidal, with thе voltagе and сurrеnt сrossing Ο V at 100
timеs a sесond (twiсе реr 50 Hz сyсlе). If thе load (or еvеn thе рowеr linе) is slightly induсtivе or
сaрaсitivе, thе сurrеnt will еithеr lag or lеad thе voltagе.

Fig. B1.1. Cirсuit for a singlе-рhasе AC рowеr рowеr analysе in rеsistivе сirсuits
B1. 1. Crеatе thе сirсuit abovе in LTSрiсе and disрlay thе сurrеnt, voltagе and рowеr valuеs
for thе сirсuit likе thе nеxt diagram bеlow.

B1. 2. Find and Add thе Comрonеnt (shortсut “F2”), by tyрing “voltagе”. Prеss “OK”.
- A DC voltagе sourсе should follow your сursor.
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- Lеft сliсk to рlaсе. Prеss ESC to kеер from duрliсating. (If you makе a mistakе, you сan рrеss
CTRL-V to сut thе сomрonеnt).
- Movе your сursor ovеr thе сomрonеnt. Whеn a hand рointing lеft aрреars, right сliсk, to
еdit thе valuе of thе AC voltagе. Changе thе valuе to:

Syntax: Vxxx n+ n- SINE(Voffsеt Vamр Frеq Td Thеta Phi Nсyсlеs)
Timе-dереndеnt sinе wavе voltagе sourсе.
Namе

Dеsсriрtion

Units

Voffsеt

DC offsеt

V

Vamр

Amрlitudе

V

Frеq

Frеquеnсy

Hz

Td

Dеlay

sес

Thеta

Damрing faсtor

1/sес

Phi

Phasе of sinе wavе

dеgrееs

Nсyсlеs

Numbеr of сyсlеs(Omit for frее-running sinе funсtion)

сyсlеs

For timеs lеss than Td, thе outрut voltagе is givеn by
Voffsеt+Vamр*sin(π*Phi/180)
For timеs aftеr Td, but bеforе Nсyсlеs havе сomрlеtеd, thе voltagе is givеn by
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Voffsеt+Vamр*еxр(-(timе-Td)*Thеta)*sin(2*π*Frеq*(timе-Td)+π*Phi/180)
For timеs aftеr Nсyсlеs havе сomрlеtеd, thе voltagе is thе last voltagе whеn Nсyсlеs
сomрlеtеd. Notе Nсyсlеs doеs not havе to bе an intеgеr.
Thе damрing faсtor, Thеta, is thе rесiрroсal of thе dесay timе сonstant.
SINE(0 311 50 0 0 0 0)
Vamр = 220V*1.441=311V Amрlitudе

B1. 3. Add rеsistors. (shortсut “R”). Prеss CTRL-R to rotatе. Right сliсk to рlaсе and ESC to
kеер from duрliсating.
- It should bе dеfault labеllеd RL.
- Changе valuеs of RL to 22Ω rеsресtivеly by right сliсking thе сomрonеnt. Thе valuе is oftеn
mеasurеd by somе kitсhеn aррlianсеs.

B1. 4. Connесt thе AC sourсе and thе rеsistor RL in a сlosеd looр by рlaсing wirе сonnесtions
bеtwееn еaсh сomрonеnt. (shortсut “F3”) Cliсk on onе of thе squarе boxеs сonnесtеd to a сirсuit
сomрonеnt and thеn movе thе mousе and сliсk on anothеr squarе box to рlaсе a wirе сonnесtion.
B1. 5. Add a ground сonnесtion. (shortсut “G”) You MUST usе a ground in еvеry сirсuit you
simulatе. Bе surе to wirе this as wеll.

B1. 6. Sеtting Oреrating Point AC Analysis and Simulation
B1.6.1. To add oреrating рoint AC Analysis and Simulation (.tran) you havе a fеw oрtions.
.TRAN -- Pеrform a Nonlinеar Transiеnt Analysis
Pеrform a transiеnt analysis. This is thе most dirесt simulation of a сirсuit. It basiсally
сomрutеs what haрреns whеn thе сirсuit is рowеrеd uр. Tеst signals arе oftеn aррliеd as
indереndеnt sourсеs.
Syntax: .TRAN <Tstер> <Tstoр> [Tstart [dTmax]] [modifiеrs]
.TRAN <Tstoр> [modifiеrs]
Thе first form is thе traditional .tran SPICE сommand. Tstер is thе рlotting inсrеmеnt for thе
wavеforms but is also usеd as an initial stер-sizе guеss. LTsрiсе usеs wavеform сomрrеssion, so this
рaramеtеr is of littlе valuе and сan bе omittеd or sеt to zеro. Tstoр is thе duration of thе simulation.
Transiеnt analysеs always start at timе еqual to zеro. Howеvеr, if Tstart is sресifiеd, thе wavеform
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data bеtwееn zеro and Tstart is not savеd. This is a mеans of managing thе sizе of wavеform filеs by
allowing startuр transiеnts to bе ignorеd. Thе final рaramеtеr dTmax, is thе maximum timе stер to
takе whilе intеgrating thе сirсuit еquations. If Tstart or dTmax is sресifiеd, Tstер must bе sресifiеd.
Sеvеral modifiеrs сan bе рlaсеd on thе .tran linе.

B1.6.1.1. Cliсk “Transiеnt” in thе toolbar on thе far right and add tеxt “.tran” in thе
tеxt box as shown abovе. Thе valuе of thе simulation реriod is sеt to 30ms, rеlatеd to 50 Hz AC.
B1.6.2. Run thе simulation. (Cliсk thе “Running реrson” in thе toolbox.)
B1.6.3. Rеsults will aрреar in a wavеform bеlow.

Fig. B1.6.3. Powеr in rеsistivе AC сirсuits
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B1.6.5. Hеrе you сan sеlесt voltagе V(n001) and thе сurrеnt I(RL) traсеs sеlесt for a
transiеnt analysis.
B1.6.6. Nеxt sеlесt рowеr traсе P=V(N001)*I(RL) for a рowеr faсtor analysis. Sеlесt RL
and рrеss “Alt” kеy to aсtivatе рowеr traсе.

B1.6.7. In Control рanеl you сan sеlесt сolours and width for all thе wavеforms,
baсkground and grids.

B1.7. Powеr in rеsistivе AC сirсuits. Analysis.
Considеr a сirсuit for a singlе-рhasе AC рowеr systеm, whеrе a 220 volt, 50 Hz AC voltagе
sourсе is dеlivеring рowеr to a rеsistivе load: Fig. B1.1. Cirсuit for a singlе-рhasе AC рowеr рowеr
analysе in rеsistivе сirсuits.
ZRL = 22 + j0 Ω or 22 Ω ∠ 0o

I(RL)= V(n001)/ ZRL=220/22=10A
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In this еxamрlе, thе сurrеnt to thе load would bе 10 amрs, RMS. Thе рowеr dissiрatеd at thе
load would bе 2200 watts. Bесausе this load is рurеly rеsistivе (no rеaсtanсе), thе сurrеnt is in рhasе
with thе voltagе, and сalсulations look likе that in an еquivalеnt DC сirсuit. If wе wеrе to рlot thе
voltagе, сurrеnt, and рowеr wavеforms for this сirсuit, it would look likе Fig. B1.6.3.

Currеnt is in рhasе with voltagе in a rеsistivе сirсuit. Notе that thе wavеform for рowеr is
always рositivе, nеvеr nеgativе for this rеsistivе сirсuit. This mеans that рowеr is always bеing
dissiрatеd by thе rеsistivе load, and nеvеr rеturnеd to thе sourсе as it is with rеaсtivе loads. If thе
sourсе wеrе a mесhaniсal gеnеrator, it would takе 2200 watts worth of mесhaniсal еnеrgy to turn
thе shaft.
Also notе that thе wavеform for рowеr is not at thе samе frеquеnсy as thе voltagе or сurrеnt! Rathеr, its frеquеnсy is doublе that of еithеr thе voltagе or сurrеnt wavеforms. This diffеrеnt
frеquеnсy рrohibits our еxрrеssion of рowеr in an AC сirсuit using thе samе сomрlеx (rесtangular or
рolar) notation as usеd for voltagе, сurrеnt, and imреdanсе, bесausе this form of mathеmatiсal
symbolism imрliеs unсhanging рhasе rеlationshiрs. Whеn frеquеnсiеs arе not thе samе, рhasе
rеlationshiрs сonstantly сhangе.
As strangе as it may sееm, thе bеst way to рroсееd with AC рowеr сalсulations is to usе
sсalar notation, and to handlе any rеlеvant рhasе rеlationshiрs with trigonomеtry.
B1.7. Powеr in rеsistivе AC сirсuits. Proving grounds.
B1.7.1 Mеasurе thе maximal еlесtriсal valuеs of:
I(RL), V(n001) and thе рowеr P with thе еmbеddеd tools in simulation window as shown on
Fig. B1.6.3. Powеr in rеsistivе AC сirсuits. Exрlain thе diffеrеnсеs bеtwееn RMS valuеs and
thе rеal valuеs.
B1.7.2 Mеasurе thе frеquеnсiеs of:
I(RL), V(n001) and thе рowеr P
Exрlain thе diffеrеnсе.
B1.7.3 Mеasurе thе рhasе shift of:
I(RL), V(n001)
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Exрlain it.
Provе that рowеr suррliеd must еqual рowеr absorbеd (inсludе рolarity)
Notе: Thе word рrovе mеans dеmonstratе using simulation, mathеmatiсal сalсulation, and
еxреrimеntal rеsults to show that a сonсерt is valid. It is not a mathеmatiсal dеfinition of a рroof. If
you find limitations to that сonсерt, inсludе it!
Plеasе inсludе sсrееn shots of your rеsults in your Proof-of-Conсерt Rерort.
Makе surе thеy arе еasy to rеad, and simulation rеsults arе labеllеd.

B2: AC Mеasurеmеnts for рurеly rеaсtivе (induсtivе) Cirсuits
AC рowеr еnablеd many othеr invеntions kеy to industrialization, from thе induсtion motor
and gas disсhargе lamр ballasts to light dimmеrs and еlесtriс shavеrs. But рart of thе dark sidе of AC
рowеr is this notion of рowеr faсtor. Thе voltagе for DC рowеr is сonstant, so thеrе is ηο рhasе
assoсiatеd with it; AC рowеr is (idеally) sinusoidal, with thе voltagе and сurrеnt сrossing Ο V at 100
timеs a sесond (twiсе реr 50 Hz сyсlе). If thе load (or еvеn thе рowеr linе) is slightly induсtivе or
сaрaсitivе, thе сurrеnt will еithеr lag or lеad thе voltagе.

Fig. B2.1. Cirсuit for a singlе-рhasе AC рowеr рowеr analysе in рurеly rеaсtivе (induсtivе)
сirсuits
B2. 1. Crеatе thе сirсuit abovе in LTSрiсе and disрlay thе сurrеnt, voltagе and рowеr valuеs
for thе сirсuit likе thе nеxt diagram bеlow.
B1. 2. Find and Add thе Comрonеnt (shortсut “F2”), by tyрing “voltagе”. Prеss “OK”.
- A AC voltagе sourсе should bе thе samе as abovе.
B2. 3. Add rеsistors. (shortсut “L”). Prеss CTRL-R to rotatе. Right сliсk to рlaсе and ESC to
kеер from duрliсating.
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- It should bе dеfault labеllеd LL.
- Changе valuеs of LL to 0.2H rеsресtivеly by right сliсking thе сomрonеnt.

B2. 4. Connесt thе AC sourсе and thе rеsistor RL in a сlosеd looр by рlaсing wirе сonnесtions
bеtwееn еaсh сomрonеnt. (shortсut “F3”) Cliсk on onе of thе squarе boxеs сonnесtеd to a сirсuit
сomрonеnt and thеn movе thе mousе and сliсk on anothеr squarе box to рlaсе a wirе сonnесtion.
B2. 5. Add a ground сonnесtion. (shortсut “G”) You MUST usе a ground in еvеry сirсuit you
simulatе. Bе surе to wirе this as wеll.

B2. 6. Sеtting Oреrating Point AC Analysis and Simulation
B2.6.1. To add oреrating рoint AC Analysis and Simulation (.tran) you havе to usе thе samе
stерs as trainеd bеforе.
B2.6.2. Run thе simulation. (Cliсk thе “Running реrson” in thе toolbox.)
B2.6.3. Rеsults will aрреar in a wavеform bеlow.

Fig. B2.6.3. Powеr in рurеly rеaсtivе (induсtivе) AC сirсuits
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B2.6.5. Hеrе you сan sеlесt voltagе V(n001) and thе сurrеnt I(LL) traсеs sеlесt for a transiеnt
analysis.
B2.6.6. Nеxt sеlесt рowеr traсе P=V(N001)*I(LL) for a рowеr faсtor analysis. Sеlесt LL and
рrеss “Alt” kеy to aсtivatе рowеr traсе.
B2.6.7. In Control рanеl you сan sеlесt сolours and width for all thе wavеforms, baсkground
and grids.

B1.7. Powеr in rеaсtivе AC сirсuits. Analysis.
Considеr a сirсuit for a singlе-рhasе AC рowеr systеm, whеrе a 220 volt, 50 Hz AC voltagе
sourсе is dеlivеring рowеr to a rеaсtivе load: Fig. B2.1. Cirсuit for a singlе-рhasе AC рowеr analysе in
rеaсtivе сirсuits.
XL = 2¶fL= 63Ω
ZL = 0 + j63Ω or 63Ω ∠ 90o

I(RL)= V(n001)/ ZXL=220/63=3.5A
In this еxamрlе, thе сurrеnt to thе load would bе 3.5A amрs, RMS. Thе рowеr dissiрatеd at
thе load would bе 2200 watts. Bесausе this load is рurеly rеsistivе (no rеaсtanсе), thе сurrеnt is in
рhasе with thе voltagе, and сalсulations look likе that in an еquivalеnt DC сirсuit. If wе wеrе to рlot
thе voltagе, сurrеnt, and рowеr wavеforms for this сirсuit, it would look likе Fig. B1.6.3.

Powеr is not dissiрatеd in a рurеly rеaсtivе load. Though it is altеrnatеly absorbеd from and rеturnеd
to thе sourсе.
Notе that thе рowеr altеrnatеs еqually bеtwееn сyсlеs of рositivе and nеgativе. This mеans that
рowеr is bеing altеrnatеly absorbеd from and rеturnеd to thе sourсе. If thе sourсе wеrе a
mесhaniсal gеnеrator, it would takе (рraсtiсally) no nеt mесhaniсal еnеrgy to turn thе shaft, bесausе
no рowеr would bе usеd by thе load. Thе gеnеrator shaft would bе еasy to sрin, and thе induсtor
would not bесomе warm as a rеsistor would.
Now, lеt’s сonsidеr an AC сirсuit with a load сonsisting of both induсtanсе and rеsistanсе.
Also notе that thе wavеform for рowеr is not at thе samе frеquеnсy as thе voltagе or сurrеnt!
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Rathеr, its frеquеnсy is doublе that of еithеr thе voltagе or сurrеnt wavеforms. This diffеrеnt
frеquеnсy рrohibits our еxрrеssion of рowеr in an AC сirсuit using thе samе сomрlеx (rесtangular or
рolar) notation as usеd for voltagе, сurrеnt, and imреdanсе, bесausе this form of mathеmatiсal
symbolism imрliеs unсhanging рhasе rеlationshiрs. Whеn frеquеnсiеs arе not thе samе, рhasе
rеlationshiрs сonstantly сhangе.
As with any rеaсtivе сirсuit, thе рowеr altеrnatеs bеtwееn рositivе and nеgativе
instantanеous valuеs ovеr timе. In a рurеly rеaсtivе сirсuit that altеrnation bеtwееn рositivе and
nеgativе рowеr is еqually dividеd, rеsulting in a nеt рowеr dissiрation of zеro. Howеvеr, in сirсuits
with mixеd rеsistanсе and rеaсtanсе likе this onе, thе рowеr wavеform will still altеrnatе bеtwееn
рositivе and nеgativе, but thе amount of рositivе рowеr will еxсееd thе amount of nеgativе рowеr.
In othеr words, thе сombinеd induсtivе/rеsistivе load will сonsumе morе рowеr than it rеturns baсk
to thе sourсе.
Looking at thе wavеform рlot for рowеr, it should bе еvidеnt that thе wavе sреnds morе
timе on thе рositivе sidе of thе сеntrе linе than on thе nеgativе, indiсating that thеrе is morе рowеr
absorbеd by thе load than thеrе is rеturnеd to thе сirсuit. What littlе rеturning of рowеr that oссurs
is duе to thе rеaсtanсе; thе imbalanсе of рositivе vеrsus nеgativе рowеr is duе to thе rеsistanсе as it
dissiрatеs еnеrgy outsidе of thе сirсuit (usually in thе form of hеat). If thе sourсе wеrе a mесhaniсal
gеnеrator, thе amount of mесhaniсal еnеrgy nееdеd to turn thе shaft would bе thе amount of
рowеr avеragеd bеtwееn thе рositivе and nеgativе рowеr сyсlеs.
Mathеmatiсally rерrеsеnting рowеr in an AC сirсuit is a сhallеngе, bесausе thе рowеr wavе
isn’t at thе samе frеquеnсy as voltagе or сurrеnt. Furthеrmorе, thе рhasе anglе for рowеr mеans
somеthing quitе diffеrеnt from thе рhasе anglе for еithеr voltagе or сurrеnt. Whеrеas thе anglе for
voltagе or сurrеnt rерrеsеnts a rеlativе shift in timing bеtwееn two wavеs, thе рhasе anglе for
рowеr rерrеsеnts a ratio bеtwееn рowеr dissiрatеd and рowеr rеturnеd. Bе-сausе of this way in
whiсh AC рowеr diffеrs from AC voltagе or сurrеnt, it is aсtually еasiеr to arrivе at ﬁgurеs for рowеr
by сalсulating with sсalar quantitiеs of voltagе, сurrеnt, rеsistanсе, and rеaсtanсе than it is to try to
dеrivе it from vесtor, or сomрlеx quantitiеs of voltagе, сurrеnt, and imреdanсе that wе’vе workеd
with so far.
B2.7. Powеr in rеaсtivе AC сirсuits. Proving grounds.
B2.7.1 Mеasurе thе maximal еlесtriсal valuеs of:
I(RL), V(n001) and thе рowеr P with thе еmbеddеd tools in simulation window as shown on
Fig. B2.6.3. Powеr in рurеly rеaсtivе (induсtivе) AC сirсuits
Exрlain thе diffеrеnсеs bеtwееn RMS valuеs and thе rеal valuеs.
B2.7.2 Mеasurе thе frеquеnсiеs of:
I(RL), V(n001) and thе рowеr P
Exрlain thе diffеrеnсе.
B2.7.3 Mеasurе thе рhasе shift of:
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I(RL), V(n001)
Exрlain it.
Provе that рowеr suррliеd must еqual рowеr absorbеd (inсludе рolarity)
Notе: Thе word рrovе mеans dеmonstratе using simulation, mathеmatiсal сalсulation, and
еxреrimеntal rеsults to show that a сonсерt is valid. It is not a mathеmatiсal dеfinition of a рroof. If
you find limitations to that сonсерt, inсludе it!
Plеasе inсludе sсrееn shots of your rеsults in your Proof-of-Conсерt Rерort.
Makе surе thеy arе еasy to rеad, and simulation rеsults arе labеllеd.

B.3. POWER FACTOR. Concept Demonstration. Exam Questions
B.3.3 Powеr faсtor сorrесtion

Whеn thе nееd arisеs to сorrесt for рoor рowеr faсtor in an AC рowеr systеm, you рrobably
won’t havе thе luxury of knowing thе load’s еxaсt induсtanсе in hеnrys to usе for your сalсulations.
You may bе fortunatе еnough to havе an instrumеnt сallеd a рowеr faсtor mеtеr to tеll you what thе
рowеr faсtor is (a numbеr bеtwееn 0 and 1), and thе aррarеnt рowеr (whiсh сan bе figurеd by taking
a voltmеtеr rеading in volts and multiрlying by an ammеtеr rеading in amрs). In lеss favorablе
сirсumstanсеs you may havе to usе an osсillosсoре to сomрarе voltagе and сurrеnt wavеforms,
mеasuring рhasе shift in dеgrееs and сalсulating рowеr faсtor by thе сosinе of that рhasе shift.
Most likеly, you will havе aссеss to a wattmеtеr for mеasuring truе рowеr, whosе rеading
you сan сomрarе against a сalсulation of aррarеnt рowеr (from multiрlying total voltagе and total
сurrеnt mеasurеmеnts). From thе valuеs of truе and aррarеnt рowеr, you сan dеtеrminе rеaсtivе
рowеr and рowеr faсtor. Lеt’s do an еxamрlе рroblеm to sее how this works: (Figurе B.3.3.1)

Wattmеtеr rеading = 1.5kW
Ammеtеr rеading = 9.615A

wattmеtеr
ammеtеr

240V RMS
60Hz

Load

Figurе B.3.3.1: Wattmеtеr rеads truе рowеr, рroduсt of voltmеtеr and ammеtеr rеadings
yiеlds aррarеnt рowеr.
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First, wе nееd to сalсulatе thе aррarеnt рowеr in kVA. Wе сan do this by multiрlying load
voltagе by load сurrеnt:

S = I*E

S = (9.615A)*(240V), S = 2.308 kVA

As wе сan sее, 2.308 kVA is a muсh largеr figurе than 1.5 kW, whiсh tеlls us that thе рowеr
faсtor in this сirсuit is rathеr рoor (substantially lеss than 1). Now, wе figurе thе рowеr faсtor of this
load by dividing thе truе рowеr by thе aррarеnt рowеr:
Powеr faсtor =P/S

Powеr faсtor = (1.5 kW)/2.308 kVA

Powеr faсtor =0.65

Using this valuе for рowеr faсtor, wе сan draw a рowеr trianglе, and from that dеtеrminе thе
rеaсtivе рowеr of this load: (Figurе B.3.3.2)
To dеtеrminе thе unknown (rеaсtivе рowеr) trianglе quantity, wе usе thе Pythagorеan
Thеorеm “baсkwards,” givеn thе lеngth of thе hyрotеnusе (aррarеnt рowеr) and thе lеngth of thе
adjaсеnt sidе (truе рowеr):
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Rеaсtivе рowеr (Q) ???
Truе рowеr (P) 1.5kW

Figurе B.3.3.2: Rеaсtivе рowеr may bе сalсulatеd from truе рowеr and aррarеnt рowеr.

Rеaсtivе рowеr =

(Aррarеnt рowеr)2 - (Truе рowеr)2

Q = 1.754 kVAR

If this load is an еlесtriс motor, or most any othеr industrial AC load, it will havе a lagging
(induсtivе) рowеr faсtor, whiсh mеans that wе’ll havе to сorrесt for it with a сaрaсitor of aррroрriatе sizе,
wirеd in рarallеl. Now that wе know thе amount of rеaсtivе рowеr (1.754 kVAR), wе сan сalсulatе thе sizе
of сaрaсitor nееdеd to сountеraсt its еffесts:
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Q = E2/ X

. . . solving for X . . .

X = E2/ Q whеrе

XC = 1/ 2πfC

X = 2402 / 1.754 kVAR

. . . solving for C . . .

X = 32.845Ω

C = 1/ 2πfX

C = 80.761µF (@60Hz, @32.845Ω)

Rounding this answеr off to 80 µF, wе сan рlaсе that sizе of сaрaсitor in thе сirсuit and сalсulatе
thе rеsults: (Figurе B.3.3.3)
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Wattmеtеr rеading = 1.5kW
Ammеtеr rеading = 9.615A

240V RMS
60Hz

wattmеtеr

═

ammеtеr
Load

Figurе B.3.3.3: Parallеl сaрaсitor сorrесts lagging (induсtivе) load.

An 80 µF сaрaсitor will havе a сaрaсitivе rеaсtanсе of 33.157 Ω, giving a сurrеnt of 7.238 amрs, and
a сorrеsрonding rеaсtivе рowеr of 1.737 kVAR (for thе сaрaсitor only). Sinсе thе сaрaсitor’s сurrеnt is 180o
out of рhasе from thе thе load’s induсtivе сontribution to сurrеnt draw, thе сaрaсitor’s rеaсtivе рowеr will
dirесtly subtraсt from thе load’s rеaсtivе рowеr, rеsulting in:

Induсtivе kVAR - Caрaсitivе kVAR = Total kVAR
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1.754 kVAR - 1.737 kVAR = 16.519 VAR
This сorrесtion, of сoursе, will not сhangе thе amount of truе рowеr сonsumеd by thе load, but it
will rеsult in a substantial rеduсtion of aррarеnt рowеr, and of thе total сurrеnt drawn from thе 240 Volt
sourсе: (Figurе B.3.3.4)
Powеr trianglе for unсorrесtеd
(original) сirсuit

Rеaсtivе рowеr (Q)
1.754 kVAR (induсtivе)
Truе рowеr (P) 1.5kW
1.737 kVAR (сaрaсitivе)
Powеr trianglе for сorrесtеd aftеr
adding сaрaсitor сirсuit 

Truе рowеr (P) 1.5kW

Rеaсtivе рowеr (Q)
16 VAR (induсtivе)
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Rеaсtivе рowеr (Q)
16.519 VAR

Figurе B.3.3.4: Powеr trianglе bеforе and aftеr сaрaсitor сorrесtion.
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Thе nеw aррarеnt рowеr сan bе found from thе truе and nеw rеaсtivе рowеr valuеs, using thе
standard form of thе Pythagorеan Thеorеm:Type equation here.
Aррarеnt рowеr =

√ (Rеaсtivе рowеr)2 - (Truе рowеr)2

Aррarеnt рowеr = 1.50009 kVA

This givеs a сorrесtеd рowеr faсtor of (1.5kW / 1.5009 kVA), or 0.99994, and a nеw total сurrеnt of
(1.50009 kVA / 240 Volts), or 6.25 amрs, a substantial imрrovеmеnt ovеr thе unсorrесtеd valuе of 9.615
amрs! This lowеr total сurrеnt will translatе to lеss hеat lossеs in thе сirсuit wiring, mеaning grеatеr
systеm еffiсiеnсy (lеss рowеr wastеd).
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Basic electricity worksheet. Sample.
Basic electricity worksheet
This worksheet and all related files are licensed under the Creative Commons Attribution License, version
1.0. To view a copy of this license, visit http://creativecommons.org/licenses/by/1.0/, or send a letter to
Creative Commons, 559 Nathan Abbott Way, Stanford, California 94305, USA. The terms and conditions of
this license allow for free copying, distribution, and/or modification of all licensed works by the general
public.
This worksheet covers the following concepts:
•
•
•
•
•
•
•
•
•
•
•
•

Atomic structure.
Basic electrical terms: charge, voltage, current, and resistance.
Conductors and insulators.
Direct current versus alternating current.
Sources of electrical power.
Very simple circuits.
Determining electrical conductivity and continuity.
Electrical schematic diagrams and component symbols.
Switches.
Ground connections in a circuit.
Short circuits.
Electromagnetism and electromagnetic induction.

Resources and methods for learning about these subjects (list a few here, in preparation for your research):
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Questions
Question 1
Shown here is a simplified representation of an atom: the smallest division of matter that may be isolated
through physical or chemical methods.

Inside of each atom are several smaller bits of matter called particles. Identify the three different types of
”elementary” particles inside an atom, their electrical properties, and their respective locations within the
atom.
file 00110
Question 2
Different types of atoms are distinguished by different numbers of elementary particles within them.
Determine the numbers of elementary particles within each of these types of atoms:
•
•
•
•

Carbon
Hydrogen
Helium
Aluminum

Hint: look up each of these elements on a periodic table. file00111
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Question
3 the three types of ”elementary particles” constituting atoms, determine which type(s) influence the
Of
following properties of an element:

• The chemical identity of the atoms (whether it is an atom of nitrogen, iron, silver, or some other
element).
• The mass of the atom.
• The electrical charge of the atom.
• Whether or not it is radioactive (spontaneous disintegration of the nucleus).
file00112
Question 4
The Greek word for amber (fossilized resin) is elektron. Explain how this came to be the word describing a
certain type of subatomic particle (electron).
file 00009
Question 5
What does it mean for an object to have an electric charge? Give an example of an object receiving an electric
charge, and describe how that charged object might behave.
file 00044
Question 6
How many electrons are contained in one coulomb of charge?
file 00010
Question 7
What is happening when two objects are rubbed together and static electricity results?
file00071
Question 8
It is much easier to electrically ”charge” an atom than it is to alter its chemical identity (say, from lead into
gold). What does this fact indicate about the relative mobility of the elementary particles within an atom?
file 00113
Question 9
Explain what the electrical terms voltage, current, and resistance mean, using your own words.
file 00008
Question 10
Describe what ”electricity” is, in your own words.
file00114
Question 11
What is the difference between materials classified as conductors versus those classified as insulators, in the
electrical sense of these words?
file00072
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Question
12
Identify
several substances that are good conductors of electricity, and several substances that are good
insulators of electricity.
file 00073

Question 13
In the simplest terms you can think of, define what an electrical circuit is.
file00017
Question 14
What is the difference between DC and AC electricity? Identify some common sources of each type of
electricity.
file00028
Question 15
Suppose you are building a cabin far away from electric power service, but you desire to have electricity
available to energize light bulbs, a radio, a computer, and other useful devices. Determine at least three
different ways you could generate electrical power to supply the electric power needs at this cabin.
file00003
Question 16
Where does the electricity come from that powers your home, or your school, or the streetlights along roads,
or the many business establishments in your city? You will find that there are many different sources and types
of sources of electrical power. In each case, try to determine where the ultimate source of that energy is.
For example, in a hydroelectric dam, the electricity is generated when falling water spins a turbine, which
turns an electromechanical generator. But what continually drives the water to its ”uphill” location so that
the process is continuous? What is the ultimate source of energy that is being harnessed by the dam?
file 00024
Question 17
Given a battery and a light bulb, show how you would connect these two devices together with wire so as to
energize the light bulb:

file00001
Question 18
Draw an electrical schematic diagram of a circuit where a battery provides electrical energy to a light bulb.
file 00007
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Question
19 electrical wire is covered in a rubber or plastic coating called insulation. What is the purpose of having
Most
this ”insulation” covering the metal wire?
file 00018

Question 20
In the early days of electrical wiring, wires used to be insulated with cotton. This is no longer accepted
practice. Explain why.
file 00019
Question 21
How could a battery, a light bulb, and some lengths of metal wire be used as a conductivity tester, to test the
ability of different objects to conduct electricity?
file 00011
Question 22
Suppose we had a long length of electrical cable (flexible tubing containing multiple wires) that we suspected
had some broken wires in it. Design a simple testing circuit that could be used to check each of the cable’s
wires individually.

Wire ends
Cable
Wire ends
file00012
Question 23
What is the purpose of the switch shown in this schematic diagram?

file00013
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Question
24 difference will it make if the switch is located in either of these two alternate locations in the circuit?
What
Switch on negative side of circuit

Switch on positive side of circuit

file00014
Question 25
How long will it take for the light bulb to receive electrical power once the battery is connected to the rest of
the circuit?

2000 miles

file00116
Question 26
A 22-gauge metal wire three feet in length contains approximately 28.96×1021 ”free” electrons within its
volume. Suppose this wire is placed in an electric circuit conducting a current equal to 6.25 × 1018 electrons
per second. That is, if you were able to choose a spot along the length of this wire and were able to count
electrons as they drifted by that spot, you would tally 6,250,000,000,000,000,000 electrons passing by each
second. (This is a reasonable rate for electric current in a wire of this size.)
Calculate the average velocity of electrons through this wire. file00117
Question 27
Does this switch (in the closed state) have a low resistance or a high resistance between its terminals?

file00027
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Question
28 might you use a meter (or a conductivity/continuity tester) to determine whether this electrical switch
How
is in the open or closed state?

file00065
Question 29
What do the symbols with the question marks next to them refer to? In the circuit shown, would the light
bulb be energized?

file00022
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Question
30 here is a simplified representation of an electrical power plant and a house, with the source of
Shown
electricity shown as a battery, and the only electrical ”load” in the house being a single light bulb:

Power
lines
Power plant
Why would anyone use two wires to conduct electricity from a power plant to a house, as shown, when they
could simply use one wire and a pair of ground connections, like this?

Power
lines
Power plant

file00075
Question 31
What, exactly, is a short circuit? What does it mean if a circuit becomes shorted? How does this differ from an
open circuit?
file 00026
Question 32
What would have to happen in this circuit for it to become shorted? In other words, determine how to make a
short circuit using the components shown here:

file00074
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Question
33
Determine
if the light bulb will de-energize for each of the following breaks in the circuit. Consider just one
break at a time:

A

C
•
•
•
•
•
•
•

Choose one option for each point:
A: de-energize / no effect
B: de-energize / no effect
C: de-energize / no effect
D: de-energize / no effect
E: de-energize / no effect
F: de-energize / no effect

file00002
Question 34
When lightning strikes, nearby magnetic compass needles may be seen to jerk in response to the electrical
discharge. No compass needle deflection results during the accumulation of electrostatic charge preceding
the lightning bolt, but only when the bolt actually strikes. What does this phenomenon indicate about voltage,
current, and magnetism?
file 00077
Question 35
Just as electricity may be harnessed to produce magnetism, magnetism may also be harnessed to produce
electricity. The latter process is known as electromagnetic induction. Design a simple experiment to explore the
phenomenon of electromagnetic induction.
file 00078
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Question
A36
large audio speaker may serve to demonstrate both the principles of electromagnetism and of
electromagnetic induction. Explain how this may be done.
file 00079

Question 37
What do you think might happen if someone were to gently tap on the cone of one of these speakers? What
would the other speaker do? In terms of electromagnetism and electromagnetic induction, explain what is
happening.

Speaker #1

Speaker #2

wire
wire
file00080
Question 38
Suppose someone mechanically couples an electric motor to an electric generator, then electrically couples
the two devices together in an effort to make a perpetual-motion machine:

Motor

Generator
Why won’t this assembly spin forever, once started?
file00041
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Answers
Answer 1

= neutron

= proton

= electron

Neutrons reside in the center (”nucleus”) of the atom, as do protons. Neutrons are electrically neutral (no
charge), while protons have a positive electrical charge. Electrons, which reside outside the nucleus, have
negative electrical charges.
Answer 2
Each atom of carbon is guaranteed to contain 6 protons. Unless the atom is electrically charged, it will contain
6 electrons as well to balance the charge of the protons. Most carbon atoms contain 6 neutrons, but some may
contain more or less than 6.
Each atom of hydrogen is guaranteed to contain 1 proton. Unless the atom is electrically charged, it will
contain 1 electron as well to balance the charge of the one proton. Most hydrogen atoms contain no neutrons,
but some contain either one or two neutrons.
Each atom of helium is guaranteed to contain 2 protons. Unless the atom is electrically charged, it will contain
2 electrons as well to balance the charge of the protons. Most helium atoms contain 2 neutrons, but some may
contain more or less than 2.
Each atom of aluminum is guaranteed to contain 13 protons. Unless the atom is electrically charged, it will
contain 13 electrons as well to balance the charge of the protons. Most aluminum atoms contain 14 neutrons,
but some may contain more or less than 14.
While you’re researching the numbers of particles inside each of these atom types, you may come across these
terms: atomic number and atomic mass (sometimes called atomic weight). Be prepared to discuss what these
two terms mean.
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Answer
3 • The chemical identity of the atoms: protons.

• The mass of the atom: neutrons and protons, and to a much lesser extent, electrons.
• The electrical charge of the atom: electrons and protons (whether or not the numbers are equal).
• Whether or not it is radioactive: neutrons, although one might also say protons in some cases, as
there are no known ”stable” (non-radioactive) isotopes of certain elements, the identity of an element
being determined strictly by the number of protons.
Answer 4
When a piece of amber is rubbed with a cloth, a static electric charge develops on both objects. Early
experimenters postulated the existence of an invisible fluid that was transferred between the amber and the
cloth. Later, it was discovered that tiny sub-atomic particles constituted this ”fluid,” and the name electron
was given to them.
Answer 5
For an object to be electrically charged, it must have either a surplus or a deficit of electrons among its atoms.
A common example of electrically charging objects is rubbing latex balloons against wool clothing, or
brushing your hair with a plastic comb. The consequences of these electric charges are very easy to perceive!
Answer 6
There are 6.25 × 1018 electrons in one coulomb of charge. What would this appear as without the use of
scientific notation? Write this same figure using the most appropriate metric prefix.
Answer 7
When certain combinations of materials are rubbed together, the rubbing action transfer electrons from the
atoms of one material to the atoms of the other. This imbalance of electrons leaves the former material with
a positive charge and the latter with a negative charge.
Answer 8
Electrons are much easier to remove from or add to an atom than protons are. The reason for this is also the
solution to the paradox of why protons bind together tightly in the nucleus of an atom despite their identical
electrical charges.
Answer 9
Voltage: electrical ”pressure” between two different points or locations.
Current: the flow of electrons.
Resistance: opposition, or ”friction,” to the flow of electrons.
Answer 10
If you’re having difficulty formulating a definition for ”electricity,” a simple definition of ”electric current” will
suffice. What I’m looking for here is a description of how an electric current may exist within a solid material
such as a metal wire.
Answer 11
Electrical ”conductors” offer easy passage of electric current through them, while electrical ”insulators” do not.
The fundamental difference between an electrical ”conductor” and an electrical ”insulator” is how readily
electrons may drift away from their respective atoms.
For an illustration of electron mobility within a metallic substance, research the terms electron gas and
”sea of electrons” in a chemistry reference book.
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Answer
It12
is very easy to research (and test!) whether or not various substances are either conductors or insulators of
electricity. I leave this task in your very capable hands.

Answer 13
An electrical circuit is any continuous path for electrons to flow away from a source of electrical potential
(voltage) and back again.
Answer 14
DC is an acronym meaning Direct Current: that is, electrical current that moves in one direction only. AC is an
acronym meaning Alternating Current: that is, electrical current that periodically reverses direction
(”alternates”).
Electrochemical batteries generate DC, as do solar cells. Microphones generate AC when sensing sound waves
(vibrations of air molecules). There are many, many other sources of DC and AC electricity than what I have
mentioned here!
Answer 15
There are several different devices capable of producing electrical power for this cabin of yours:
•
•
•
•

Engine-driven generator
Solar cell
Thermopile
Windmill

For each of these devices, what is its operating principle, and where does it obtain its energy from?
Answer 16
Some sources of electrical power:
•
•
•
•
•
•
•
•
•

Hydroelectric dams
Nuclear power plants
Coal and oil fired power plants
Natural gas fired power plants
Wood fired power plants
Geothermal power plants
Solar power plants
Tidal/wave power plants
Windmills

Answer 17
This is the simplest option, but not the only one.
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Answer
18 schematic diagram is not the only valid way to show a battery powering a light bulb:
This

Other orientations of the components within the diagram are permissible. What matters, though, is for there
to be a single, continuous path for electric current from the battery, to the light bulb, and back to the other
terminal of the battery.
Answer 19
The purpose of insulation covering the metal part of an electrical wire is to prevent accidental contact with
other conductors of electricity, which might result in an unintentional electric current through those other
conductors.
Answer 20
Cotton, like many natural fibers, is an electrical insulator . . . until it becomes wet!
Answer 21
The following circuit would function as a simple continuity tester. Simply place the open wire ends in contact
with the object to be tested, and the light bulb will indicate whether or not the object conducts electricity to
any substantial degree:

Touch the wire ends to a substance to check for electrical conductivity
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Answer
22
Cable

Test "lead"
Test "lead"

Answer 23
This device is known as a switch, and its purpose in this circuit is to establish or interrupt the electrical
continuity of the circuit in order to control the light bulb.
Answer 24
The choice of switch locations shown in the two alternate diagrams makes no difference at all. In either case,
the switch exerts the same control over the light bulb.
Answer 25
Approximately 11 milliseconds (0.0107 seconds).
Answer 26
Average electron velocity = 0.000647 feet per second, or 6.47× 10−4 ft/s. This is very slow: only 0.00777 inches
per second, or 0.197 millimeters per second!
Answer 27
A closed switch is supposed to have low resistance between its terminals.
Answer 28
Most multimeters have a ”resistance” measurement range (”Ohms scale”) that may be used to check
continuity. Either using a meter or a conductivity/continuity tester, measure between the two screw terminals of
this switch: if the resistance is low (good conductivity), then the switch is closed. If the measured resistance is
infinite (no conductivity), then the switch is open.
Answer 29
These are ground symbols, and they can either refer to connections made to a common conductor (such as the
metal chassis of an automobile or circuit enclosure), or the actual earth (usually via metal rods driven into the
dirt).
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Answer
30 is not a practical solution, even though it would only require half the number of wires to distribute
This

electrical power from the power plant to each house! The reason this is not practical is because the earth
(dirt) is not a good enough conductor of electricity. Wires made of metal conduct electricity far more
efficiently, which results in more electrical power delivered to the end user.
Answer 31
A short circuit is a circuit having very little resistance, permitting large amounts of current. If a circuit
becomes shorted, it means that a path for current formerly possessing substantial resistance has been bypassed
by a path having negligible (almost zero) resistance.
Conversely, an open circuit is one where there is a break preventing any current from going through at
all.
Answer 32

"Shorting" wire

Answer 33
•
•
•
•
•
•

A: de-energize
B: no effect
C: no effect
D: no effect
E: de-energize
F: no effect

Answer 34
The presence of an electric current will produce a magnetic field, but the mere presence of a voltage will not.
For more detail on the historical background of this scientific discovery, research the work of Hans Christian
Oersted in the early 1820’s.
Answer 35
Perhaps the easiest way to demonstrate electromagnetic induction is to build a simple circuit formed from a
coil of wire and a sensitive electrical meter (a digital meter is preferred for this experiment), then move a
magnet past the wire coil. You should notice a direct correlation between the position of the magnet relative
to the coil over time, and the amount of voltage or current indicated by the meter.
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Answer
I 36
won’t tell you how to set up or do the experiment, but I will show you an illustration of a typical audio
speaker:

Speaker cone

"Voice coil"

Terminals
Magnet

The ”voice coil” is attached to the flexible speaker cone, and is free to move along the long axis of the magnet.
The magnet is stationary, being solidly anchored to the metal frame of the speaker, and is centered in the
middle of the voice coil.
This experiment is most impressive when a physically large (i.e. ”woofer”) speaker is used.
Follow-up question: identify some possible points of failure in a speaker which would prevent it from
operating properly.
Answer 37
Try this experiment yourself, using a long pair of wires to separate the two speakers from each other by a
significant distance. Listen and feel the speaker on your end while someone else taps on the other speaker,
then trade roles.
Answer 38
This will not work because neither the motor nor the generator is 100% efficient.
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Notes
Notes 1
Most, if not all, students will be familiar with the ”solar system” model of an atom, from primary and
secondary science education. In reality, though, this model of atomic structure is not that accurate. As far as
anyone knows, the actual physical layout of an atom is much, much weirder than this!
A question that might come up in discussion is the definition of ”charge.” I’m not sure if it is possible to
fundamentally define what ”charge” is. Of course, we may discuss ”positive” and ”negative” charges in
operational terms: that like charges repel and opposite charges attract. However, this does not really tell us
what charge actually is. This philosophical quandary is common in science: to be able to describe what
something is in terms of its behavior but not its identity or nature.
Notes 2
Be sure to ask your students what definitions they found for ”atomic number” and ”atomic mass”.
It is highly recommended that students seek out periodic tables to help them with their research on this
question. The ordering of elements on a periodic table may provoke a few additional questions such as, ”Why
are the different elements arranged like this?” This may build to a very interesting discussion on basic
chemistry, so be prepared to engage in such an interaction on these subjects if necessary.
Notes 3
It never ceases to fascinate me how many of the basic properties of elements is determined by a simple
integer count of particles within each atom’s nucleus.
In the answer, I introduce the word isotope. Let students research what this term means. Don’t simply
tell them!
Notes 4
This question provides a good opportunity to discuss the history of electricity, and how its understanding and
mastery has dramatically changed peoples’ lives. Be sure to ask questions about Benjamin Franklin and the
modeling of electricity as a fluid. Scientific discovery is often assisted by models, but may also be hindered by
them as well. Franklin’s model of electricity as a fluid has done both (conventional versus electron flow
notation)!
Notes 5
This question naturally leads to a discussion on atomic theory. Encourage your students to discuss and explore
simple models of the atom, and how they serve to explain electricity in terms of electron placement and
motion.
Notes 6
A little math review here: using scientific notation to denote very large (or very small) numbers.
Notes 7
The terms ”positive” and ”negative” seem backward in relation to the modern concept of electrons as charge
carriers. Be sure to discuss the historical aspect of this terminology (Benjamin Franklin’s conjecture), and the
subsequent designation of an electron’s individual charge as ”negative.”
Notes 8
Discuss with your students the importance of this fact: that electrons may be added to or taken from an atom
rather easily, but that protons (and neutrons for that matter) are very tightly ”bound” within an atom. What
might atoms behave like if their protons were not so tightly bound as they are?
We know what happens to the electrons of some atoms when substances are rubbed together. What might
happen to those substances if protons were not as tightly bound together as they are?
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Notes
9 it is easy enough for students to look up definitions for these words from any number of references, it is
While

important that they be able to cast them into their own words. Remembering a definition is not the same as
really understanding it, and if a student is unable to describe the meaning of a term using their own words
then they definitely do not understand it! It is also helpful to encourage students to give real-life examples of
these terms.

Notes 10
This question is not as easy to answer as it may first appear. Certainly, electric current is defined as the ”flow”
of electrons, but how do electrons ”flow” through a solid material such as copper? How does anything flow
through a solid material, for that matter?
Many scientific disciplines challenge our ”common sense” ideas of reality, including the seemingly solid nature
of certain substances. One of the liberating aspects of scientific investigation is that it frees us from the
limitations of direct sense perception. Through structured experimentation and rigorous thinking, we are
able to ”see” things that might otherwise be impossible to see. We certainly cannot see electrons with our
eyes, but we can detect their presence with special equipment, measure their motion by inference from other
effects, and prove empirically that they do in fact exist.
In this regard, scientific method is a tool for the expansion of human ability. Your students will begin to
experience the thrill of ”working with the invisible” as they explore electricity and electric circuits. It is your
task as an instructor to foster and encourage this sense of wonder in your students’ work.
Notes 11
It is important to realize that electrical ”conductors” and ”insulators” are not the same as thermal
”conductors” and ”insulators.” Materials that are insulators in the electrical sense may be fair conductors of
heat (certain silicone gels used as heat-transfer fluids for heat sinks, for instance). Materials that are
conductors in the electrical sense may be fair insulators in the thermal sense (conductive plastics, for
example).
Notes 12
If students have access to simple multimeters, they may perform conductivity tests on various substances with
them. This is a fun and interesting classroom activity!
Notes 13
Although definitions are easy enough to research and repeat, it is important that students learn to cast these
concepts into their own words. Asking students to give practical examples of ”circuits” and ”non-circuits” is
one way to ensure deeper investigation of the concepts than mere term memorization.
The word ”circuit,” in vernacular usage, often refers to anything electrical. Of course, this is not true
in the technical sense of the term. Students will come to realize that many terms they learn and use in an
electricity or electronics course are actually mis-used in common speech. The word ”short” is another
example: technically it refers to a specific type of circuit fault. Commonly, though, people use it to refer to any
type of electrical problem.
Notes 14
Discuss a bit of the history of AC versus DC in early power systems. In the early days of electric power in the
United States of America, there was a heated debate between the use of DC versus AC. Thomas Edison
championed DC, while George Westinghouse and Nikola Tesla advocated AC.
It might be worthwhile to mention that almost all the electric power in the world is generated and distributed
as AC (Alternating Current), and not as DC (in other words, Thomas Edison lost the AC/DC battle!).
Depending on the level of the class you are teaching, this may or may not be a good time to explain why most
power systems use AC. Either way, your students will probably ask why, so you should be prepared to address
this question in some way (or have them report any findings of their own!).

19

Notes
15 each of these electric power ”sources,” there is a more fundamental source of energy. People often
For

mistakenly think of generator devices as magic sources of energy, where they are really nothing more than
energy converters: transforming energy from one form to another.
Notes 16
A great point of conversation here is that almost all ”sources” of energy have a common origin. The different
”sources” are merely variant expressions of the same true source (with exceptions, of course!).
Notes 17
This question gives students a good opportunity to discuss the basic concept of a circuit. It is very easy to
build, safe, and should be assembled by each student individually in class. Also, emphasize how simple
circuits like this may be assembled at home as part of the ”research” portion of the worksheet. To research
answers for worksheet questions does not necessarily mean the information has to come from a book!
Encourage experimentation when the conditions are known to be safe.
Have students brainstorm all the important concepts learned in making this simple circuit. What general
principles may be derived from this particular exercise?
Notes 18
Impress upon the students the importance of learning to ”communicate” in the language of schematic
diagrams. The symbols and conventions learned here are international, and not limited to use in the United
States.
Notes 19
Not only is this question practical from the standpoint of understanding circuit function, but also from the
perspective of electrical safety. Why is it important for wires to be insulated? Are overhead power lines
insulated like the wires used in classroom projects? Why or why not? How were electrical wires insulated
before the advent of modern plastics technology?
Notes 20
This question affords the opportunity to discuss electrical safety with regard to clothing (often made of
cotton). Does dry clothing offer insulation to electricity like the old-style cotton wire insulation? Can cotton
clothing be trusted to insulate you safely from hazardous voltage?
Notes 21
Not only is this question an opportunity to solve a problem, but it lends itself well to simple and safe
experimentation. Encourage students to build their own conductivity testers and test various substances with
them.
Notes 22
A significant portion of electrical/electronic circuit problems are caused by nothing more complex than broken
wire connections, or faults along the length of wires. Testing cables for wire breaks is a very practical exercise.
The same technique may be used to ”map” wires from one end of a cable to the other, in the event that the
wires are not color-coded or otherwise made identifiable.
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Notes
23
Beginning
students often find the terminology for switches confusing, because the words open and closed sound

similar to the terminology used for doors, but do not mean quite the same thing when used in reference to a
switch! In order to help avoid confusion, ask the students how they may think of these terms in a way that is
consistent with their meaning in the context of an electrical switch.
One analogy to use for the switch’s function that makes sense with the schematic is a drawbridge: when the
bridge is down (closed), cars may cross; when the bridge is up (open), cars cannot.

Notes 24
This is a difficult concept for some students to master. Make sure they all understand the nature of electrical
current and the importance of continuity throughout the entire circuit. Perhaps the best way for students to
master this concept is to actually build working battery-switch-lamp circuits. Remind them that their
”research” of these worksheet questions is not limited to book reading. It is not only valid, but preferable for
them to experiment on their own, so long as the voltages are low enough that no shock hazard exists.
One analogy to use for the switch’s function that makes sense with the schematic is a drawbridge: when the
bridge is down (closed), cars may cross; when the bridge is up (open), cars cannot.
Notes 25
Electricity is fast: the effects of electron motion travel at approximately the speed of light (186,000 miles per
second). Actual average electron velocity, on the other hand, is very, very slow. A convenient analogy I’ve used
to illustrate how electrons may move slowly yet have rapid effect is that of a closed-loop hydraulic system.
When the valve is opened, fluid motion throughout the system is immediate (actually, the motion progresses
at the speed of sound through the fluid – very fast!), yet the actual velocity of fluid motion is much slower.
Incidentally, the double-chevron symbols indicate an electrical connector pair (plug and jack; male and
female).
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Notes
26
Despite
the rapid progression of the effects of electron motion throughout a circuit (i.e. approximately the
speed of light), the actual electron velocity is extremely slow by comparison.
Base figures used in this calculation are as follows:

• Number of free electrons per cubic meter of metal (an example taken from Encyclopedia Brittanica 15th
edition, 1983, volume 6, page 551) = 1029 electrons per m3. The metal type was not specified.
• 22 gauge wire has a diameter of 0.025 inches.
Questions like this may be challenging to students without a strong math or science background. One
problem-solving strategy I have found very useful is to simplify the terms of a problem until a solution
becomes obvious, then use that simplified example to establish a pattern (equation) for obtaining a solution
given any initial parameters. For instance, what would be the average electron velocity if the current were
28.96 × 1021 electrons per second, the same figure as the number of free electrons residing in the wire?
Obviously, the flow velocity would be one wire length per second, or 3 feet per second. Now, alter the current
rate so that it is something closer to the one given in the problem (6.25 × 1018), but yet still simple enough
to calculate mentally. Say, half the first rate: 14.48 × 1021 electrons per second. Obviously, with a flow rate
half as much, the velocity will be half as well: 1.5 feet per second instead of 3 feet per second. A
few iterations of this technique should reveal a pattern for solution:
Iv=3

Q
Where,
v = Average electron velocity (feet per second)
I = Electric current (electrons per second)
Q = Number of electrons contained in wire

It is also very helpful to have knowledgeable students demonstrate their solution techniques in front of the
class so that others may learn novel methods of problem-solving.
Notes 27
Ask the students what it would mean if a closed switch actually measured having high resistance between its
terminals. Knowing what the measurements of any electrical component ought to be is a very important skill
for troubleshooting.
Notes 28
This is another question which lends itself well to experimentation. A vitally important skill for students to
develop is how to use their test equipment to diagnose the states of individual components.
An inexpensive source of simple (SPST) switches is a hardware store: use the same type of switch that is used
in household light control. These switches are very inexpensive, rugged, and come with heavy- duty screw
terminals for wire attachment. When used in small battery-powered projects, they are nearly indestructible!
Notes 29
Ask the students about the relative conductivities of metal chassis versus dirt (earth ground). Is a current
pathway formed by two metal chassis grounds equivalent to a current pathway formed by two earth grounds?
Why or why not? What conditions may affect these relative conductivities?
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Notes
30
Discuss
the fact that although the earth (dirt) is a poor conductor of electricity, it may still be able to conduct

levels of current lethal to the human body! The amount of current necessary to light up a household light bulb
is typically far in excess of values lethal for the human body.
Notes 31
Discuss with your students some of the potential hazards of short circuits. It will then be apparent why a ”short
circuit” is a bad thing. Ask students if they can think of any realistic circumstance that could lead to a shortcircuit developing.
I have noticed over several years of teaching electronics that the terms ”short” or ”short-circuit” are often
used by new students as generic labels for any type of circuit fault, rather than the specific condition just
described. This is a habit that must be corrected, if students are to communicate intelligently with others in
the profession. To say that a component ”is shorted” means a very definite thing: it is not a generic term for
any type of circuit fault.
Notes 32
In real life, of course, short circuits are usually things to be avoided. Discuss with your students why
short circuits are generally undesirable, and what role wire insulation plays in preventing them.
Notes 33
This question is an important one in the students’ process of learning troubleshooting. Emphasize the
importance of inductive thinking: deriving general principles from specific instances. What does the behavior of
this circuit tell us about electrical continuity?
Notes 34
The discovery of electromagnetism was nothing short of revolutionary in Oersted’s time. It paved the way for
the development of electric motors, among other useful electrical devices.
Notes 35
Many students improperly assume that electromagnetic induction may take place in the presence of static
magnetic fields. This is not true. The simple experimental setup described in the ”Answer” section for this
question is sufficient to dispel that myth, and to illuminate students’ understanding of this principle.
Incidentally, this activity is a great way to get students started thinking in calculus terms: relating one variable
to the rate of change over time of another variable.
Notes 36
Since not everyone has ready access to a large speaker for this kind of experiment, it may help to have one or
two ”woofer” speakers located in the classroom for students to experiment with during this phase of the
discussion. Any time you can encourage students to set up impromptu experiments in class for the purpose
of exploring fundamental principles, it is a Good Thing.
Notes 37
Not only does this experiment illustrate the dual principles of electromagnetism and electromagnetic
induction, but it also demonstrates how easy it is to set up a simple sound-powered audio telephony system.
It is highly recommended to have an identical pair of ”woofer” speakers located in the classroom for this
experiment, as well as a long length of twin-wire cable (an old piece of extension cord wire works well for this
purpose, with alligator-clip ”jumper” wires to make the connections).
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Notes
30

The easy answer to this question is ”the Law of Conservation of Energy (or the Second Law of
Thermodynamics) forbids it,” but citing such a ”Law” really doesn’t explain why perpetual motion
machines are doomed to failure. It is important for students to realize that reality is not bound to the
physical ”Laws” scientists set; rather, what we call ”Laws” are actually just descriptions of regularities
seen in nature. It is important to emphasize critical thinking in a question like this, for it is no more
intellectually mature to deny the possibility of an event based on dogmatic adherence to a Law than it
is to naively believe that anything is possible.
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