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Preface

To Students:

This book is written for electrical engineering students. It is a collection of examples that
show how to solve many common electrical engineering problems using the TI-89. It is not a
textbook; if you do not know how to solve the problem, look it up in your textbook first. If you
do know how to solve the problem, this book will show you how to use the TI-89 to get the
answer with more insight and less tedium. We show you how to use the TI-89 in class, in lab,
on homework, and so forth.

Many of you may now use Maple®, Mathematica®, MATLAB®, Mathcad®, or other symbolic or
numeric software. You will be pleasantly surprised to find that the TI-89 can solve many of the
same problems as the big boys, but it will boot up in only a second or two, it rarely crashes, it
fits your pocket book (even if you have a small one), and can fit in your pocket (if you have a
big one).

You should find this book easy to use. Although we show how to use many of the features of
the TI-89, we assume you already know your way around it. First read Do This First, then
jump to the section discussing the problem you want to solve.

To Instructors:
Read the To Students section.

When writing this book, we resisted the temptation to show how the TI-89 can be used to solve
problems in ways that differ from standard electrical engineering texts. Although it has the
power and ability to approach many problems in new ways, that was not our focus.

Our focus is to help students learn the basic material better by showing them how to use the
TI-89 to do the tedious things so they don’t get lost in the details. Our approach was best
summed up by Gottfried Wilhelm Leibniz when, in the 17th century, he said,

“It is unworthy of excellent men to lose hours like slaves in the labor of calculation.”
— Dawid Voltmer

— Mark Yoder
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< Features Used
& Ll [MODE], getMode( ), StoGDB,
o setMode( ), RclGDB, NewPrab,
[#]1, NewFold, getFold (),

~ setFold() , [2nd] [VAR-LINK],

2 (] [v-],(HOME], 3] [wiNoow],
X <] [6RaPH], (APPS), (2ad) [MEM],
[1E] [MATH]7 7

[CHAR], [¢] EE),

Do This First This chapter describes the mode settings, folder structure,
and operating tips needed to do many of the examples in
this book. In order to reproduce the screen shots in this
book, the same settings and procedures must be used.

Keystroke Instructions in This Book

Although you must press to execute a command on the TI-89, the keystroke instructions in
this book do not include [ENTER]. You also must press to select certain items (from the
CATALOG, for example), but we do include [ENTER] in these instructions.

Likewise, although you must press to enter an alphabetic character on the TI-89, we have
omitted the key before each letter in the keystroke instructions to avoid loss of clarity in
entering instructions.

Be sure to press [alpha] or [alpha](alpha] (for multiple letters) before entering any alphabetic characters
except [X], (Y], (Z], and [T], which have their own key symbols.

When the keystroke instructions include a symbol other than an alphabetic character that requires
the use of (alpha), we have included the key symbol for clarity.

Mode Settings

READ THIS SECTION before going to other chapters. The standard settings used in this book are
described in this section!

The variety of the TI-89’s operational modes gives it great i B T3 i)
versatility. But, this also means that these modes must be M

carefully selected and set. Screens 1 - 3 show the default
settings.

1. Press to see Page 1 (screen 1).

Frekty Frink..........

Entsr=SAVE EZC=CAMCEL

(1) USE £ AMD + TO OFEM CHOICES

© 1999T EXAS INSTRUMENTS INCORPORATED



2 ELECTRICAL ENGINEERING APPLICATIONS WITH THETI-89

2. Press([F2] to display Page 2. [ HILE 5
|PCIF31-2 1 P‘urﬁzt Z| Pu?t ki

+ Zplik SCPgEn.
i e

ETH

y

E
7 Bame...

i
(2) UZE + AMWD * TO OFEMW CHOICE:
3. Press [F3] to display Page 3. [ BT 5
|Pu3-z 1|Fade z|Fads =
4. If your settings are different, press [MEM] 3:Default ST — TS

to set the defaults.

L =
E Entgr=5ANE EZC=CAMCEL 2

(3) UZE £ AMD + TO OFEMW CHOICES

The examples in this book assume that you are using certain
mode settings, unless clearly stated otherwise. The settings
require only two changes from the defaults: Display Digits should
be FIX 2 and Complex Format should be RECTANGULAR.

To change the settings, press [F1). (If you have closed the Note: In order to match the results
MODE dialog box, press first.) Press @ to place the in this book, be sure to set Display

; - Digits and Complex Format modes.
cursor on the setting you wish to change, and then press (¢ = — =

to display the options. Select the appropriate setting and [P 7 1IF' rIsz N 3]
press [ENTER] . When your screen looks like screen 4, press

ENTER] to save the settings.

FUMCTION *
. Mdin

Frekty Frink...........

Entgr=SANE EZC=CAMCEL

(4) LUZE £ AMD + TO OFEM CHOICES

Note: To enter the >, press [STO»].

As you use your calculator, you may need to change your mode A PR S A L LA
settings. However, saving the mode settings used in this book

is easy. . :z:;;x( "211"1+ init ene
1. To save the mode settings, enter getMode( ["Tal - i{r:iﬁzaph" PFUNETION® "k
"] init which returns a list of all the modes with {"Graph”  “FUMCTION" "Dk
the current setting and stores them in the variable init (5) T I TS 7T
(middle of screen 5). Note: The alphabetic characters

2.  Enter init to verify that the variable contains the mode ?()rﬁoiggrgg t‘%%fsggte status

settings you want (bottom of screen 5). line will display a small “a” to the left
of RAD in screen 5. If you need to
enter several alphabetic characters,
pres s[2nd][a-lock] or to stay
in alpha mode. The status line will
display a small inverse “a” to the left
of RAD (screen 6). To exit alpha
mode, pres again.

© 1999T EXAS INSTRUMENTS INCORPORATED



DOTHISFIRsT 3

3. The settings and variables used for graphing also should ThaTe|i15ehr a|Care|Dhtvar|Fr amin)c1ean e
be saved. Enter StoGDB ginit to save the current * HewProb - Dong
graphing state in the variable ginit as shown in screen 6. - %Eéﬂgﬁf al..lF,_?HT:% ?,:,1:; "o

"init
. . : £"Graph"  "FUHCTION"  “Cp
This variable can be recalled using the RclGDB . StoBOE ginit Do
command.
MAlN FAD ALTO FUMC 420
(6)

Defining E’ thilcontrotliid I.E;L::Eﬁ Hoge _\J

Changes in mode settings are specified in each chapter where Toee  Prodrams

different settings are needed. To ensure that you get the results variate: PRETTERIT ]

shown in the book, it is recommenfied that setMode(init) and

RclGDB ginit be entered before starting each chapter. These

commands restore the settings saved in init and ginit . (7)| T¥PE= TERTERT= T AND TESC=CANEEL

An easy way to do this is to create a program called kbdprgm1(). WW

: Pt-am
. . , tF

1. Create this program by pressing (APPS]7:Program Editor =sggﬁndeﬁmain\init)

fRc1EDE main~ginit
3:New. :EndPram

2. Type kbdprgm1 as the name of the new program variable
as shown in screen 7, and press [ENTER] (ENTER]. (8)|ram ——

3. Enter setMode(main\inity and RclGDB main\ginit (screen 8). Note: To enter the\, press (2nd] [\].

4. Press to return to the Home screen. Press [¢] [1] to
run kbdprgml() , thus setting the modes back to those
stored in init and ginit ; however, the screen won’t
change.

Also run NewProb before each chapter. NewProb clears
all single-character variable names and turns off various
plots.

Features Used Box

At the beginning of each chapter is a box which includes Features Used and Setup. This box
describes the features you will use in the chapter. You must perform the Setup in order to execute
the examples in the chapter.

Folder Structure

A new or reset TI-89 unit has a single folder named MAIN. The name of the current folder is
displayed at the left edge of the status line at the bottom of the screen. Whenever a variable is
saved, it is stored in the current folder. After an hour or two of operation, the folder may be
cluttered with many variables—functions, strings, expressions, and so forth. A better strategy is to
organize your work with folders for related topics. Each chapter of this book has a folder in which
the work of that chapter is stored.

© 1999 TEXAS INSTRUMENTS INCORPORATED



4 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

The command NewFold creates a new folder and sets that folder
as the current folder. This is the folder in which all variables
are stored until another folder is selected. A new folder, DC, is
created as shown in the middle of screen 9 and will be used in
Chapter 1.

The name of the current folder is returned by the getFold()
command. To transfer back to the MAIN folder, use the setFold()
command (bottom of screen 9). This also returns DC, the
current folder before the transfer. The contents of folders are
displayed with [VAR-LINK] (screen 10). The folders and the
contents of each folder are displayed in alphabetical order.

A number of useful folder operations are available from the
VAR-LINK screen using (F1], [F2], [F4], and [F6].

Folders and their contents can be deleted, copied, renamed,
moved, or created using [F1] File Manage . [F2] View allows certain
folders and type of variables to be displayed.

toggles a check by the highlighted variable to select more
than one variable for later operations such as copy, delete, or
move.

The contents of a folder are displayed with [F6].

To try some of the folder operations, follow these steps.

1. Press or to return to the Home screen.

2. Enter ["] 200 (2nd] ["] strl and 2
expl as shown in screen 11.

Since the current folder is MAIN, these variables are
stored there.

3. Press [VAR-LINK] (screen 12). Note that expl is an
expression of 7 bytes and strl is a string of 8 bytes.

Fi~] Fer [F3~| Fi~| FE Far
Tools{A13ebra|Calc|0bher |FrIrml0|Clean Ur

O

" init

L{"Graph"  "FUMCTIOH" "Lk
mStoG0E ginit Done
B HewFold do Dahe
®m getFold "det
mzetFoldimaing "

EAD AUTO FUHC facl|]

Note: The name of a folder is
limited to 8 characters or fewer.

Fir 1 [FE~[FY4 [FE F&
et |Gkl 7] contires..

init
kbdpraml

- DI:I FUNC SOE0

Note: There are no variables in the
DC folder since it was just created.

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13¢brajCalc|Other|Framl0jClean Ur

(12)8

= HewFaold dc Dahe
® getFold() e
®msetFoldimaind "o
EaT » sl b Roioky
.l 2

+ expl ®

=}
EAD AUTO FUHC

MHIN “RHD AUTO FUNC /50

© 1999 TEXAS INSTRUMENTS INCORPORATED



DOTHISFIRST 5

4. To verify the contents of expl, use @ to highlight it and
press [F6] Contents (screen 13).

(13) HMAlN M EAD AUTO FUMC 9430

5. Press or to return to the VAR-LINK screen. To
move both of these variables to the DC folder, use ® to
highlight each of them and press [F4] to check them for
later operations (screen 14).

6. Press[F1]4:Move, and select DC as the folder to which
they are to be moved (screen 15).

YAE-LINE
HMOVE

Folder: main
Variable: sxrlstrl
To: EE*

e Enter=0K__.1 ¢ EECCAMCEL 2
¥ strl TR 2

(15) UZE £ AMD + TO OFEW CHOICES

’ v ME [ATT] ‘

Fi= T F& Y [FES FB
Hanade|Vigu.. < Conkents...

7. Press [ENTER]. The VAR-LINK screen shows expl and strl
in DC as shown in screen 16.

strl TR 2
MAIH
ginit GOE_ 132
init IST 347 F
" kbdpraml PREGM &4 H
(16) AR S ran auTn FOHT EEET]

8. Rename variable strl as zzzstr by highlighting it, pressing
3:Rename, and entering zzzstr (screen 17).

NAR-LIME
RENAME

Folder: dc
Yariable: skrl
Tos

Enter=OFK___™ £ ESCTCAMCEL o
kbdpraml PEGM &4

(17) TYPE + [EMTERI=0K AMWD [EXCI=CAMCEL

’ VAR-LIME [A11] ‘

Fir T F& [F3=[F4 [FEq Fi
HManads|Vigw...|Link] ~ Conknts..,

9. Press [ENTER] [ENTER]. The VAR-LINK screen shows the
renamed variable in the DC folder (screen 18).

H
ginit  GOE_ 132

init IST F
N kbdpraml PREGM ed H
(18) [ erwap wuTn FUNC E2ET]

10. To delete these variables, select them with [F4], press
1:Delete (screen 19).

r VHE-LINE -

Delete: explozzsky

Enter=VES EZC=HO

[ ini
E kbdpraml PEGM &4
(19)[H S Fat muTd FUNC 9750

© 1999 TEXAS INSTRUMENTS INCORPORATED



6 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

11. Press [ENTER]. The VAR-LINK screen shows that they have
been deleted and that DC is empty (screen 20). dtseluies, Gl (6] conde.. |

 — '

ginit
init
kbdpraml

(20) ﬁlN ﬁnnn AUTO FUMC
To delete a single variable at a time, highlight it and press [«<] [ENTER].

With these operations, your folders can be organized in an orderly manner.

Navigating the Screens

When the TI-89 is turned on, it displays the Home screen that was in use when the calculator was
turned off with [OFF]. Most entries and operations are made from the Home screen. To change
the display from any other screen to the Home screen, press [HOME]. Here are some other screens.

(o] [¥<]

Expressions for graphing are entered using [¢][Y=] as shown in
screen 21.

This screen will change depending on the graphing mode. For
now use FUNCTION, the default graph mode.

(21) HMAIN KAD AUTO FUNC

Note: The current graphing mode is
displayed on the bottom right of the
status line.

[¢] [WINDOW]

The Window Editor sets the viewing window variables—range REAnE |
and resolution. Press [¢] [WINDOW] to display the FUNCTION mode Hmin

®Max= .
graphing parameters (screen 22). el
umax=10,

The variables are different for each mode. gecl=1.

(22) HMAlN EAD AUTO FUHC

Press [¢][WINDOW] to set the range of x and y. The xmin and xmax Enletam] ]
defaults (-10, 10) are standard, and fine. Press @ @ @ to Hmin= =18,

wmax=10,
change ymin to -1.5 and ymax to 1.5 (screen 23). peelzls o
M3
gsc1=¥.

wres=2,

(23) HMAlN DEGAUTO FUHC

Note: The - (negative) is entered by
pressing [()].

© 1999 TEXAS INSTRUMENTS INCORPORATED



DOTHISFIRST 7

(] [GRAPH]

A graph is drawn using [¢][GRAPH]. To display a graph, a function
is defined by entering the equation to graph in the Y= Editor. LTS

iyl=singx)
Try it by pressing [¢] [Y=] (ENTER] [2nd] [SIN] x ()] [ENTER] to plot 3%:

y=sin(x) (screen 24). 9is

12
(24)| i EAD AUTD FUHC

To view the graph of y=sin(x) , press [#][GRAPH]. The display
should look like screen 25.

(25) MAlN DEGALUT FUHC
APPS
Press [APPS] to display the APPLICATIONS menu (screen 26). i, HFFLICATION:
3 Nlnduw EdltDP
4 Gra
EH A
&i0ata-Matrix Ed1tnr>
FiProgram Editor
S4Text Editor - P
(26) TYFE OF USE €314 + [EMTER] O [EZC]
The down arrow between 8 and Text Editor shows that there are i — Ed”‘_”;“‘“"““
. . . . = 1Lar
more selections. Pressing [2nd] @ will show the other selections E- lxlindﬁw Editor
=l5ra
(screen 27). S:Table
% Eata/ﬂatEéXtEd1tnP:
. . . Fogran 1tar
Notice that there is now an up arrow between 2 and Y= Editor . Editor r
'_.: 'I.|r||-r 1C S50 "l-r

This shows that there are more selections above.

(27) TYFE OF UZE €3t + [EMTER] OF [ESC]

[MATH]

The MATH menu provides organized menus of the TI-89’s built-
in math functions (screen 28).

FB~ [F7
DFaw|Fin|

H?ﬂliﬂ
[ MATH ]
1_Hunbwr
3% L15t

difatrix

SiComplex
[
T

- v vid

Statistics »
Probabilityk
2lTest [

(28) TYPE OF USE €314 + [ENTER] OF [EZC]

© 1999 TEXAS INSTRUMENTS INCORPORATED



8 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

CATALOG
The CATALOG provides access to all of the TI-89’s built-in o CATALOG
commands. jcoshal
cSolued
Move to the crossP() command by typing its first letter ¢, and i LublcRes
scrolling with @ to take single steps or [2nd] @ to take big steps. \_/ Eustmof £
The status line shows that two vectors, VEC1 and VEC2, are | Euston
required as arguments (screen 29). (29)|wrmmEs :
[CHAR]

The [CHAR] screen displays organized menus of all of the
TI-89’s characters (screen 30).

Press to leave the [CHAR] screen. EH
d4i5pecial | 4
S:lnternationale

(30) TYFE OF USE £%t4 + [EMTER] OF [EZC]

[+] EE]

Pressing [¢] [EE] displays many of the TI-89’s most common
special characters (screen 31).

[}
=
m
m
Ed

=)
]
W
-
LA
=
=
=1
=

=

=

=

[

=

-

]

o
[

E[w
[e
@

=
[=1

The Greek symbols are selected through [CHAR].

]
=
-
=
o
=
]
=
=
=
x

P
B NGE:
E|'“E|5E|5E|§E|
..ﬂ%@%
EREY
T

=]
[
)

(1)t

*
£
|
|
o
[=]
Ed
m|
|
o
1
fu]
|
x|
]
m|
=

Saving Data

The TI-89 saves all entries from editor screens—programs,
functions, matrices, and tables—when you leave the screen.
Mode settings, graphing equations, and parameters are saved
until a change is entered.

Often it is useful to save and later recall a particular set of data
such as the mode settings, graphing data, graphics, or
commands. A variety of editing tools is available with [F1] on the
Home screen. In particular, 2:Save Copy As can be used in
context-sensitive ways for saving textual, graphic, and tabular
data. When is pressed from the Home screen, all
commands in the history area are saved and can be used for
later execution (screen 32).

FUNC 1120

Many variables are just temporary and should be deleted from W R A e
the memory regularly. From the Home screen pressing,
[F6] 2: NewProb is especially useful (screen 33).

msetFoldimaind "o

100" + strl "100"
- 2

+ expl ®

=}
EAD AUTO FUHC 11/0

© 1999 TEXAS INSTRUMENTS INCORPORATED
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9

It clears all single character, unlocked variables; turns off all
functions and stat plots; and clears all errors, graphs, tables,
and the program I/O and Home screens (screen 34).

NewProb can be entered from the command line or CATALOG as
well. To retain variables in memory independently of NewProb,
assign them two (or more) character names or lock the
variable.

Enter 1[ST0»] a[ENTER], 2[ST0»] b (ENTER], and 3[ST0»] ¢ [ENTER]. To
lock a variable, press [VAR-LINK], highlight or check ((F4)) the
variable to be locked, and press [F1] 6:Lock Variable (screen 35).
Once locked, the variable name is marked by B and can’t be
changed.

Variables can be unlocked with [F1] 7:UnLock Variable .

The TI-89 has two separate areas of memory, RAM and archive.

Archiving variables is a good idea when they need to be
accessed but not changed. This frees up RAM for normal
operations and improved operation of the TI-89. To archive a
variable press [VAR-LINK], highlight the variable to be
archived, and press [F1] 8:Archive Variable (screen 36).

Once archived, a variable is marked by = and is treated as a
locked variable (screen 37).
To unarchive a variable, use [F1] 9:Unarchive Variable .

In screen 37, variables a and b are not locked and will be
deleted with NewProb . Variable c is locked and will not be
deleted by NewProb . Variables ginit, init , and kbdprgm1 are
archived and removed from RAM area, but still usable.

Tips and Generalizations

( 3 4) | Prab

Fi-] Fex [Fa~| Fi~| FE Far
Tools|A13g¢bralCalc]Other |FEAmI0jCTean Uk

= HewProb Diobie,

EAD AUTO FUMC 1’20

Note: Each chapter of this book
starts with NewProb .

(36)

—— mk-lmemnn
. I R A P
: +

FAD AUTO FUMC H/50

VAE-LINE [A11]

= Maone

iCreate Folder

flock Lariable
“EUnLDck Uar{ahle

i'4

ExFPE
0 L EXPF
" ginit GOE
o LIST
b PRIGM

2
37
4

kbdpraml F
(37)| e mewmraT muTn FUREC TP

Each chapter has been written to stand alone. That is, after reading this chapter, you can jump to
any other chapter. Each chapter ends with a “Tips and Generalizations” section, which includes
tips on how to use the TI-89 more effectively and suggestions on how the topics of the chapter can

be generalized to solve other problems.

The first chapter shows how the TI-89 solves DC circuits, which is also the first chapter of many

circuit analysis books.

© 1999 TEXAS INSTRUMENTS INCORPORATED
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\ O NS Features Used

?:‘ NewProd, solve (),
o Matrix Editor,
Q Simutt(),
~ (CATALOG],
2 Setup
x Chapter 1
m K
setFold dc

DC Circuit This chapter shows three examples of the use of nodal
= __ analysis to solve linear circuits. The first two examples use
A“aIVSIs the solve() command to solve a set of linear equations for a
circuit. The third example shows how to write the equations
in matrix form and use simult() to solve them.

Topic 1: Nodal Equations Using solve ( )

Given the circuit shown in Figure 1, find v1 and v2.

1 a0 2
L W
+ +
O E X v2 gaoog 1600 (1) 12a

Figure 1. DC Circuit

Nodal analysis can be used to solve for the voltages of a circuit by summing the current leaving
each node. Kirchhoff’s current law states that the currents out of a node must sum to zero. The
current through each resistor is calculated from Ohm’s law by:

¢ Defining the voltage drop across the resistor in the direction of the current as the voltage at
the node of the incoming current of the resistor minus the voltage at the node of the outgoing
current of the resistor, and

¢ Dividing the voltage drop by the resistance of the resistor.
For a circuit with N+1 nodes (including the ground node), this process gives N equations with N
unknown voltages. For the circuit above, summing the currents out of node 1 gives
vl vl-v2
+—+———=
32 4
The sum of the currents out of node 2 is

5 0

v2-v 1lv 2v 5
—_—+—+—-12=
4 40 160

© 1999 TEXAS INSTRUMENTS INCORPORATED



12 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

The following series of steps leads to a solution of these two Note: Press before entering
equations alphabetic characters.
Fir Fer F=] Fu~- FE Fa~
. Teols|A13cbra|Calc|Other [Framl0|Clean Ue
1. Clear the TI-89 by pressin [F6] 2NewProb [ENTER]. g
. . = HewPraob o
2. Enter the equation for node 1 and store ita nl as = J;D N e
. RSt = =@+nl
shown in screen 1. 32 4
Sovl w2 +5=0
sEviE 2@ [0viE v E4[E 0ET0H n S
(1| SRR T

Note: To enter the >, press [STO»].

3. Enter the equation for node 2 and store it a n2 as JE I LA M L L

shown in screen 2. Bwl w2 oo

24 =
Qv EviDE 48 v2E 40 26 1600 12(E 050 IV T I RPN
n2 w1l 3wz

+

-12=0

32

(2) e ~d
4. Finally, solve fo vl an v2dusing th solve) command, as L R A T e e
shown in screen 3. WE-ul L wE Lz _
"3 ‘3@ ties 12-0@k
CATALOG] solve(n1 [CATALOG) and n2 [5] Hlvi(gwe ':1 + 9332 —iz=0
0107 W zoluetnl snd nZ, ful w2l

vl =98 and w2 =128
The two Voltages are calculateda v1=96Van w2 =128V. d s (3) solwelinl and nZ, Tul,w2F)

[Td RAD AUTO FUHC L0

Topic 2: Nodal Equations with Voltage Sources

When a voltage source is present between two nodes, Ohm’s law cannot be used to calculate the
current through the source (as in Topic 1). Fortunately, this difficulty can be overcome easily by
giving a name to the current through the voltage source (as shown below) and treating this current
as an unknown. Nodal analysis then can be used to find the solution for the voltages of the circuit
shown in Figure 2.

1 25V 2 1Q 3
il
5A 2Q 1Q = 10V

J

First, write the nodal equations in a form similar to that Note: Some textbooks use the
concept of a “supernode,” which in

Figure 2. A DC Circuit with Three Sources

entered into the TI-89 as effect combines the nodal equations
vl for nodel and node2 into a single
nodel: -5+ ?+ i25=0-n 1 equation and eliminates i25.

node2: —i 25+ V—12+ % —0%. n2

node3 v3=: 1On3

© 1999 TEXAS INSTRUMENTS INCORPORATED



CHAPTER 1. DC CIRCUIT ANALYSIS 13

Notice that the current flowing through the 25 V source from rhoie|ieoe a|Cate|phar e Smain]c1ay U
left to right is defined as i25. This unknown current becomes

another variable which will be found as part of the solution. - Hewppu‘jlh Dane

The voltage drop of the 25 V battery establishes the relation "oSrptizm=hanl

between vl and v2 as 125 +"’71—5=E|
equation 1: v2=vl 25 el (4) -_I+I.'.I1-....E+ n “ - FUHC FED

. . Feér |[Fzr FE FB~
To enter these equations into the calculator: .
- =

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER]. iz 4 'JTi _5=g
2. Enter the equation for nodel as shown in screen 4. m-io5 4 VTZ + ‘1'7-_;'*3 =0+ n2
> vi B 2 25 E] 0 nl (5) i 'T.-_'5+-...-E.--'1+::. " -|-:~ .
14 EAD AUTO FLUHC /30
3. Enter the equation for node2 as shown in screen 5. Note: Enter the first - (negative) by
2sEVEIHOwEOEL1ED n2 pressing ()] below (3] and the second

- (subtract) by pressing [-] to the right
of [6].

4. Enter the node3 equation (screen 6). EAmEs crus:lr:lu:;;rlrrrsfnlu c1dan e

. ul _
v3 =] 10(STO») n3 1e5+—5--5=0
. -125+”T2+”2—I”3=|3+n2
SiFE 42 w2 - u3=0
By =10+n3 ui =10
3=10+n3
(6) [ : KAD ALTO FLUHC 4/30

5. Enter the last equation for the 25 V source (screen 7).

Fir Fer F3'r| F'1'r| FE Fa~
Tools|AT3cbralCalc|0ther |FramIO{Clsan Ur
v2 =] vi (1] 25(STO> el

. -125+”T2+”2—I”3=|3+n2
-iZs+ 2w -uwi=0
BLI =10+ n3 wi =10
mLZ=yl +25+el
vz =ul + 25
(7) [ FAD AUTO FUNE L]
Screen 8 shows a summary of the four equations, which W
. . . Ll H eDFa|lalC] F|FF3m wan UF
can be displayed by entering their names—n1, n2, n3, T2 = ol F I
and el. =il 125+"’71—5=E|
L) SiFS+ 2wz -w3l=qa
L% wi =10
L3 vz =ul + 25
=1
(8) I:l- FAD AUTO FUNE 9/20
6' Flnally7 SOlVe fOI' Vl) V27 \B) and |25 by USing SOlVe() as T:Hs M#F-fl.:-'r-u Crug'lzlﬂfl::;rlh'rs?nlﬂ l:1-zFuEn'IJP
shown in screen 9. _ “
2 SIS+ 2w —uw3I =0
CATALOG] solve( n1 [CATALOG] and n2 [CATALOG] and n3 [CATALOG :ﬂf ) vf : ég
. e e =
and e'l[:I [{] vl [:I V2 [:I v3 E] i25 [}] mzolueinl and B2 and 13 alk
A i25=12 and wl=-14 and p
The complete result is L3 and el, {ul,. L1253
(9) [ FAD AUTO LUHC 10430

vli=-14V,v2=11V,v3 =10V, and i25 (the current
through the 25 V source) = 12 A.

© 1999 TEXAS INSTRUMENTS INCORPORATED



14 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Topic 3: Nodal Equations Using simult()

Another approach to solving the problem in Topic 2 is to convert the equations to matrix form. The
equations as shown in screen 8 are rearranged as

nodel: évl +i25=5

node2: 2v2-v3- i25= 0
node3: v3=10, and
eqnl: -vHv2 25

In matrix form they appear as:
/2 0 0 10vlp b0
O 0 d,0
Ho 2 -1 —1%/252 on
dgo o0 1 o0Ov30 Qo™

0 [0 |
ool 1 0 0mi2yg %51]
1. To create the square matrix on the left side, press [APPS hix = AFFLICATIONS
and select 6:Data/Matrix Editor and 3:New in sequence, as o1 '-r'ngditDr*_
. By 3illindow Editor
shown in screen 10. o g: $r~g
] tTa =

(10) ..l ]

2. Press to display screen 11.

Teps:
Folder:
Yariable:
Ed i

(11) [Td EAD AUTO FUMC
3. To enter a matrix, press ® and @ to highlight 2:Matrix 1 HELI
(screen 12) and press [ENTER]. Teper

Foldar:
WYariabls:

\ < ESCECANEEL 1,
4. Press @ twice and enter the Variable name. (For (12)e EAD AUTD ___ FUNC
convenience, call it mata.) Using @, fill in Row i —
dimension: 4 and Col dimension: 4 as shown in screen 13. Terer Tatrin
Foldar: dc¥

ariabte
Fout dirension: 1]
Col dirnsion: m:l

Enter=0k EZC=CAMCEL
)
(13} TYFE + CENMTERI=OK AMD [EZCI=CANCEL

© 1999 TEXAS INSTRUMENTS INCORPORATED



CHAPTER 1. DC CIRCUIT ANALYSIS

5. Press[ENTER]. You will see screen 14.

6. To see all four columns, press [¢] (1] and set the cell
width to 5 (screen 15).

7. Press [ENTER] twice to see screen 16.

8. Fill in the rows and columns with the numbers from the
circuit matrix as shown in screen 17.

9. To create the column matrix on the right side of the
matrix equation, press and select 3:New. Define it as:
Type: Matrix, Variable: colb, Row dimension: 4, and Col
dimension: 1 (screen 18).

10. Press and fill in the values (screen 19).

11. Press to return to the Home screen and check the
contents of mata and colb, shown in screens 20 and 21.

e

FnT I
* =51 o [t}
1 0] 0]
z [d] 0] [o]
3 [o] 0] 0]
4 [o] 0] [o]
rici=Q
(14)&= FAD ALTO FUNC
T
bty FORHM#A
1 | el Widkh: 4
= AR ]
3 =
\ ENESF=SAVE » o ¥  |HCEL »
* | — ] g ]
rici=n 10
(15)= FAD ALTO FUNC
Fi-| . Fe T3
Touls|Flak Setup
[T I
i cl
1
2 o]
3 [d]
4 [o]
rici=n
(16)& FAD ALTO FUNC

17)

cl c c3 cd
1 1-2 [@ o] 1
2 [0] 2 -1 -1
3 [o] o] i [o]
4 -1 1 o] m
rdcd=0
[ FAD ALTO FUNC

(18)

(19)

HEK

JEITS Matrix #
Folder: de ¥

Variabls
Rt dirension: [ ]

Col dirension: FL_]

Enter=0k EZCSCAMCEL

TYFE + [EMTERI=0K AMWD [EXCI=CAMCEL
Fir Fz
Tools|Flok Setur
I'Mﬁ:l.T
X
cl [l c3 cd
1 5]
2 [o]
3 10
4
rdc =25
[ 74 FAD AUTO FUHEC

(20)

Fir Fe~ |[FE=] Fu- FE FB~
Tools|A13ckra Cu1c|ﬂther|Pr’Smlﬂ Clean UPl

414 and wZ2=11 and w3 =10

1«2 0 O 117
o] 2 -1 -1
| |
mata a a1 a
-1 1 8 @ |
[13 FAD ALTO FONC 11730

© 1999 TEXAS INSTRUMENTS INCORPORATED
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16 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13gbrajCalc|Other|Framl0jClean Ur

[-1 1 @

o
5
o
" colb
co 1

o
23]

1=

EAD AUTO FUHC 1z/20

12. Enter [CATALOG] simut (mata (5] colb 0] (screen 22). Note: The simult() command
returns a column vector that contains

the solutions to a system of linear
equations.

1 Te 18 b alfa e Db beee | P Fenil |14 U
[25]
-14]
11
10

B simuyltimata, colb)

12 |

]t Cmata,colb?
(22) Dl: . - KAl I’IIJTI:I FUHC 13730
Referring to the matrix equation for the circuit as shown below, the values returned by simult()
correspond to the variables in the first column vector. The solution is vi=-14 V, v2=11V,v3=10V,
and i25=12 A, the same answer as in Topic 2.

1/2 0 0 1mvi0] DSD
0

Ho 2 -1 —1%/2D Do
Jo 0 1 oMW o

H1 1 0 oHizsg s

Tips and Generalizations

There are many ways a command can be entered on the Home screen. For example, to enter
solve() :

»  Type it: [alpha] [alpha] solve [alpha] [(J [1]. Here locked the key and the single

unlocked it.

¢ Use the function key menus: 1:solve( .

e Use the catalog: [CATALOG] s. Pressing s scrolls to the first command that begins with s. If
needed, press @ to get to the desired command.

e Use [MATH] 9:Algebra , 1:solve( .

e Ifit has been used before, press @ on the Home screen until the desired command is
highlighted and then press [ENTER].

Summary

In this chapter, nodal analysis was used to generate equations to solve a circuit. Loop analysis (or
any method that produces N equations and N unknowns) also can be used to produce equations
for the TI-89 to solve. The equations can include complex values (Chapter 4) and do not have to be
linear. In fact, they also can include derivatives as shown in Chapter 2.

© 1999 TEXAS INSTRUMENTS INCORPORATED



P 1\ O N S Features Used

> deSolve() , expand(), (1],
Q@ fMax(), zeros(), [¥=],
(%) [WINDOW], [GRAPH],
~/ NewProb , tCollect() ,
Q limit() , [*], ZoomFit ,
b Chapter 2 Trace, [ANS], [°]
31}

Setup
(¢]1, NewFold transym

Transient Circuit This chapter describes how to use the differential equation

. = solver, deSolve(), to solve first- and second-order circuits
AnaIVSIS' symbOIIc containing resistors, capacitors, inductors, DC sources, and

exponential sources. It also shows how to graph the
solutions and find the zero crossing and peak values.

Topic 4: RC First-Order Circuit

In the circuit in Figure 1, the switch has been open for a long time. At time t =0, the switch closes.
Find v(t) after the switch is closed, that is, for t >0.

t=0 60
| I

= 36V 1 vE 120
sF

[ I

Figure 1. A simple RC circuit

Kirchhoff’s current law is applied to the circuit; therefore, the sum of the currents out of node 1 is
zero. Current flow in the direction of the voltage drop across a capacitor is

i = Cﬂ ori=Cv'
dt
Therefore, the nodal equation at node 1 is
Y

v-36 1
+=v'+—=0
6 8 12

© 1999 TEXAS INSTRUMENTS INCORPORATED
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Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

Enter this equation as shown in screen 1.

[@vE s 6[ vizd '] 8 v[z] 12(5] 0(STO n1

Since the switch has been open for a long time, any
charge originally on the capacitor has been discharged
through the 12Q resistor. This initial condition is
expressed as v(0) =0.

Enter the nodal equation, n1, and the initial condition, v(0) =0,
into the deSolve() command as shown in screen 2.

CATALOG) deSolve(n1 [CATALOG] and v[(JO[][=E]l0Jt(L]v

eqn

The solution is v(t) = 24 - 24e V, where t is in seconds.

Topic 5: Graphing First-Order Solutions

A graph of this solution may help you understand it — graph
v(t) for 0<t<3 seconds.

1.

Since y is always graphed versus x on the TI-89, v must
be converted to y and t to x. This is accomplished in the
Y= Editor ((+] [Y=]) using the “with” operator, (1]. To
convert t to x and v(t) to y1(x), enter the expression as
shown in screen 3.

v (1] egn [CATALOG] and t [=]x

This expression causes v to be graphed using its value
given in variable egn and to use x instead of t.

Press [¢] [WINDOW] to set the graph range of t from 0 to 3
seconds and v from 0 to 25 V, as shown in screen 4.

The y-axes tick marks are set with yscl. The resolution
or “closeness” of the pixels representing adjacent
calculated values is set by xres. Picking xres =5 will
complete the graphs more quickly, but also gives more
jagged results.

Press [¢] [GRAPH] to see a graph of the solution
(screen 5).

Fi~] Fer [F3~| Fi~| FE Far
Tools{A13ebra|Calc|0bher |FrIrml0jClean Ur

B HewProb Daone

Note: To enter[’], press(2nd) [']; it
represents d/dt.

Fi-] Fé- |Fi-[ Fi-r| FE Far
Tools|A13cbralCale|Other|FrAnal0jCTean Ur

=35 ul L
" tgtizoirm
Frg-6=0

2 Lethl and widh=0, 4w regn
(2)|TEanzirt FAD AUTD FUNC EED

20x0=
(3) %nnsm FAD AUTD FUNC

[rirIrer ]
Tools|2aam

®min=o.

HMaE=3.

wscl=1.

grin=0.

Umax=23.

yscl=

HIEE

(4)
JTEANEYH FRD AUTO FUNC

Fi-| Fe=| FZ H
Tools|2oem|Trace|keararh|bath|Draw|Fwn|:

(5) TRAMZYH FAD AUTO FUNC
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CHAPTER 2: TRANSIENT CIRCUIT ANALYSIS: SYMBOLIC 19

4. Press to trace the graph and to display the cursor
location, xc and yc. The cursor can be moved with the
cursor keys, © and () (screen 6).

wcil o2 o2l B

(6) TRAMZYHM EAD AUTO FUMC

Note: xc and yc are variables that
can be accessed from the Home

screen.

5. Tracing helps to verify that the voltage is approaching rhcie| s Sabe oo Dkhar e+ Sratn]c1dy U
24V for large t as the equation shows, too. This can be 5 tg-&=0
verified with the limit() command as well (screen 5). ®deSolusinl and wiB =0, 2t t,

w=24 - 24050
HOME] [CATALOG] limit( v (1] eqn (5] t 5] [¢] [o<] = lin(v]en) -
1w
Limit (uleogn, t, )
(7)s'm AarTD FUNL LT

Topic 6: First-Order Circuit with an Initial Condition

Consider the circuit of Topic 5 (Figure 1) with an initial voltage on the capacitor of -10 V at time
t =0. Figure 2 shows this circuit just after the switch has closed.

6Q 1

" l
= 36V _[ %F = 120

Figure 2. Circuit of Figure 1 just after the switch is closed

The circuit equation is the same as before. The initial condition T el b a|fave Db e St 1y U
is changed to v(0) =-10 V. w=24-324.¢ 2

1. Enter the equation as shown in screen 8. " (] 2] 24

B deSolueinl and wid)= -10.k

CATALOG) deSolve( n1[CATALOG] and v[(JOD][=] () 100]t[) b4 -ma.e 2t
v(] eqn e-::r-.i and wiBy= 10,1, )3,
(8) TRAMEYH FAD AUTO FUME L]

Fi Fz F4
T Ts]200ra| Trace|ReGrarh

2. Since the capacitor voltage starts with v(0) =-10 V, use LA N [
[¢] [wiNDOW] and set ymin to -15. There is no need to reset

the other window variables.

3. The results are graphed with [¢] [GRAPH] as shown in
screen 9.

\
(9} TRAMEYH EAD AUTO FUMC
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20 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

4. The graphical form of the solution makes it easy to find
the instant of time when the capacitor voltage is 0.

Move the cursor to the vicinity of the zero crossing by
pressing [F3] (the Trace tool) and using the cursor keys
© and ® (screen 10).

At time t =0.19 seconds, the voltage is small, 0.74 V, but

not close enough. Note: Press [2nd) © or[2nd] () to take
close enoug big steps, or hold down © or ®.

®oi 19 gl 7
(10) TRANSTH RAD AUTO FUNC

Fe=| FZ F Frosii

More dlgltS can be dlSplayed by preSSng and T:Hs Zaom|Trace R-zG:uPh Fath|braw|Fen):<
changing Display Digits to 5:Fix 4, but yc will not be any 1=
closer to 0.

5. To get closer, press [¢] [WINDOW] and set xres to a smaller
value (try xres=2), but it will take longer to complete the . .
graph (screen 11). This result may be closer to 0, but (11)|u§:':+'+}+1 e
maybe not close enough due to graphical resolution.

6. A “cleaner” approach to finding the zero crossing is TSN TS L T N W L

through the Zero command. Press 2:Zero (screen 12.) 1=

TYFE OF USE £%t4 + [EMTER] OF [EZC]

ELDL-"ETSEEUM? :.7423
(12) M. U= .
FZ []

7. Position the cursor to the left of the zero crossing to set i
a Lower Bound and press [ENTER] (screen 13). Note that
the location is marked on the screen.

Upper-_Bound?

woi 1919 uc: -1.0924
(13) TYFE OF USE £3+4 + [EMTER] OF [EZC]
8. Move the cursor to the right of the zero crossing and A e L E T ) W L

press [ENTER].

A much more accurate value for the time at which the
voltage is zero is now displayed in screen 14.

ZErO
. . . ®CE. 1742 gc i . AED
This more accurate time is t = .1742 seconds. (14)(einzrr— s Func
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9. Return to the Home screen and find this value using the
zeros() command (top of screen 15).

zeros( v (1] egn 1] t D]

10. Press [¢] [=] to get a floating point approximation of the
exact solution (bottom of screen 15).

Note that the more accurate graphical answer agrees
with the floating point answer through the four
significant figures.

11. Reset Display Digits ([MODE]) to Fix2 and xres to 5
((¢] [winDOW]).

Fi-| Fe- [Fir| Fi=| FE . F&-
Tosls|13etralcancuthar|prarunlcizan ue
w=24-3d.¢ 2F
®zeros(v|ean, t

J

{ 1n(1?/12)}
2

L zer‘ns[u | e, L] L.1742%

zetosiwlegn, L)
(15) TRAN3YH KAl AUTD FUNC T

Topic 7: First-Order Circuit with a Time Varying Source

Modify the circuit of Topic 6 to include v(0) =-10 V with the battery and switch replaced by a

source with vs(t) =36e ! V for t=0 s.

6Q 1

1

1
§F

@) 36e™ 120 -l-

12Q

Figure 3. The circuit of Figure 2 with a time varying source

1. Edit nl to include this different source by substituting
36e3!for 36. Copy the original equation to the command
line and edit it by using ® repeatedly to move up the
history area to the original equation and pressing
(ENTER]. Or just enter the equation as shown in screen 16.

v 36Xl @3DIDIEH 6 vind [](=) 8 v
125 0[5T0¥) n1

2. Use deSolve() to get the solution as shown in screen 17.
CATALOG] deSolve(n1 [CATALOG] and v [(J O] (=] (@) 10(5] t[5]
v(] eqn

3. Use expand() to put egn in a more familiar form
(screen 18).

expand(egn
The solution is v(t) = 38e 248 V

Fi=| F2= [F3r| Flr | [ FE~ |
Too 15| ATAckFa|Cale|0thek|FEamID|Clean Uk

" zeros[wv]ean. t] Co1v4z:

RISER A !
W= 36 y Vo
T.'.?.'.ﬁ_ch

PR PEANT +2-u) = 4

[E]

FE B 1220401

...'-Z -k =
(16) TRAMZYHM KAD AUTO FUNC B/E0

Note: [e*] is entered by pressing
[(¢] [e*] and - is entered by pressing

).
Fir] Fex [Fi~| Fi~| FE Fa~
Too15|AT13cbralCalc]Oeher |FEArl0jCTean Uk

- & T8 1z K
E_E't-[eE't-(v' + 2w = 4y
g

B deSaluveinl and W@l = -10 .k
w=zl19- et -24] 3t

(17) 7

FE
Framil
LT

(18) TRAMEYM EAD AUTO FUMC i0/30
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10.

11.

Press [¢] [GRAPH] to graph the solution since eqgn is still
defined as the equation to graph in the Y= Editor
(screen 19). Note that the peak value is much different
than previously.

The range of the graph can be altered to see more of the
behavior by pressing A:ZoomFit to make the curve fit
the window (screen 20).

Find the zero crossing using 2:Zero as before.

Find a good first estimate of the peak value and its time
with Trace, (F3], where v = 3.52 V at time t = 0.66
seconds.

Find a more accurate value 4:Maximum . Use it the
same way as [F5] 2:Zero to get v=3.63 Vatt =0.64
seconds.

Return to the Home screen and use the fMax() command
to find an exact answer (top of screen 21).

HOME] (CATALOG] fmax( v (1] egn (1] t D]

Substitute the result of the fMax() command into the
original equation (egn) using the “with” operator, (1]
(bottom of screen 21).

eqn (1] [2nd] [ANS]

Find the floating-point solution using [+] [=]
(screen 22). Note that the ans(2) command was used to
get the answer from second line of the history area.

The accurate graphical answer agrees with the floating
point answer.

Fi F2 F4 i
Tonls|2aam|TEace|ReGrarh{Math|braw|Fen|:2

\
(19} TRAMSYH EAD AUTO FUNC

Fi i
Tonls|2aam|TEace|ReGrarh{Math|braw|Fen|:2

\
(20}|TRF|N$'|'M KAD AUTO FUHC

Flr] Fer |Fi=| Fi=r] FE [
Tools|A13gbrajCalc|Other|Frami0jClcan Uk
13 El T El

= fMaxw| eqn, )

®egn | b= 1n(36-19)

t = 13619

_ £859
Y= 1544

21 edh |l ansill
( )Tnnus'm DES AUTD FUNC 12750

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13cbrajCalc|Other|Framl0jClean Uk
L | T

® g | b= 1n(36-19)

®egn | b= 1n(36-19)

El
t= 1n(36-19

e | ans 2
(22)|TRHNS'|'M DESAUTD FUNC 13730
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CHAPTER 2: TRANSIENT CIRCUIT ANALYSIS: SYMBOLIC 23

Topic 8: RLC Second-Order Circuit

Given the circuit in Figure 4 in which the current at time t=0 s is 10 A, (i(0)=10), and the time
derivative of the current at t=0 s is 0, (i'(0)=0), find i(t) for t>0s.

+ Ve -
1Q 0.1F

_IM_I

Ti(o)ﬂ 0 1H vl
(0)=0

Figure 4: A simple RLC circuit

Kirchhoff’s voltage law states that the sum of the voltages around every closed loop is zero. The
voltage drop across a capacitor in the direction of current flow is

1
ve =— |idt
il
and the voltage drop across an inductor in the direction of current flow is
vl = Lﬂ
dt
Therefore, Kirchhoff’s voltage law for the single loop of the circuit above is given as
iR+ Lﬂ+11idt =0
dt C

A derivative with respect to time of this equation and a rearrangement of terms gives

d’i Rdi 1.

—+——+—i=0

dt® Ldt LC
The differential equation can be rewritten as rhre| i hene a|date|uphar v sain]c1aay ue]

i"+Ei'+ii =0 lNewF‘r‘uhP ) Done

SERER ST S NS s ¢

with the notation of i'(t) and i''(t) as the first and second time % + T;“ +i'' =g
derivatives, respectively. 23) elltitl cellcyki=Deeanl
1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER]. Note: “ell” is entered instead of “I”

. . because “I” and “1" look very similar.
2. Enter the equation as shown in screen 23.

i(2nd) [*]2nd) "] (] r([ZH el (<] i[2nd) [ ][H 1 [ ell (x] ¢ 0] [x]
i(=) O[STO»] egn
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24 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

3. Enter the numeric values of r, ¢, and ell as shown in 7531, PN o ol I

screen 24. "ell T ' ellc T b
i' e i .
A1 =g
=l1 c-ell
1(STO» r elar )
LI R 1o
1610 ¢ m1sell 1
1+ell
1 ell (24)|TRHN$'|'M RAD AUTD FURC I

4. Set the radian mode before running deSolve(); AT L] MG LI LA
T

otherwise, the solution may appear differently than S

".lsc .18
expected. [¢] 1 should have set the radian mode. To be =] +ell 1
sure, press [MODE] and set Angle to RADIAN. " deSolvelesn fnd i =0

5. Use deSolve() to find i as shown in screen 25. i=10.00 ¢ 2 -cos(3.12 i

=0 and it@r=1@,%, ir+eqnd
(25) TREAMSYH RAD AUTO FUNC [T1]

deSolve( eqn andi2nd ["][JOD](E) 0
and i[J 00J (=) 10(] t[.] (] [5TO»] eqn2

The result of deSolve() has been stored in a variable

-J.7r I

called egn2, although only a small portion is visible in e 1@
the entry line. To see the rest of the result, press @ then ] 1 +ell 1
® until the rest of the line is visible, as shown in screen " deSolustegn ”d L'CED =2}

26. The complete result is

(26) —EI ar‘u:i 1(EI) id, t 1}-}eqn2

-t -t TRAMZYH KAD AUTO FUNC 1’6

i(t) = 10.00e  cos(3.12t) + 1.60e ? sin(3.12t) A

If c is entered as an exact value of 1/10 rather than 0.1,
the answer will be in exact form. As a result, it may
contain square roots and fractions that aren’t always as
easily interpreted. For decimal results, be sure that at
least one of the element values is entered as a decimal

number.
Engineers generally express values in terms of a single Thede|fT5abra|Cave|Diar v amin|c1dn e
. . . . L
sinusoid, cosine or sine, and an angle rather than the -1,
sum of a cosine and a sine. 1t,) +1.60-¢ 2 -5in(3.12-1)

. mtCollectieqnZ) + eqn3
6. Convert the solution from deSolve() to the more -t

- r
common form with tCollect() (screen 27). . i= 1E|.1-e _ =in(3. 12t
27 Collectiegnd ) +eqnd
CATALOG tCO"eCt( eqnz eqn3 ( )|mHS'|'M KAD AUTO FUMC I

The complete result is

-t

i(t) = 10.13e ? sin(3.12t + 1.41) A
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CHAPTER 2: TRANSIENT CIRCUIT ANALYSIS: SYMBOLIC

25

To convert the angle from radians to degrees, multiply the
angle by 180/, that is, 1.41*180/1=80.79°. Therefore, an
alternate form of the current answer is

i(t) = 10.13e 2 sin(3.12t + 80.79°) A
Let’s graph it.
1. Press[+][Y=] and enter the equation as y2 (screen 28).

10.13[x] [*] [e*] [ t[z]) 2(0] [SIN] 3.12t[+] 80.79 [2nd] [°]
OJWtEx

From the differential equation solution, it is clear that
the time constant is 2, so the graph should extend for
several time constants.

2. Press[¢] [WINDOW] and set xmin = 0, xmax = 5, ymin = -10,
and ymax = 10.

3. Press [¢] [GRAPH].

[m
= o =
(28) yZixr=_3. 12+t +80, 792 [ t=x

<FLOTS
~/'=|1=i|eqn3 and to=x

-t

- ]

4221013 2 L sim(3.12t-
H 1
=
S=

TRAMEYH KAD ALTO FUHC

Note: The ° symbol is essential for
correct graphing as it “overrides” the
radian mode setting.

Note: To see how to enter other
special characters, press [¢] [EE].

(29)

F

Fi Fz Y
T Ts]200ra| Trace|keGrarh

TRAMZYH KAD AUTO FUHC

In screen 29, y1 graphs the results from the tCollect() command while y2 graphs the simplification.
They both should be the same graph if the simplification was done correctly; however, y2 graphs
more quickly. Refer to the Tips section to see how to speed up the graphing of y1.

The result looks like a nice, under-damped, second-order response.

Tips and Generalizations
Faster Graphs

Graphing y1 as shown in the previous section is a handy way to
graph the output of deSolve() (or solve() ), but it graphs more
slowly than just retyping the equation into the Y= Editor. One
way to graph i more quickly without reentering it is to use the
“with” operator, [ 1], to extract the equation for i prior to
graphing and to store it as another variable. This appears to
occur when the “with” operator, [ 1], is used for the y function
within the Y= Editor. Screen 30 shows how to extract i from
egn3 and rename it as eqn4.

i (1] egn3 eqn4
Now press [#] [Y=] and enter y3 as shown in screen 31.

In the Graph screen, the graph of y3 should be the same as the
last two graphs, but it should appear about twice as fast.

Since y3 is the only function checked, it is the only one that is
graphed.

(30)

(1)

[ Fi- I Fi- I rgv] Fhi- ] FE I FE~ ] ]
Towls|itdebra|catcfother|Praminjciean U
-t
L | T .
13-« csing3E 12t + 10410
" |egnd ¥ eand
-t

18,136 2 -zing3.12 -t + !

TRAMEYM

EAD AUTO FUMC B0

<FLOTS
yl=i |E--qr'|3 and t ==
-t

W2=10.13 6 2 zinci1zt )
“y3=eqnd |t ==

d=

S0
TRANZH

ERD AUTO FLUMC

Note: is used in the Y= Editor to
select and deselect the functions to
be graphed.
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26 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Exact vs. Approx

If the exact/approx mode (F2)) hasn’t been changed, the TI-89 will produce exact (rational
rather than decimal) results when it can. If a decimal value is used on the input, the output will be
approximate (contains decimal values). If the input has no decimal values, the result will be exact
(in terms of rationals). If a decimal result is desired, press [¢] [=] rather than just [ENTER].

Summary

Although an RC circuit was shown here, any first-order equation can be solved and graphed using
these techniques. zeros() and fMax() also were used. fMin() works that same way to find the
minimum of a function. Check the other commands under the menu in the Graph screen, which
includes Minimums, Derivatives, Tangents, and so forth.

The solve() command also has a numeric version called nSolve() which finds a numeric solution
rather than symbolic. This shouldn’t be needed for linear equations, but nSolve() might be the only
way of getting a solution of non-linear circuits.

In addition, solving for the current in a series RLC circuit has been shown, but these techniques
can be used for finding voltage as well. A parallel RLC circuit could be solved for voltages or
currents, too. In fact, any second-order circuit can be solved by these methods.

Although the TI-89 can find symbolic solutions for up to second-order differential equations, it can
find numeric solution for systems of any number of first-order equations, as shown in Chapter 3.
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% 1 ONS Features Used

> Differential Equations
A Graphing Mode
o NewProb

~/

Q Setup
x Chapter 3 (1
w

NewfFold trannum

Transient Circuit This chapter describes how the differential equation plotter

. = is used to solve the second-order circuit presented in
Analy5|s. Numeric Chapter 2 (Topic 8) by expressing it as a system of

first-order differential equations.

Topic 9: RLC Circuit: Direction Field

Find i(t) for t>0 s for the circuit in Figure 1 in which the current at time t=0 s is 10 A, that is,
i(0)=10 A, and the voltage across the capacitor at t=0 s is 0, that is, vc(0)=0 V.

+ Ve -
1Q 0.1F

i(0)=10 1H vl
Ti'(0)= -10

Figure 1. An RLC circuit
Kirchhoff’s voltage law states that the sum of the voltages around every closed loop is zero. The
voltage drop across a capacitor in the direction of current flow is

ve = %Jidt 6))

and the voltage drop across an inductor in the direction of current flow is

vl = LE
dt

The DIFF EQUATIONS plot requires that the equations be expressed in terms of vc' (t) and i'(t). To
do this, write equation (1) as

i) =C dve(t)

or i(t) = C*vc'(t)
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28 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Solve for vc'(t) as

. ()
ve'(t) = C
and for i'(t) as
s VI(E)
i'(t) = 7

All equations must be entered as functions y1(x), y2(x), and so on. Therefore, let

vec=ylandi=y2

vl must be expressed in terms of y1 and y2. To do this, sum the voltages around the loop to get

i(t)R+ve(t) +vI(t) =0
which is solved for vI(t)
vI(t) = —i(t)R- ve(t)

Substitution of y1 and y2 gives
vi(t) =-y2*R -yl

or
. vi(t) _-y2*R-yl
i'(t)y=y2'= =
®=y 3 I
As aresult, these differential equations are
2 -y2 *r -yl
yl'= Y< and y2'= yerrTye
C ell

The corresponding initial conditions are
y1i(0)=0 and y2(0)=10

To enter these equations, follow these steps.

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

2. Press ® 6:DIFF EQUATIONS [ENTER] to select the
differential equation graphing mode as shown in
screen 1.

3. Press[¢] [Y=] and enter the equations as shown in
screen 2.

The yi1=0 entry sets vc(0)=0 (remember y1 is vc(t)). The

yi2=10 entry sets i(0)=10.

Note:

“ell” is used to avoid

confusion between “/” and “1.”

)

=

MODE

Fi Fz [E]
Fadg 1|Fade 2[Fode 3

1:FUMETION
2iPARAMETRIC

4t SEQUENCE
] 5130

TRAMMLUM

FAD AUTO

[]3
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CHAPTER 3: TRANSIENT CIRCUIT ANALYSIS: NUMERIC

Press [HOME] and enter values for r, ell, and ¢ as shown in
screen 3.

Press [¢] [WINDOW] and set the window variables to the
values as shown in screens 4 and 5.

Press [¢] [GRAPH] to graph the results. An error message
appears first (screen 6). Slope fields are used for
1%torder equations only.

Press (¢J (@ to set the proper graph format. Move
the cursor down to Fields at the bottom and select ()
2:DIRFLD as shown in screen 7.

Press [ENTER]. The graph first shows a direction field
(screen 8). The short lines indicate the direction in
which i and ve change with respect to each other at
each point in the solution space. This plot has vc as y1
on the x-axis and i as y2 on the y-axis. Initial values
were entered in the Y= Editor.

After a short time, the trajectory of the solution for the
given initial conditions appears (screen 9).

Fi-] Fex [Fa~| Fi~| FE Far
Tools|A13gbra|Calc)Other |FFAmI0|Clean Ur

(4)

(o)

= HewFrob Dane
LI R 1
m]+ell 1
m,]+c .10

ERD AUTO DE HA%0

Fir| F2r
Toals|2eerm

+.o={1H

PP ]
TRAHHUM RAD AUTO DE

Fir| F2r
Toals|2eerm

(®)

H=Mine =25,
xma><=%5.

AcUrues=e,
diftal= 1
fldres

TRAHHUM

Fi-] Fer| FZ F4 FE~1 Fa- [F7-FB
Tools|2eerm|TEace|ReGr arhjMathDr aw|Fenfic

RAD AUTO DE

(6)

a ERRIE y

£1opg Fig1ds need one selecked
Funckion and arg used For
igk=order equations onls

ESCSCANCEL

TRANKUM FARD AUTO DE

GRAFH FORMATE

(7) TRANNUM FAD AUTO DOE
Fi-| Fe=~| FZ F4 FE~| Fir [F7-FB
Tools|Zoam|TFace|keGraph|Math|braw|Fen|ic
o —— — — T e e =
- —
R T
IR TR T TN N PO T N N RN O T R 1
| I N B B B N O N N N N N R |
M e e e e
o T M, e e e tma e ——
g e e — — — — o
( )| TRANHUMH ERD AUTD [3 | By |
Fir| Fir| FZ F4 FE=| Fa~ [F7FB
Tools|2eor|TEace|Re Grarh|Math|braw|Fen|ic
" —— — — L] - e e —a
e — e e T -
S T
e e e e —
o .. = -
Q)mssrme e e — — — — —_—
( )TRHNNUH EAD AUTO DE
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30 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

It takes a few seconds to complete this plot. The time can be reduced by pressing [¢] [WINDOW] and
setting tmax to a smaller value or setting tstep to a larger one. The smaller tmax causes the plotting
to stop sooner. The larger tstep results in a less smooth plot.

The thicker solution line starts at vc = 0 and i = 10 (screen 9). It then circles down and to the right,

spiraling clockwise to 0,0. This shows how the energy moves back and forth between the
L| 2 2
current in the inductor E, = - and the voltage on the capacitor E =

. The resistor is

converting some of the energy to heat; so after a long time all the energy is lost as heat and i(t) and
ve(t) are 0.

Topic 10: RLC Circuit: Time Domain

A more traditional way of viewing the voltage across the GRAFH FORMATS
capacitor (y1) and current through the inductor (y2) is to plot
them versus time.

1. You can do this easily from the Graph screen by

1:5LPELD

pressing [¢] (1] and selecting Fields 3:FLDOFF e DIRFLO
(screen 10). (10)|F+E TR neE w=va v rewTER BR IESTD
2. Press [ENTER] to save the change, and screen 11 appears. MEed e MR T LA {E.ﬂfc“
(11) TEAMMLH FAD ALT OE
3. Press[¢] [WINDOW] and set xmin to 0, xmax to 10, AR A L T S

ymin to -15, and ymax to 25.

4. Press [¢] [GRAPH] to display a clearer plot, as shown in
screen 12.

(12) TRAHMUM RAD AUTO DE

Note: Pressing [F2) A:ZoomFit will
produce a graph with ymin and ymax
automatically set to display the
whole function.

Topic 11: RLC Circuit: Multiple Initial Conditions

The Y= Editor can be used to set multiple initial conditions. The first example (Topic 9) initially set
the current, i (y2), to 10 A and the voltage vc (y1) to 0 V. The plot for the current i = 0 A and the
voltage vc = 20 V is added to the original plot by entering lists of initial conditions in the Y= Editor.
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CHAPTER 3: TRANSIENT CIRCUIT ANALYSIS: NUMERIC 31

1. Press [¢] [WINDOW] to set xmin back to -25, xmax to 25, i ot
ymin to -10, and ymax to 10, and press [¢] [1] to set Fields “FLOTE -
back to DIRFLD. This will enable redrawing the direction valt=T
field and y1 versus y2 solution. «3;={'?='2 28

=11

2. The lists of initial conditions are added (in the Y= ' é g{m -

EditOI‘) as shown in screen 13. (13) -:HIE-:K_nHEs FOF zMO-DRDER SYSTEM
yil: [ENTER] 2nd] [{] O[.] 20 (2nd] [}] [ENTER]
yi2: [ENTER] [2nd] [(] 10(.] O [2nd] [ }] [ENTER],

3. Pressing [¢] [GRAPH] shows both solutions (screen 14). RS IS NI I A M [
Notice the second set of initial conditions produces a R S N
second curve which begins on the positive x-axis. o M-

Lol RE——lAt
(14) TR;;N-\I]F“IH -\_\EI;E-H-\IJ-'I\:IJ_ _DE_ —=
Note: Pressing [¢] (1] and selecting
Labels 220N activates the y1 and y2
axes labels.

4. Initial conditions can also be added graphically. Press e S SR T o ,fi’n:lf.;“ |
[F8] and use the cursor keys to move to the desired L _ o : .
initial conditions in the y1-y2 plane (screen 15). P e e

T I —

‘“Inltlal Cond t10n5—‘7"#:’ -~

Ld1=-18.95 . [w2=5.73_ .
(15) TRHHNUM RAD AUTO DOE

5. Press [ENTER] to add the graph of this new set of initial e e SR AT A ,f,i‘,?]f.:“ |
conditions to the display (screen 16). uE T — — = S :

- gar—— = -

T e T

e — b

L L Ry — .,—IEI}-F
O T T R T

Topic 12: RLC Circuit: Adjusting the Circuit Parameters
If the resistor, R, is increased, the energy in the circuit N L
should be dissipated in the resistor more rapidly. This .l

. X . X ewProb Done
change can be investigated by simply changing r. mlap 1

"1+ell i

1. Press[HOME] and increase r to 10 by entering 10 ras ".1+c 1@
shown in screen 17. i 10Nl s 10

1=y
(17) TRAMMUM RAD AUTO DOE ]

2. Press [¢] [GRAPH] to display the solutions to the previous R N A 5

- " . B T o

sets of initial conditions as shown in screen 18. TR s
Notice that the direction field has changed dramatically, RN N N
and now the energy quickly goes to zero from both sets :\ { { { { «'\ x'\ e =~ i
of initial conditions. R Y
(18) %ﬁu_}m - XRH}HUT DOE -
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32 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

3. Making r smaller will cause the current and voltage to (N I A e o
die out more slowly. Return to the Home screen, and try . 1 1":' ; ! ] EI
r = 0.1. Also, reset the initial conditions to the original T 10
single set, that is, yi1=0 and yi2=10 (screen 19) to keep : I-zli: rl‘ . lg
uli

the graph from becoming too cluttered.

=10 uzi 1

(19) T 5] KAD AUTO DE B.AZ0

Fix] Fer| F3 F4 For| Far [FP-FB
TooTs|2a0r| TEace|ReGrarh|Math|Draw|Fenfic

R —_ — — -

4. Press [¢] [GRAPH] to see the result (screen 20).

What would happen if r were set to 0 or to a negative
value? Try it!

(20)

—_
TRANMUM KRD AUTO

Tips and Generalizations

The examples presented here show how to plot the numeric solution to a second-order differential
equation by expressing it as a system of two first-order differential equations. The numeric
differential equation solver is not limited to two equations, so higher-order differential equations
also can be solved.

The response of most circuits is composed of two parts, transient and steady-state. Chapters 2 and
3 have considered transient responses.

Often the steady-state response is of more interest. Chapter 4 shows how the TI-89 manipulates
complex numbers (phasors) to find sinusoidal steady-state solutions.
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1\ O NS Features Used

?.'( cSolve (), [, [], [,
Q’ abs(), angle (), Numeric
o Solver, when (), log (),

DelVar, DrawFunc, Drawinv,
NewProb, [EE], [¢][Y=],
(¢J[GRAPH], [*][WINDOW]

Setup

(¢]1, NewFold steady,
setMode(“ Angle " ,“ Degree”)

~/,
Q
x Chapter 4
w

Steady.State This chapter shows how the TI-89 implements phasors to

= = = __ perform sinusoidal steady-state analysis. The focus is on
Circuit AnaIVSIs how to enter and display complex numbers. This chapter

And Filter Design aisoshows a typical steady-state application—how to use
the Numeric Solver to find the required order of lowpass
Butterworth and Chebyshev filters in making a standard
“handbook” filter design.

Topic 13: Phasor Analysis

Given the circuit shown in Figure 1, find v, the voltage across the current source.

+

v Q 8cos(21100,000t) 10Q 2uF
80uH

Figure 1. A circuit in steady-state

The first step is to convert the actual circuit to its phasor equivalent. The circuit shown in Figure 2
includes these conversions.

(T 80’ v ¥ 100 T .so
8

Figure 2. The phasor equivalent of the Figure 1 circuit

Only one nodal equation is needed to solve for v

—800+ 4V
10 6+8 -j5
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Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

Be sure the Complex Format mode is set to Rectangular .
Be sure the Graph mode is set to Function .

Enter the equation as shown in screen 1.

OsEHvE0EvEDeHRdLIsDHVvE OO
(2nd) [¢] 50] (5] 0[STO» n1

Using solve(nl,v) will return “false” since it is valid for
real solutions only. To get a complex solution, enter
cSolve() as shown in screen 2.

Phasors are expressed as a magnitude at an angle, M[16.
There are a couple of ways to obtain this form.

The first way is to use the functions abs() (top of screen
3) and angle( ) (middle of screen 3). In this example, [¢]
[=] is used to get the approximate values for the second
angle() command (bottom of screen 3).

This shows that the phasor form of the voltage is
4001-36.87 in Degree mode.

The second approach is to put the TI-89 in Polar mode.
Press and select Complex Format 3:Polar  (screen 4).

Using cSolve() (and with [¢] [=] for a second approximate
solution) gives the same results in the polar mode as
abs() and angle() in the rectangular mode, as shown in
the bottom two lines of screen 5.

Fi-1 Fex |F2-[ Fi=] FE [
Tools|A13ebralCalc|Other|Framl0jCTean Ur

1 HewProb DOate
u L y

" -5+

Tetesi s i s

L+ G RE A0 =1 50=04n1
(1)|5renpt LEG AUTD FUNLC EED

Note: The usual imaginary number j
used in electrical engineering is
entered as i which is [].

Fir Fe= |[FI=| Fur FE& Far
Tools|AT13ckralCalc|Other|Fraral0jCTean U |

L L b

oS+

wmtE+ri st 15
i SR R
25
B cSalvelnl , v+ eqgn
Ww=32-24-1

)

Note: To enter cSolve(, press
A:Complex 1.cSolve( or

cSolve(.
Fir Fe= [FZ=] Fur FE Far
Tools|A13¢bralCale|{0ther |Frami0|Clean Ur
" |egn| [u] = 4@

B ghigl el eqgn)
43-(=ignivy — 11 = -tani{I-4)

B ghigleleqn)
418 -[=igniul - 1.08) = -36. 57
angledeynl
(3)[Erest DEWG AUTD FUNC B/ E0

Note: To see the values on the
right end of a solution line in the
history section, press @ to get to the
line and then press (® to move to the
right.

Note: Press to switch to
degree mode if it isn't already set. If
in radian mode the angle would have
been given in radians.

il HMOBE '\]

Fi Fz Fz
Fads 1|Pu§-z zfFade ¥ |

FIJNIr':TII]H'}

Fretky Frint...

Ol

STERDY DEGAUTD FUNC [T

Fir| F&r |Fa=| Fur | 5 TG~
Touls[1debralcale[okher Prsmmlcnun U
B ghglelegn)
dIE-[signiud — 1.08) = -36. 87
B cSoluveinl , uw) + egn
w=0 4@ £ -tand] 3400

B cSoluveinl , wl + eqgn
w=0 40,00 £ -3E.87

5 chali
( ) STERDY DEGAUTO FLUMC B0
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Topic 14: Graphing Frequency Response

It is easy to find the voltage across the current source as a function of w using symbolic
expressions. Table 1 shows the variations of phasor circuit elements with radian frequency w.

Element

Element | Equation Phasor Result
8cos10°t | v(t)=Re[Ve'] | V=8010°
10Q Z.. =Ra Z.=10Q
6Q Z.. = Rb Z, =6Q
80 uH Z, = jwL Z,= jus0x10° Q
2 uF 1 1

Z. = / =——

¢ jwC ¢ jw2x10°

Table 1: Frequency Dependence of Phasor Circuit Elements

The nodal equation then becomes

-8010° +1+L+L =0
ra rtb+zell zcl
Note that ra, b, and zc1 are used because rl, r2, and zc are TI-89

system variables.

1. Switch back to Rectangular Complex Format mode and
enter the equations as shown in screen 6.

I8 vEra[# v[E [ b [#] zell D] (#] v [£] zc1[=] 0(STO»]
nl

as shown in screen 6.

2. Define the element values from the table (screens 7 and
8). For convenience, w ([alpha] w) is used instead of

 ([¢J [ (aloha] w).

Fi-] F2r TF3~] Fir | FE Far
Tools)A13cbra|Calc|Other|FramldjcTean Ur

B cSoluvelnl , vl 4+ egn
W= 40, a0 £ 36087

- MM M
" 8+r*.sh"'r*h+zn5'-11"'zv:,l »

1 1 1
[E"- EE zc,i]""'_'

6 .atusirbtzell 1tuszcl=04nl
( )sr:nm' DES ALUTD FUNC 9730

Note: zell is used to avoid confusing
zl with z1 (z followed by a 1), a

reserved name.
Fi-| Fer |Fiv| Far| FE o~
T-:n:-1s|r|15-zbru Calc|other|Framin|cizan Ue
LA L L
C et st E v zell Tzl
1 1 1
[E"' Fb+zell T =zel ]""'_b
"1E*ra 16
g b £
(7) STERDY DEGALTO FLUMC i1/z0

Fi-] Fzr JF3~| Fur [ FE Far
TooT5)AT13cbrajCale|Other|FrArml0jCTean U

i B.e"T3+zell
B.00E-5-w-i

"Tao.ee el

__SO000Ea. 3a i

Il

1404 wkZe-E2+zcl
(8) STERDY DESAUTO FUMC 130
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With cSolve(), the solution in screen 9 shows that the
voltage varies with frequency.

The complete answer is
—4000000.00 (iw + 75000.00)
w? =125000.00iw — 10000000000.00

The answer is a bit of a mess. To check it with the
previous solution, enter egn|w=100000 (screen 10).

It’s the same answer as Topic 13, screen 2.

To view the variation of the voltage magnitude versus
frequency, graph v versus w. Since the original problem
used w=100,000, graph from w=0 to w=200,000. Press
(¢J[winDOW] and set xmin to 0, xmax to 200000, ymin to 0,
and ymax to 50. Press [¢] [Y=] and set y1 to graph the
magnitude of v (screen 11).

Press [#] [GRAPH] to see the magnitude graph (screen 12).

This graph takes a long time to complete because the
“with” substitutions are made over and over again for
each pixel. One way to speed it up is to do the “withs”
once before graphing and save the result in another
variable name which is then graphed.

To do this, press [HOME] and enter the expression:

CATALOG] abs(v [1] egn egn2 as shown in screen
13.

Then press [¢] [Y=], deselect y1, and enter y2 (screen 14).

Fir Fer Fz~] Fu~- FE | Far
Too1s|AT3ckbr a|Calc|0kher |FrAmi0|Clean UF|
L L= =)
_ 500003, 00 .
) 1
B oSoluvelnl , vl + eqgn

-4000008, 08 (4§ - +
we = 125600, 08§ w - 1i

Jelhl, wlregn
DEG AUTD

W=

FUMWC 1430

Fir Fir FZ=| Fu-r FE | FEr
Tool5|A13ckbra|Calc|0ther |FrAmi0|Clean Ue
B cSoluvelnl , w3 eqgn
4000000, B -[§ W+
we = 125000, 08§ w- 16
= on | w = 100000
V=F2,00 - 24,004

(10) STERDY DEG AUTO FUMC FERED]

W=

<FLOTS

¢-=|1=|u | eqn and w= ><|
2=
Egg
5=

Fi [E] F4 i
Tools|2aam|Trace|ReGrFarh|{Math)Draw|Fen):2

—
(12) ST-EI’ID'l' DEGAUTO FUMC

Fir|” Fer |Fe=| Far [ FE Fo=
Touls|A1debe afCale|Okher [Framin|clean Ue
=T T
W=32,00 24,001

® || eqn| + eanz

z
40E06EE . 5 - 4—“+55h
w? — 43750000
abs (v | eqn)reqn?
(13) DEG AUTO FLUMC 1630

=~FLOTE

(14) STERDY KAD AUTO FUMC

Note: Deselect equation y1(x) with
[F4].
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10.

11.

12.

13.

14.

Press [¢] [GRAPH]. The same result as the previous graph
appears much more quickly (screen 15).

The phase can be graphed defining the phase angle of
the voltage on the Home screen as eqn3 (screen 16).

Press [¢] [Y=], deselect y2, and enter eqn3 as plot variable
y3 (screen 17).

Press [¢] [WINDOW] and set ymin to -90 and ymax to 0 (since
the calculations have been in the degree mode). xmin
and xmax can remain the same.

Press [¢] [GRAPH] to see the phase graph as shown in
screen 18.

Usually the magnitude and phase plots are shown
together. This can be done using the split screen mode.
To do this, press ® @. Screen 19 presents the
Split Screen options.

Press [ENTER]. Move down to Split2 App , and select
4:Graph . Finally, set Number of Graphs to 2 (screen 20).

Press to view the split screen plots (screen 21).

The top graph is the phase plot shown before; the
bottom graph contains no data yet.

Filr| Fer] FZ FY FEr] Far [F7o#:
TooTs|2oom|Trace|ReGrarh|Math|Draw|Fen):2

/_\

(15) STERDY

Fi=| Fex [Fir| [ | [ | FE
Tools|A13cbrajCalc|dther |Frarmid|Clean Ur
- 4375000
® anglef v | ean] + eqn3

[z
tand[ soona.0-[u? + 15000

DEGAUTO FLUHC

IR, T J Nq_

w-[w? - 62500000
| g ) regnd)

DEGALTO FUNC 17430

]

(16T

<FLOTS
yl=|w | ean and w= x|
uZ=ednZ | w =«
“yI=eoqnd | W=
d=
ug=

Sixd
(17)| iy DEGHUTD FUNC

Tools|zeem|Trace]resrarn|Math|orawlFenf:<

(18) STERDY

ril HMIODE ™y

Fi Fe F3 M
Fadg 1|Fads &|Fads 3

+ Zplik SCPekh...... u
ZTiE T Aep o LEFLLL
ZRTIE E AR o
Numbtg af 0 =

ararh
it

DEGAUTO FUNC

i
Exacl
Eask.

Enter=AVE EZC=CAMCEL
(19) TYFE OF USE €314 + [EMTER] OF [EXC]

il HIODE ™
FL ] Fz | F2
|P-u$-z 1|Fade ZiPuh ]
i TOF-EOTTOM +
i GFarh
Grarh*
IO +

DEC *

Enter=SAVE ESCSCANCEL
(20) TYFE OF USE €314 + [EMTER] OF [EZC]

Fix Fz FY FEr F7
Tanls Tracg|ReararhiHath Fanf:

f
E

(21)| STERDY

DEGAUTO _ G1 FUNC
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15.

16.

17.

18.

Convention says the magnitude plot should be on top.
To do this, press [¢] [Y=] and use [F4] to select y2 and
deselect y3. Next, press [¢] [WINDOW] and set ymin to 0 and
ymax to 50. Finally, press [¢]J[GRAPH] to see the magnitude
plot in the upper graph as shown in screen 22.

To set up the phase plot in the lower window, change to
the other half of the screen by pressing [2nd|[==]] and set
up the graph as before. The following operations will
give the phase plot in the bottom window (screen 23).

[¢] [¥=], select y3, [¢] [WINDOW], set xmin to 0, xmax to
200000, ymin to -90 and ymax to 0, and finally, [¢] [GRAPH]

You can use [F7] 7:Text to add magnitude and phase
labels to the graphs. To do this, press [F7] 7:Text and
position the cursor where the text should start. The
characters will appear below and to the right of the
crosshairs. Be careful; once a letter is placed it can’t be
erased except by [F7] 2:Eraser.

To return to a single screen, press [MODE and set Split
Screen to 1:FULL.

Topic 15: Filter Design Overview

\ —
(22}|5me DEGAUTO 151 FUMC

(23) STEADY DEGAUTOD G2 FUMWC

magnitude

| Fhase :
(24)z7Erm DEGAUTO _G1 FUNE

A class of realizable frequency responses for lowpass filters has the form

2 _ 1
HOP =T eem

where W(f) is a polynomial in f. If

Of u
NN

the filter is a Butterworth filter. An alternative is to make W(f) = C (f/f ) where C, is a Chebyshev
polynomial, the filter is a Chebyshev filter. The next topic deals with a Butterworth filter, the
following topic with a Chebyshev filter.
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CHAPTER 4: STEADY-STATE CIRCUIT ANALYSIS AND FILTER DESIGN 39

The design of lowpass filters requires specification of passband and stopband responses often
given in dB. [H(f)I? in dB is calculated as

0 1 0
IH(F)Es = 10|OQE[H_£T2(”B

which becomes

a O
O O
O 1 O
[H(f)Gs = 10log———-0
0 ,0¢g'C
55,0 B
p
for Butterworth and
O a
O L O
O O
IH(f)fe = 1OIOgD—DfDD
+e?C2—0]
SRR
for Chebyshev.

Topic 16: Butterworth Filter

The performance specifications of a filter are often given in graphical form as shown in Figure 3.
The design of a Butterworth filter with these performance specifications is described here.

f (HZ)

Pasfoand %
-40d
HO |2 Stopband

Figure 3. Filter design specifications for a Butterworth filter

Suppose a filter with the maximum passband ripple is -3 dB, and the passband edge is at f =1kHz is
to be designed. Additionally, the stopband gain is to be no more than -40 dB with a stopband edge
at f =2kHz.
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From the Home screen, press [¢] 1 [F6] 2:NewProb to
reset the TI-89 to a known state. Then enter the
Butterworth equation as shown in screen 25.

10 [x] [CATALOG] log(1 =] [J 1[#H eps (8] 2[x) (J =] o D] [0
(d 2n 0] 0] 0] (STO»] butter

Press [APPS] 9:Numeric Solver exp=butter [ENTER] (screen 26).

Note that the Numeric Solver listed each of the
variables for values to be entered. Find the value of eps
by entering the data for the passband edge with a -3 dB
response at 1000 Hz. n is unknown but at the passband
edge all values give the same result, so for now enter 1
for n as shown in screen 27.

Place the cursor on the eps line and press to solve
for eps. After a second or two, the screen shows eps is
about 1 (screen 28).

Now, find the order of the filter by setting the stopband
edge response (exp) to -40 dB and f to 2000 (screen 29).

Solve for n by placing the cursor on n and pressing [F2).
After a couple of seconds the solution of n=6.6 is
shown, as in screen 30.

Since n must be an integer, set n to the next larger
integer value of 7 and solve for exp to find the stopband
gain for this value of n (screen 31).

With a 7™-order Butterworth filter the stopband gain is
- 42 dB, a little better than the minimum needed.

(25)

Fi~] Fer [F3~] Fi~ | FE Far
Tools|A13cbra|Calcf0ther|FramI0jcTean Ur

[trees? %] |»

1
lﬂ-ln[ ; = N ]
L$F] -eps=+1

L 1 G0

+hutter

ZTEADY FUMC 2430

EAD AUTO

Fi~] F2 Fir F4 FE Fb
Tools|Zolue|Graph)GEet CUFsor|EAns|CIF a-x2...

exp=butter

EHp=

h=

F=

tp=

eps=
bound={-1.e14,1. 143

(26)

STERDY KAD ALTO FUMWC

Fir| F2 Fir F4 FE FB
Tools|Zolug|Grarh)Get Curser|EAns|CIF a-X...

exp=butter

S

n=1.

f=10aa,

fp=1000.

eps=
bound={-1.e14,1. 14X

27)

(28)

(29)

STERDY KAD ALTO FUMWC

Fir| F2 Fir F4 FE FB
Tools|Zolug|Grarh)Get Curser|EAns|CIF a-X...

exp=butter

exp=-3.

n=1.

f=10aa,

fp=1000.

a9 34511039
bound={-1.e14,1. 14X

[ 1 =
STERDY KAD ALTO FUMWC

Fi-] Fz Far F4 FE& FB
Tools)ZoTue|Gr arh|Gek Cursor|Eans|CIF a-x...

exp=butter

exp=-40,

n=i

=200,

fp=10E0,

eps=. PIVELEF4S11093
bound={-1.el14,1.e14%
STEADY

EAD AUTO FUHC

Fi=] F2 Fi= F1 FE& FB
Tools[Z0Tue|Grarh|Get Curser|Eans|CIr a-z...

(30)

exp=hbutter

fp=1000.
eps=, ¥97E2E34511099
bound={-1.el4,1.el4X

n
STERDY KAD AUTO FUMC

Fi=] F2 Fi= F1 FE& FB
Tools[Z0Tue|Grarh|Get Curser|Eans|CIr a-z...

(1)

exp=but.ter
LR -4 1232
n=r.
F=2000,
fp=1000.
eps=. 3972834511099
bound=L{-1.e14,1. 14X

n
STERDY KAD AUTO FUMC
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CHAPTER 4: STEADY-STATE CIRCUIT ANALYSIS AND FILTER DESIGN 41

8. Now, plot the Butterworth equation to see the
frequency response. To do this, press [¢] [Y=] and enter ::iju trer | =%
butter with f replaced by x (screen 32). uz=

102
(32)| iy EAD AUTD FUNHLC

9. Since the stopband edge of the filter is 2 kHz, plot x Tﬁ;,hgﬁm I
from 0 to 3000. The stopband value is -40 dB, so plot y m;; %EIEIEI
from -45 to 0. Enter these values in the Window Editor xacl=1,

((+]) WINDOW]) as shown in screen 33. e

\
(33} STERDY KRD AUTO FUHC

10. Press [MODE] to be sure the Graph mode is set to SLETH P TN T o L i
FUNCTION. Then press [¢] [GRAPH] and wait a few seconds
to see screen 34.

(34) STERDY FAD AUTO FUHC
The response in the passband looks very flat, which is R e L e R
correct for Butterworth, but are the passband and LLT Fi’ ]
. . ni 107

stopband edges in the right places? These can be " DrawFunc -3 Dome
checked graphically by pressing [F6] 2:DrawFunc to " Drawlny 1080 Daone
draw horizontal lines at -3 and -40 dB and - g”a”F“”" ~40 Dane

. . B Opawlne 2000 Done
[F6] 3:Drawinv to draw vertical lines at 1000 and (35)
2000 HZ (screen 35) STERDY FAD AUTO FUHC [TL]

11. Press [¢] [GRAPH] to plot the results (screen 36). e WE AR L TR

The curve passes through the -3 dB point at 1000 Hz and
passes below the -40 dB point at 2000 Hz. The filter
meets the required specifications.

) [
(36} STERDY KAD AUTO FUNC
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Topic 17: Chebyshev Filter

This section shows how to design a Chebyshev lowpass filter with the same specifications as
discussed in Topic 16 and shown in Figure 4.

f (Hz)

Passband %
-40d
IHPas Stopband

Figure 4. Filter design specifications for a Chebyshev filter

The Chebyshev equations are

c Of O g L Uf f 1
| = cos-ncos —| <
Hoh T | |
where n is the order of the polynomial.
Of O U Of f
C, E: cos cosh‘ﬁf— —>1
p p fp
Therefore H_, is
O O
D O
1 0
|H(f)|d = 10IogB—D
§1+ szcz%uﬁa
Follow these steps to enter these three equations. Note: DelVar can be entered by
pressing [F4]4:.DelVar.
1. From the Home screen, clear f, fp, eps, and n using W
Tools|A13cbralCalc|0ther|FramiDjClean U
DelVar. B Orawlme 2000 Done

B 0ellar f,fp,eps.h Daone

2. Enter C for If/fpl < 1 as shown in screen 37. p
L] v;-:us[n : v;-:us'i[F—P]] + chebl

[cos] n[x] [¢] [cos] f (5] fp chebl

cos{ -cos{ 2 )

cosrkcos A ARl rachebl
(37) STEADY RAD AUTD FUNC B/Z0
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Enter C, for If/fp/>1 as shown in screen 38.

cosh(n cosh(f (2] fp
cheb2

Define cheb to be chebl for [f/fpl<1 and cheb2 for If/fpl>1.

This is done using the “when” function as shown in
screen 39.

[CATALOG] when( [CATALOG] abs( f[5] fp [>] 1[5] cheb2
(5] cheb1 cheb

Define hdb to be [H(f)12,,

10[CATALOG] log(1 (] [0 1(+] eps (2] 2(x] cheb [~] 2[1] ]
(ST0»] hdb

as shown in screen 40.

To design the filter, use the Numeric Solver. Press
APPS] 9:Numeric Solver exp=hdb [ENTER] (screen 41).

Proceed as with Butterworth. Find eps for -3dB at the
passband edge by entering the values as shown in
screen 42. The result is the same as with Butterworth.

Now find n for -40 dB at 2000 Hz. It takes a few seconds
to find the order of the filter (screen 43).

To meet the design specifications, n must be 5. Enter 5
and calculate the response. See what the gain is
(screen 44).

This filter exceeds the design specifications by more
than 10 dB with a lower order than the Butterworth.

(38)|:

(39)

(40)5

Fir FZr |[F3=] Flr FE Fe~
Too1s|ﬁ1§ebru Calc|Okher |FrarmlDjClean Ur

43

S A

'GDEh[h'EDEHd[?%;H'*GhEEE

£
cnsh[cnship?aq-h]

STERDY EAD ﬁIJTI:I FIJNIZ - 5.-'3':1

Fir FZr |[F3=] Flr FE Fe~
Too1s|ﬁ1§ebru Calc|Okher |FrarmlDjClean Ur
Kl

»1
+ cheb

.{chehl elze

F
chebZ, |-F‘_p| 1

chebl,else
cheb, chebl d+chehb

EAD AUTO FUHC 10/%0

LATpEL,
STERDY

Fi-] Fzr JF3~| Fir [ FE Fa-
TooT5)AT13cbrajCale|Other|PrArmI0)CTean Ur
T ™ T

18- 1n 1

f
2 H chebZ, |'F_p| »
eps <

chebl,else

FUHC 11/%0

bound=7{-1.el4, 1. 14>

(41)

(42)2

STERDY EAD AUTO FUHC

Fi-] Fz Fir F4 FE Fa
Tools|Zalug|Grarh|GEet Cursor|EQns|CIr a=-x...

bnund { 1. El4 1.e14%

STERDY Rﬁ[l AUTO FUHC

Fi-] Fz Fir F4 FE Fa
Tools|Zalug|Grarh|GEet Cursor|EQns|CIr a=-x...

exp=hdb

exp= 40,

eps=. 9762834511099
F=2Z00,

; 475 22
bnund i-1. El4 1.e14%
mleft—t=0],

(43)

(44)z

STERDY EAD AUTO FUHC

[ Fivl Fz l Fir I & Irs I {3 ]]
Tools)3olug|Grarh|Ggt Cursor|Eans|C1r a-x...
exp=hdh

LR -5 . 15355

EPs=. 99?62834511999
F=2000,

bnund { l1.el4,1.e14%

STERDY Rﬂ[l AUTO FUHC
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10. In the Y= Editor, enter the expressions for the two
filters to compare them (screen 45). Note that n=7 is
added to y1 so that the Butterworth filter uses the order
computed for it instead of using the value of n=5 used
for the Chebyshev filter.

11. Press [¢] [GRAPH] to see the graphs (screen 46).

(See Topic 16 for a review of the instructions for a
graphical comparison of the filters’ performances.)

As expected, the Chebyshev filter has ripples in the
passband, but it drops more rapidly in the transition
band than the Butterworth.

12. Compare the filters’ performances with the lines which
represent the passband and stopband design
specifications (screen 47). Press [F6] 2:DrawFunc to
draw horizontal lines at -3 and -40 dB. Press [F6]
3:Drawinv to draw vertical lines at 1000 and 2000 Hz.

Both filters show the required -3 dB response at 1000
Hz; both filters exceed the specifications since they are
below -40 dB at 2000 Hz.

Topic 18: Logarithmic Frequency Plots

(45) ZTEADY EAD AUTO FUMC

<FLOTZ
“yl=butter | f=x and n=7
wuZ=hdb | f =x

y3i=

yg=

o=

HE=

200

\
(46} STEADY KAD ALTO FUMWC

(47)

S T
STERDY FRAD AUTO FUMEC

Often frequency responses are plotted on a log frequency scale. Although the TI-89 doesn’t directly

support log plots, they are easy to do.

1. Return to the Y= Editor and alter the “with” operation
to include the logarithmic relation of frequency with x
as shown in screen 48.

y1: butter (1] f(=] 10 [~] x [CATALOG] and n (=] 7
y2: hdb (1] f[=] 10[~] x

The values for x are linearly spaced, but the values of
10* are logarithmically spaced.

2. Press [¢] [WINDOW] to adjust the range on x. Graph the
functions for f=500 and f=3000. To do this, enter log(500)
for xmin and log(3000) for xmax as shown in screen 49.

3. Press[¢] [GRAPH] to display screen 50. The logarithmic
plots take on a different appearance than the linear
plots of screen 46.

(48)

=~FLOTE

STERDY KAD AUTO FUMC

[FivTFZvI ]
T o5 |20

“min=2,. 698970004 34
®max=1ogt ILGE ]

wscl=1.

gmin=-45.

grax=a.

yscl=]1.

HPres=2,

(49)

STERDY KAD AUTO FUNC

(50)

STERDY KAD AUTO FUNC
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CHAPTER 4: STEADY-STATE CIRCUIT ANALYSIS AND FILTER DESIGN 45

4. The passband and stopband lines are added by using
log() of the f values in Drawinv (screen 51). Press

Fi-] Fl-
Calc|0ther

FE
Framil

Fir Far (133
Tooals|A13ckra Clan Ue|
O 3T IFw [0

= Ofawlne ZOGE Daohe
[F6] 2:DrawFunc for -3 and -40 dB. Press [F6] ® OrawFunc -3 Done
3:Drawinv for 1og(1000) and 1log(2000) Hz. ® OrawFunc -48 Done
B Orawlne logl 1E0EE) Dahe
B [pgw I 1ogl SEEE) Diohe

Orawlny 1ogl 000
(51)|s: = nnnam - FONT 18750

As expected, the plots in screen 52 show that both rhiz
filters meet the design specifications.

(52) STERDY ERD AUTO F\E\‘NE

Tips and Generalizations

Topic 13 show how to enter, solve, and display equations with complex numbers. Multiple
equations with multiple complex unknowns can be solved. Also the matrix approach of Topic 3
can be used with complex numbers.

The Numeric Solver works nicely for filter design but can easily solve any equation for an
unknown value.

Once a steady-state response is known, the power dissipated by the various elements can be
found. Chapter 5 explores this topic further.
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< \ ONS Features Used

> (1], abs(), real(), imag (),
Q conj().,[1], [a], NewProb, [],
() Program Editor, [+][Y=],
~/ expPlist()
- Setup
x Chapter 5 (+]1, NewFold power,
11} setMode( “ Angle " ,“ Degree™)

setMode( “ Complex Format”,
“Polar”)

Power Engineering This chapter shows how to handle phasor algebra, complex
power, power factor corrections, and unbalanced three-

phase calculations using the TI-89.

Topic 19: Phasor Algebra

The sinusoidal, single-frequency voltages and currents of power systems are usually written as
phasors — complex numbers in magnitude and phase form. This form is particularly useful in
three-phase calculations when phasors must be added or subtracted. For Y-configurations, the
line-to-neutral voltages, van, vbn, and vcn, (often called the phase voltages) are combined to give
the line-to-line voltages, vac, vba, and vcb as shown in Figure 1.

vba

vbn

‘ vac
A

Figure 1. Three-phase line and phase voltages

vcb

For a positive phase sequence, the phasor forms of the line to neutral voltages are given as

van = 110
vbn = van[1120° = 1100120°
ven = van[]240° = 1100240° = 1100-120°

A negative phase sequence gives the opposite signs for the phase angles.
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Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

The function vphase() uses van and the sign of the phase
sequence to calculate the phase voltages (see screen 1).
Press 7:Program Editor 3:Ne w, select 2:Function for
Type, and enter vphase for Variable. Then type the
function lines as shown in screen 1.

See Tips and Generalizations for shortcuts on entering
functions.

Calculate the phase voltages for van=110 with a positive
phase sequence. Return to the Home screen, and use
the function vphase() with arguments of 110 and 1 as
shown in screen 2.

Two entries are displayed in screen 2. The first entry
shows the returned answer; the second shows the
answer scrolled to display the right side.

For a negative phase sequence, use arguments of 110
and -1 (screen 3).

If different results are displayed, press and set the
modes as shown in the Setup section.

Each line-to-line voltage is expressed as the phasor
difference of the two adjacent phase voltages, for
example, vac=van-vcn. The function phas2lin() returns
the line-to-line voltages in a list {vac, vba, vcb } for van
and the sign of the phase sequence.

Enter the function as shown in screen 4. The function
vphase() is used to calculate the phase voltages which
then are used to calculate and return the list of line
voltages.

To calculate the line-to-line voltages for a phase voltage
van=110 with a positive phase sequence, use phas2lin()
with arguments of 110 and 1 (screen 5). Two entries are
displayed again to show the complete answer.

Fi~1 Fe- [FiFi- FE Far
Taols|Contral|l/0|MarF|Find...|Modg

(Y

tuphasefuan, sgqncl

fFunc

Pivan vank(l « 53nc*12ﬂ),u
anwil = SyncH2d0
fEndFunc

FOLEFR DEG AUTO FUHC

Note: To enter O, press [].

Fix] Fex [F3~| Fi~| FE Fa-
TooTs|A13cbra|Calc|Other |Frarl0fClean U

E

= HewProb Dane
®yphase; 110, 17
L1180 (110 21280 (110 £p

®yphase; 110, 17

40110 1280 116 » -128)2

FOHER DEG AUTO FLUNC S50

Fix] Fex [F3~| Fi~| FE Fa-
TooTs|A13cbra|Calc|Other |Frarl0fClean U

Fir Fex zFuY| FE FE~
Tools{Contral|l/0 M ar|Find...[Mede

B yphase 110, 1)
40110 £ 1280 110 2 -1280%

® yphasze(110, -13
{110 110 2 -12a)

®yphase; 110, -12
40110 « -120)

C11E

(110 £ 12832

FOHER DEG AUTO FLUNC 550

4)

=Eha5211n{uan,5qnc}
fFunc
tLocal phase

tuphaseiyvan, sgnci+prhase
t{phase [l ]-phase[3],phasel
2]—ph559[1],phase[é]—phas
el21F

fEndFunc

FOHER DEG AUTO FLUNC

Fix] Fer [F3~| Fi~| FE Fa~
Tools{A13cbra|CalefObher |FEIral0|Clean U

®yphase(110, -1D
40110 £ -1200 (110 £ 12803

mphas2linglla, 12
d11e-J3 2 30) (110-J3 2
mphasZlingll@, 17

(5) B

-3 £150) (110-[F £ -90)3

FOLEFR DEG AUTO FUHC facl|]
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7. Phase voltages are calculated from line-to-line voltages IS WA i ek M
as the difference of the adjacent line voltages, for P RlnEphastuac, sancs
example, van=(vac-vba)/3. The function lin2phas() returns FmCal Ay . sanoklzEd i
the phase voltages given the line-to-line voltages and AN il sance120),v
the sign of the phase sequence. (gl 2 sanck2dnns

. . . 6

Enter the function shown in screen 6. The vac line to (6) e (ESRll O
line voltage and phase sequence are used to calculate
van which is used to calculate the other two phase
voltages.

8. Screen 7 shows the calculation of the phase voltages for S I LA M L
vac:llO\/§D30° and a positive phase sequence. ) :hnjai .:;11 gllfli 1I;IE,iliJEl I3 2 -9a]2

» linZphas(( 110-[3 £ 3], 1]
£118 118 £ 1200 ¢ 110 <

" linZphas(l 110-[3 £ 308), 1]
40110 - 1200

linZphas 01160+
FOWER DEGAUTD

@)

Topic 20: Average Power

Instantaneous power is defined as p(t)=i(t)v(t) for real signals where i(t) is the current which
flows in the direction of the voltage drop across the element, v(t). p(t) varies with time as the
signal varies. On the other hand, the average power of many signals is constant and often a more
useful parameter. It is defined as

to+T
1 .
Py = T [v(i(t)de

t=t,

where T is the period of the signal.

1. Set the Angle mode to Radian. R e
2. To calculate the average power dissipated in a 1 kQ " setflecs(tanal=ty IITEEIEEE?"
resistor with a voltage of v(t)=10sin(2160t) V across it, " lE-sin(Z-m- g0t wit) Lone
first calculate the current as shown in screen 8. wit)
* {oa0 + ity Do,
Since i=v/r, the current is i(t)=10sin(2160t) (bottom of Wity LEEEE L)

(8) FOWER KAD ALTO FUMC iz/20

screen 8). The period of this signal is calculated from
the relationship T=1/f=1/60 s.

3. [Enter the average power, P, as shown in screen 9. T e Te| 1S ebr o[ Cave|Dhtear|Fr amin)c1ean e

DOahe

emlbMulinfulinsinMsHalnleluf L o
o) o,

. a [ucty-ict))dt
The average power is calculated as 1/20=50 mw. VT 1-20)
LRIt L0, 1/ER AL EED
(9)|Faiier RAD ALTO FUMC FEFET]
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The average power dissipated in a 1 uF capacitor with a
voltage of v(t)=10sin(2160t) V across it is calculated in
a similar way. However, for a capacitor i(t)=Cdv/dt. The
calculator can do the work of calculating the derivative
as well as the power. To do this, enter the three
expressions as shown in screen 10.

1[EE) (1) 6(STO») ¢
clend [¢] v tDI I tO] ST i [ 1)

and

nd vt i0 It oM 1EH 0] H M1
60 (1]

The average power dissipated in a capacitor is always
zero!

The integral calculation of power is valid when the
voltage and current are not so nicely related. For
example, consider an unusual device that has a periodic
pulse train voltage across it with one cycle defined with
the “when” function as shown on the top of screen 11.

when( t[2nd) [<] 0.01(.] 10(.] 2[1] v(dtQ]

This device also has a sinusoidal current given by
i(t)=bsin(2160t+174), as shown on the bottom of screen
11. These expressions are entered as voltage and
current.

Note that the two signals must be periodic with the
same period T=0.02 seconds. To graph the two signals
over one period, enter v(x) and i(x) in the Y= Editor
(screen 12).

Enter the graphing parameters in the Window Editor
screen as shown in screen 13.

Press [¢] [GRAPH] to display the results in the graph in
screen 14.

Note: The integral entered before

can

be copied to the entry line by

moving the cursor into the history
section with @, highlighting the
integral, and pressing [ENTER].

(10)

(11)

(12)

Fi-] Fér |Fi-| Fi=] FE Fa-
Tools A3k rajCalcfOthek|FrAnl0jCTean Ur

sl EE+cC I.00e-&

m oot + i) Done
L7 futy - ikt

@, 88

160
RiChat 0, 18RS
FEAD AUTO FUNC

L
Jut
FOWER

16/30

Flr] Fer |Fi=| Fi=r] FE [
Tools|AT13gbrajCalciOther|Framl0jClcan Ur

L 1-60 T Tl

o 2P st Done

-s-ain[z-n-ﬁm-u%]-r ity
Daone

LR LT C o e s Bl |
FORIEE: EAD AUTD FUNC 18/F0

OE i =1 iwy
FOIEE FAD AUTO

File| Fix
Toals|2aam

FUHC

(13)

FOWER RAD AUTO FUNC

(14)

FORER RAD AUTO FUNC
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9. The average power is found by using the same integral R R (e e I |
over the period of O..02 seconds. 'Return to the Home .5 sin[z meSE- + %] S 40k
screen, and enter this as shown in screen 15. Done

.0z .
Dv0tDREiIOtDOtEoE 0020 E 002 [; 2 tcta ictar oo
| | -
Therefore, the average power dissipated in a device (15) YRLCED, b, 0, . B20 7, D2
with the square wave voltage and sinusoidal current is — FALALTD FOMC__13:30
9.00 W.

Topic 21: Complex Power

For steady-state, sinusoidal signals with v(t)=vo sinwt and LA I [ T I |

i(t)=io sin(wt-0), the average power is calculated with the J-E'? [uCtd- ictyldt

integral as before where T=2T17(0. EL oz 9.0

. . csinfet t !
1. Enter v(t) and i(t) as shown in screen 16. : ':E ) zi:Ez ) tj_d}e";(_} ji(t) o
Dore
1oks i mkt=-A1=1 CH
(16)w —— nn u A

Note: To enter w, press [¢]

w.

2. Find the average power as shown in screen 17. R PR (e e I |
(&) (@ faipha) w (=) [0 2 20d) (] 0 () 20d) (5] v ([ t D & i [0 2o hene
t0] ] t() 0 2(2nd) [x] (=] (¢] [ [alpha] w [] -Z?H-L‘“ fuCty- ictaldt

io-wo-cosiel
=

This form provides the basis for the common expression for average power

vo io
= cosB

P =
AVG \/E \/5

where 0 is the angle by which the current lags the voltage. The terms (vo/ V2 ) and (io/ V2 )
are known as the root-mean-square (abbreviated as RMS) voltage and current, respectively.
RMS quantities are defined as the square root of the mean (or average) of the quantity

squared.
=
Ixz(t)dt
xrms= |22
T
3. Calculate the RMS voltage of v(t)=vo sin(wt) as shown rhie|hene a|Cate|bhar e Sain]c1aay ue]
in screen 18. = -
- T
(20d) (] (3) [0 (aoh) w (3 (0 2 20 () (1) (9 (20 ] v [ ¢ [ - | -L“’ (wcenat
(2] t0J 0[] 2(nd [x] (] [+] [ [alpha] w O] D] vl -IZ
The result shows that the RMS value of any sinusoidal CEmy SELCE 1 -
(18)[Fabier—— FRERUTE —— FUWE — 22/T0

. . N2 . .
signal is > times its peak magnitude.
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When sinusoidal voltage and current are written in
phasor form, volJ0 and io[J-6, the average power is
given as P,,,=Real(vo*conj(ioll-0))/2.

Calculate the average power for v(t)=vo sin(wt) and
i(t)=io sin(wt-0) using the phasor method.

First enter the voltage phasor as shown in screen 19.

([ vo (5] (2nd] [] 2 1] [2nd] [£] 0 0] (STO] vphasor

Enter the current phasor (screen 20).

([ io (] (2nd] [] 2 (1] (2nd] [£] () [¢] [6] 0] (STOP] iphasor

Calculate the average power (screen 21).

real( vphasor conj( iphasor

The results are identical with the time-domain
averaging.

This leads to the generalized concept of complex
power. The complex power, S, is defined as S=P+jQ
where the real part P is identical to average power and
is expressed in watts, the imaginary part Q is known as
reactive power expressed in VARs (volt-amperes
reactive), and the complex power S has units of VA

(volt-amperes). S is calculated by S=vo0*conj(io[1-0 ).

The average power is P=real(S); the reactive power is
Q=imag(S).

Find the reactive power as shown in screen 22.
CATALOG] imag( vphasor CATALOG] conj( iphasor

Calculation of the complex power for a load of
zz1 = 2-j3 Q with a current iphasorl = 20 A rms proceeds
as follows.

a. First, enter the values of zz1 and iphasorl
(screen 23).

(21)

(22)

23

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13gbrajCalc|Other|Frami0jClean Ur

'Jﬂ']m L[U':t)]h__ldt
[wal - [Z

2
vo- 2
2

L] [ % z EI] + uphasor

EAD AUTO FUHC Pl

Fir Fer [FZ=] Fur FE Fa~
Tools|AT13ckralCalc|Other|FrAnal0jCTean U

. l E £ EIJ + wphaszar 2“"

l[% £ 'EJ] + iphaszor

e VP o3
2

£ "B #iphasor

KAD AUTO FUNC T

Fir Fer |[FI=| Fur FE& Fe~
Tools|AT13ckralCalc|Other|FrAnal0jCTean U

1z T .
e VP03
2

B realivphasar - conjiiphasork
io-wo-cosiE)

z

..l tuphasor#conjiphasor il
FOHEF KD AUTD FUNE E6/F0

Fir| Fer |[Fi=| F4r | FE Fé~
Tools|A13cbralCalc|Obher |Frami0|Clean U
B reslivphasar - conjliphasotk
io-vo-cos{a)
=

B imaglwrhasar - conjliphasork
io-wo-singE)

2

..givphasor+tconitiphasorl
FOER AD AUTD FUNC ERTED

Fir] Fer |Fa-[ F4=] FE [
Tools|A13ckralCalc|Other|Franl0jClean Uk
T P = IS

z

mZ2—§-3+zzl
i[2 tant(2s30 - m)

& z J13
B2+ iphasorl 21

FOWER KRD AUTO FUNC =8 20
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Fir Fer [Fx=| Fi= FE Fa~
Tools|A13¢bra{CalcOkher [Framl0jClsan Ue
IO IETISE0T T ZT

® jphasorl-zzl + wphasorl
P2 tant( 2.3 - 1)

b. The voltage of the load is vphasorl = iphasor1*zz1
and the complex power is
S1=vphasorl*conj(iphasorl) (screen 24).

z

- & <213

vphasorl CATALOG] conj( iphasorl ® uphazor - conit iphasorl) +h
SO0 - 1200 - §

s [2nd] [:] s1 >Rect
The calculation gives s1=800-j1200 VA.

..ohjtiph rlis#slizlrRect)
(24)|ﬂl-lﬁ : RAD AUTD FUNE 30,30

Note: To enterj =+/-1, press
2nd) [¢].

Note: Two or more commands can
be entered on one line using the
colon [:]) to separate them.

9. Calculation of the complex power associated with a LT R (A T I |
load given by zz2=3+j4 Q with a voltage of —— =
vphasor2=110 Vrms , applied across it proceeds as . 3ph35w1 — iphamﬁj :E
follows. 80O - 1200

mI+io4szz T+4-i
a. Press and change the Complex Format mode to =110+ vphasord 110
RECTANGULAR. (25)|Fuwier RAD AUTO FUNC __ T0/z0

b. First enter zz2 and vphasor2 (screen 25).

Note : setMode("Complex Format",
"Rectangular) was used since the
rest of the examples are best
displayed in rectangular mode. This
can be set with to minimize the

c. The rms load current is vphasor2/zz2=iphasor2; the
complex power is S2 = vphasor2*conj(iphasor2).

Enter the complex power as shown in screen 26.

vphasor2 [x] [CATALOG) conj( iphasor2 s2 typing.
Fir Fer [Fa=] Fu~ FE Fe~
The complex power is calculated as s2=1452+j1936 :";‘;5‘1’“’;:;";;'";:‘*2”"”””'" Eledn b 1| T
VA. The average power which does work or vphasor?
& —————— + iphasorz

produces heat in the 3 Q resistive part of the load is
1452 W. The reactive power which represents the
rate of change of stored energy in the j4 Q reactive
part of the load is 1936 VARs.

zz2

660 - 82803 1
B yphasord - conjliphasor2) +p

26 hasorZeconjliphasorZi+s2
(26)|Fakicr KRD AUTD FLUNC 0 50

1452 + 1936 -1

Topic 22: Power Factor

Complex power S is supplied to a load. The real portion of the power, P, is available to do work or
produce heat; the imaginary portion of the power, Q, is unusable. The fraction of complex power
which is available to do work is given by the power factor

Rea Power _ P

=———————— =—=cosb
Complex Power S

For positive phase angles 0, the power factor is called leading; for negative phase angles, lagging.
Resistive loads have a unity power factor, that is, pf=1; reactive loads have a zero power factor.
The angle 0 is the same angle as the impedance phase angle. Since Y=1/Z, the admittance phase
angle is the negative of the impedance phase angle and can be used to calculate the power factor
as well.

The complex power for the load zz1=2-j3 Q in Topic 21 is s1=800-j1200 VARs.
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1. Find the power factor, pfl (screen 27). 1ot 134t ol a1 et e gl uy
s
9 £E5 — 8854
= i i i iti B uphasor? - conjliphasorz) +p
The power factor of pfl= is lagging since it is a ittt
capacitive load, that is, the reactive component is o PeAllsly Ly z -113%_3
negative. i
(o7
2. The complex power for the load zz2=3+j4 Q in Topic 21 SN IRLETN L I
is s2=1452+j1936 VARs. 1452 + 19364
e HE
Screen 28 shows the power factor of pf2 = 3/5 is leading realts)
for the inductive load. " ez Pf2 -5
(28)|-|R Pil:l AUTO IJNC S0/E0

Topic 23: Power Factor Correction Using Impedances

Reduction of the reactive power improves the power factor which means that more of the power
generated by the electric utility can be sold. Therefore, rate incentives are offered for industrial
users to improve or “correct” their power factor. Most large users have a leading power due to the
inductive nature of motors. A leading power factor can be “corrected,” that is, brought closer to
unity, by adding capacitors in parallel. The capacitive susceptance, j21fC, cancels part of the
inductive susceptance of the load, -jB;, and makes the angle 6 smaller and the pf=cos6 closer to
unity. See Figure 2.

GL TjZTEfC

'jBL

Figure 2. Admittance triangle

The procedure for calculating the amount of parallel A TS o) M LI
capacitance needed to correct the power factor to unity for the sz 95 — 475§
inductive load zz2=3+j4 Q =5053.1" Q (Topic 21) follows. This T imagtuu) ;
load has pf2=cos(53.1")=3/5=0.6 (Topic 22). "TEamen TS0 W
w Jinaatdyz) 4.24E-4
1. Convert the impedance to admittance, yy2=1/zz2= 3/25 - EREALT] :
j4/25 = 0.12-j0.16 S (top of screen 29). (29)|ﬂlwl£k Rl WTD — FURE —So7sn

Note: Calculate the floating-point

2. The added parallel capacitive susceptance must cancel result by pressing (] [=].

the inductive susceptance so that j(0.16)=j21(60)C
which gives C=424 pF (bottom of screen 29).

Unity power factor is often prohibitively expensive to achieve so the rates are set to offer incentive
for partial correction.

Repeat the last example for the load zz2=3+j4 Q but with a final power factor of pf=0.9 leading
The load conductance does not change with the addition of the parallel capacitor. To obtain the
specified power factor, the added capacitive susceptance must result in a leading pf=0.9=cos0 so
that tan6=tan(cos™(0.9)) =-0.484.
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With the addition of the parallel capacitor, the total susceptance of the load is given as
btot=imag(yy2)+2160c.

The ratio of imag(s)/real(s) =( imag(yy2)+2m60c) /real(yy2)=tanf=tan(cos'(0.9)).

Find the desired value of capacitance as shown in screen 30. ESA AN LS Ml AL P

T ZomeEl Fol T
CATALOG] solve( [(J [CATALOG] imag( yy2 2(2nd] [x] 60c 0] (5] o - inagluu®) 4 2de 4
CATALOG] real(yy2 D] (=] [TAN] (¢] [cos] 0.9 e E'H'?ﬁagmm . 2-11.- o

=zl ¥
The result is C=270 UF, somewhat less than that needed for = UE[ realiysz)
unity power factor and therefore less expensive. (30) g2 i=-tanic

FOREFR FAD AUT

Topic 24: Power Factor Correction Using Power Triangle

Alternatively, power factor calculations can be made in terms of complex power as well, but these
calculations require the voltage or current.

To recalculate the parallel capacitance needed to bring the power factor to 0.9 leading when the
complex power is S2=1452+j1936 VA, recall that P=real(S) and Q=imag(S) (top of screen 31).
Some negative reactive power is introduced by the added parallel capacitance

pf=0.9=P/S=P/(P+j(Q-Q..))-

1. Enter this as shown in screen 31. rhre i hene a|date|uphar e seain]c1aay ue]

CATALOG] solve( 0.9 =] p2 (=] [(] [CATALOG] abs( p2 [] ::izégigg : :g iggg
(0 a2 [=] geap 0] 0 0J () acap (] F2

lsnlue[.g

- P2 + 1[92 - qc,sh
qoap = 2639.24 or goap =1k

The complete answer is gcap=2639.24 or qcap = 1232.76

s (pZ+i CyqZ-qoapl 2 ), gqoap?
(31) FOREFR i R[l HIJIII = FIJN l.'|.-'3|:|
2. Enter the second solution to obtain A crﬁ'clufﬁ';rlpéfmu -:1-zFuEn'u;~|
Q.,,=1232.8=2160 ClvI*=2160C(lvphasor2|)® qcap = 2639.24 or gcap = 1)
B oxpklistigocap = 2639, 2356
CATALOG) expPlist( [ans] (5] gcap cs £1232.76 2639.247

L snlue[cs[l] = E'JI'ED'E-'[l'v'F’

and

CATALOG) solve(cs (2nd) (] 1 (2nd) (3] (5] 2 (2nd) [] 60c (32 o

abs( vphasor2 2(Jc Note: exp¥list(ans(1),qcap) cs is
. used to convert the results of the first

Screen 32 shows this leads to c=270 UF, as before. solve into a list which is stored in cs.

Note that the second solution cs[2]=2639.2 gives a ’fgﬂ uses the first solution to solve

power factor of 0.9, but lagging. Since this requires a
capacitor twice as large, it is not an economical
solution.
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Topic 25: Y- A and A-Y Transformations

Many circuits are simplified by transforming a circuit from a Y configuration to a A or a A
configuration to a Y as shown in Figure 3. The transformation is particularly useful in simplifying
circuits for later series-parallel combinations.

Zc Z1 z2
W —W—r—W—
Zb £ Za F Z3
A-Connection Y- Connection

Figure 3. A and Y Configurations

The transformations are expressed as
Z,Z, d ::2122*'22234'2321

1 = a
Z,+Z +Z, Z
- Zcza Z. = lez + Z223 + Z?,Zl
2z +Z2,+2Z, " Z,
- 2.2, Z ::lez*'22234'2321
3 c
Z,+Z +7Z, Z,

Since there are multiple inputs and multiple results, functions SEA LTSN (R [ CR

work well to make these transformations. jdellazaiz)

- . LTI ST,

1. Press [APPS] 7:Program Editor 3:New and define the two éa taprarZ gosznizialiEIt
functions, delta2y( ) and y2delta (), to implement these ¢ {zb*zze, zzodza, zakzhl sden
equations (screens 33 and 34). :EndFunc

(33) FOWER RAD AUTO FUMC

Fir] Fer [F3qF4+ F& Far
Tools|Conkrol|l 0 |Var|Find... Medg

tgZdeltaczy
tFunc
tLocal num
pzl] k(2142 (2142 [31+2 (3 1*
z[1 1+num
FihgmeCz [l T nume Cz[210 , nu
Motz (3103
fEndFunc
(34) FOMEE FAD ALUTO FUNC
2. Return to the Home screen, and use the delta2y() rhaie|iehr a|dare|nbar|Fr Sim]c14an e
function to calculate the Y-configuration elements for a "solve[ce[1T=2 m &d-c [
X s o o Cc=2.70e"4
delta-.conflgured ClI:CUJt W1tl} zaQ =3+j, zb=b5+j5Q, and mdelta2u({3. +§ S+3.5 b
zc=2-j4Q as shown in the middle of screen 35. £2.69-1.54-4 .FF-1.1%h
® yZdeltal {2, BFZIATEIZTATT )
defia2y [(:E@Ed[I0sEEd 15020 300 Lo0 5.00+5.0
zdeltatansolad
[C] 4 [}] (35)|ﬂ|-IER = HD ARUTO FUNC ]

The delta?y( ) function gives the results z1=2.69-j1.54Q,
z2=0.77-j1.15Q, and z3=1.35+j1.73Q (middle of
screen 35).

3. The inverse transformation, y2delta() , returns the
original impedance values (bottom of screen 35).
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Topic 26: Unbalanced Three-Phase Systems

Solving balanced three-phase Y-systems is quite simple. Since all phases have the same sources
and loads, their voltages and currents differ from each other only by 120°. The solution for a single
phase is just shifted by £120° to get the solutions for the other phases. Although the solutions are
more complicated for unbalanced three-phase Y-systems, they are easy with the TI-89’s matrix
operations.

Xwire  Rwire

Xwire  Rwire

220.120 %4 03

Vbn =
220.120° \ 3 @

Xwire

XLbe
5]

Rbc

Rwire

0.4 0.3

Figure 4. Unbalanced, three-phase circuit

The three-phase system of Figure 4 has a short-circuit across one phase. The currents can be
calculated by using Kirchhoff’s voltage law to write three mesh equations for the circuit.

i1(5.6 + j5.8) - 12(0.3 + j0.4) - i3(5.0 + j5.0) = 220 - (2200 ~120)
41(0.3 + j0.4) +12(5.6 + j5.8) - i3(5.0 + j5.0) = (22001120) + (2200 ~120)
41(5 + j5) -12(5 + j5) + i3(10 + j10) = 0

In matrix form, the equations are

5.6+ j5.8 -3-j4 -5 jb|il 220 - (2200 -120)
-3-j4 56+ j5.8 -5 jb [[i2|=](22000120)+ (2200 -120)
-5-jb -5 5 H jlo|i3 0
1. Press[MODE]. Then set Angle mode to DEGREE and " HEW
Complex Format mode to POLAR. Tope: Matrix &
Folder: POl *
: : . ; ariable: [unsvrnet ]
2. Create a new matrix variable. Press 6:Data/Matrix e cons
Editor 3:Ne w. Select 2:Matrix for Type, name the variable Col dimenzion: L]
unsymnet , and set the row and column dimensions to 3
(screen 36). Press [ENTER] to display the matrix. (36)| TP+ TENTERT=IE D TESE T ANEL
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Enter the elements from the matrix equation above.
Note that you can enter the values in rectangular form.
They will automatically be displayed in polar form
(screen 37). For j, press [e].

To enter the 3x1 source matrix on the right hand side of
the equation, create a new matrix by pressing 3:New
(screen 38). Select 2:Matrix as the type, name the
variable source , and set the row dimension to 3 and
column dimension to 1. Press [ENTER].

Enter the values from the right hand side of the matrix
equation in the same manner (screen 39).

Once the matrices are entered, matrix math is all that’s
needed to find the solution for the current matrix, ii.
Return to the Home screen, and enter this as shown in
screen 40.

unsymnet 1 source i

The load voltage across the short circuit is zero. The
load voltage across the zac is vac=(i1-i3)(5+jb)
(screen 41).

The load voltage across zbc is vbc=(i2-i3)(5+j5). Enter
the expressions as shown in screen 42. As expected, the
two non-zero voltages are the same magnitude, but 180°
out of phase.

1 FEENEE NN Y
2 [To I [E= o= T
3 = (=T
* ] ]
rIcI=ClmklC2Y » 450

(37) FOWEE DEGAUTO FUMC

Note: Press [¢] [1] and set the
column width to 6 to get the display
above.

E

=
-

4

=

TVRe: Matrix+
Folder: LT

Mariable:

Fow dirmension: B ]

Coldimension: L]
ESCCAMCEL

[y
(38)|TirE + ERTERI=TF AND TESEI-CRREL

(39) e —
Note: When the first element of a
complex number is preceded by a
minus sign it must be entered with
(). A minus sign on a following
element is entered as [-].
roiisfinsenealfare|nibar|p Sain|c1da ue
AZ+5.00-4 2,01 -4.00-4i3
B ynsunnet. R source + 1i
[ 248,86 22,470 ]
(192,82 £ 12.56)
[ 220,00 £ 6,87 |

LR syrnet. 1 el i
(40)| I o

o
FUNE EITED
Fir| Fer [Fa=| Fu= | FE Fi~
Toals|A 13k ralCalc[Dther |Fr 3mi0|Clean Ue
(192,82 £ 12,562

¢ 220,00 £ 56,371 |
"5 +4-5%zac [5-]Z £45)

DEGHUTO FUHC

W(ii[1]- ii[3]) zac + vac
[0 240,45 « 17.692]

(iil11-iil[3 LISC
(41)wn - I:IEG AUTD FIJN EITED)

Fi-] Fér |Fi-| Fi=] FE Fa-
Tools A3k rajCalcfOthek|FrAnal0jClean Ur

T F Jr=x— Ly LSS e S S L }
m(ii[1]- ii[3]) zac + vac

[f 240,45 - 17,6901
"5 +4-5+zhc [5-]Z £45)

W(ii[2]-ii[3]) zbc + vbe
[ 240,45 « 162, 311]

Cii[2]1-ii [3 ] kzhotubc
(42)| s DEGAUTD A EIRED
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Tips and Generalizations

There are many shortcuts for entering functions. Check under the [F2], [F3], and [F4] menus while in
the Program Editor. For example, Local can be entered by pressing 3:Local .

The string phase is entered often in the examples in this chapter. To save typing, enter it once and
just after pressing e, press and hold [t] while pressing (O five times (once for each letter in phase).

Finally, release the (1] key and press [¢] [COPY]. This will save a copy of the highlighted letters so that
they can be quickly entered by pressing [¢] [PASTE].

The TI-89 can easily handle Greek symbols such as a and w. However, they take four keystrokes
each to enter ([¢] aand [¢] w). If convenience is important, simply use the English
equivalents (a, w) which take only two keystrokes ((alpha] a or w) or fewer if [a-lock] is already
set.

The concept of building a simple function to do repetitive tasks was introduced. Don’t
underestimate the power of this method. For example, the whole power factor correction example
could be written as a function that takes various circuit parameters as an input and returns the
capacitor value needed to correct the power factor. Think of the time savings!

Another analysis technique involves the Laplace transform and the s-domain. Chapter 6 shows how
the symbolic capabilities of the TI-89 make it the ideal tool for dealing with all of those s’s.
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Laplace Analysis:

The s-domain

Topic 27: RLC Circuit
Given the circuit shown in Figure 1, find v(t) for t>0 when v(0)=4 V and i(0)=1 A.

Features Used

[GRAPH], solve (), expand (),
getDenom (), zeros (),
NewProb, [Y=], getNum (),
factor() , (1], 3D graph, abs (),
[WINDOW], cFactor(),
NewData, cZeros (), real(),
imag()

Setup

(¢ ]1, NewFold laplace

This chapter demonstrates the utility of symbolic algebra by
using the Laplace transform to solve a second-order circuit.
The method requires that the circuit be converted from the
time-domain to the s-domain and then solved for V(s). The
voltage, v(t), of a sourceless, parallel, RLC circuit with initial
conditions is found through the Laplace transform method.
Then the solution, v(t), is graphed.

This chapter also shows how to find and plot the poles and
zeros of a circuit’s transfer function H(s) to gain insight to
the frequency response.

Figure 1. Simple parallel RLC circuit

i"
— R L li0—>— sL CIv0—>Cv0

Convert the components to their s-domain equivalents. Remember, the time-domain components
map to their s-domain counterparts as shown in Figure 2.

i0
s

Figure 2. Time-domain to s-domain mappings

© 1999 TEXAS INSTRUMENTS INCORPORATED



62

ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Note that the initial voltage and current transform into equivalent sources in the s-domain. The
circuit in the s-domain is shown in Figure 3.

= 40 1 3s 4
s 24

o|R

Figure 3. s-domain equivalent of the circuit in Figure 1

Using Kirchhoff's current law to sum the currents out of the
top node, the equation is

vV V VvV 4 1
—+—+—=—-=-5nl
4 3 g 24 s

S

Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

Enter the equation above (screen 1).

vEAEVvEOsDHvEO24EsQE4E 24E1
() s(ST0») 1

The s-domain voltage is found with solve (n1,v) as shown
in screen 2.

CATALOG) solve(n1 [L] v eqn

Enter expand (egn) to put egn in a form for easy
calculation of the inverse Laplace transform via a table
lookup (screen 3).

This must be an overdamped circuit since there are two
real poles. The answer should contain two decaying
exponents. From a Laplace transform table, the
solution is

v(t) = 20e™'-16e" t=0

This answer is in the expected mathematical form. How
does v(t) appear as a function of time?

@)

@)

©)

Fi~] Fer [F3~| Fi~| FE Far
Tools{A13ebra|Calc|0bher |FrIrml0jClean Ur

= HewProb Dahe

L L y 1
.T+ﬁ+z = 424 -z +P

B
sy v o _ 1
24 tTztasleog
|ﬁPLHCE RAD AUTO “ FIJNII 2730
Fir| Fer [Fa=| Fir]| FE FE~

Touls|13ebrafCalc|okher [Framio|clean us
sy L L 1
74 *TetEcleT

B zolueinl , wl+ egn
_ 4= -8)
YETF

=“+6-=+8

solueinl ,wi+edyn

LAFLACE

Fiv| Fir [Fa=| Fur | FE FB~
Touls|i13ebraf Calc|okher [Framio|clean U
W EOIUEL L, WUTF &g
4-[= - &)
- B
=S+6-5+8

KAD AUTO FUHC 3430

B cxpandlegn)

|ﬁPLﬁCE

216
=+4 =+Z

=

KAD AUTO FUHC LAZ0
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To obtain a graph, press [¢] [Y=] and enter the expression

for v(t) as shown in screen 4. Note that x is substituted
for t using the “with” operator, (1], since the Y= Editor
requires equations to be expressed as functions of x.

20(x] () [e*] [ 4t D] [ 16X [ [e*] (@ 2t ] [ t =) x

Now press 6:ZoomStd to see the graph (screen 5).

It appears to be a typical overdamped response!

To zoom in for a closer look, press [¢] [WINDOW] and set
the range of x to be 0 to 4 (screen 6).

Now, press [¢] [GRAPH] to see the graph of v(t) as shown
in screen 7.

Press 9:Format and specify ON for Grid and Labels
(screens 8 and 9).

Note: x is substituted for t using the
with operator, (1], since the Y= Editor

requires equations to be expressed

as functions of x.

4\glix}=mt)—15*e“{'E*thlt=x
(4)| Corrace AL AUTO FUHLT

©)

J{LAFLACE RAD AT FUMC
Fi~] Fi-

Tad1s|2aam

HMin=
HIEH
wscl=1,

gmin=-10.
gmax=10.
yscl=1.
Hres=2,

\
(6} LAFLACE EAD AUTO FUMC

Fi-] Fa~| F2 FY FE~] Fa~ [F7%:2
Tools|2aom|TEace|ReGrarh|Fath|Draw|Fen):2

@

J|LAFLACE RO AUTO FUNC
Fi ]
T GRAFH FORMATS -

Coordinates..... RECT *
Grarh Ordsr ... ZEQ*
Grid . OH¥
Axes .. ON%*
Leadind Cursor OFF +

(8)
JILAFLACE KAD ALTO FUHC

Fl=] Fi~| FZ 1] FEx] Fo~ [Fresi:
Tools|2aom|TEace|ReGrarh{rFath|Draw|Fen):2

Y :

x:

o : : . :
( JILAFLACE EADb AUTO FUHC
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Topic 28: Critical Damping

Given the circuit of Topic 27, change the value of the resistor so that the circuit will be critically

damped.

Assign the resistor value as r (see Figure 4) and let the TI-89 compute the node voltage v(s) in

terms of r.

E

1 33 (D s
s 24

o |R

Figure 4. Circuit of Figure 3 with the 4 Q resistor changed to r

The nodal equation in the s-domain is

1. Return to the Home screen, and enter this as shown in
screen 10.

vErBAvEOsDBEvELO2uEsDE4E 2401
(=] s[STO»] n1

2. Solve for the node voltage with solve (n1,v) > egn
(screen 11).

3. For critical damping, the time constants of the two
exponentials of v(s) must be real and equal. To
determine this condition, the two roots of the
denominator of v(s) are found and set equal, and the
resulting equation is solved for the required value of r.
Get the denominator with getDenom( ) as shown in
screen 12.

CATALOG] getDenom(v [1] egn egn2

4. Solve for values of s which are the roots of the
denominator using the zeros() command as shown in
screen 13.

CATALOG] zeros( egn2 (1] s z

(10)

(11)

(12)

(13)

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|13gbrajCalc|Other|Frami0jClean Ur

YT v4d =4z

Ly Ly L 1
e = =42 - = 3
O3S 2 = b
B
o5y u 1
=+ + =176 - —
| 24 3= 16 =
H.m:z RAD AUTD FUNC 5730
Fir| Fer |Fa=| Fi= | FE FG~
Touls[19¢bra|Cale|ther|Fr Fmi0|Clean Up
Y5 L 1
— e = 1S5 -—=
= 24 3= E
mzoluelnl, )+ egn
4-r(=-8)

. P-[52+8]+24-5

solueinl, wi+eyn

LAFLACE EAD AUTO FUHC B30

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13cbrajCalc|Other|Frami0jClcan Uk

SO TVETLTIL W T BTl

4-r=z-8)
r*-[s2 + 8] + 245
= getDerom| v | ean] + eanZ
r‘-[sz +8] + 24 =

=

getOenomiu ] eghn)+egn
LAFLACE RAD ALTO FUNC e

Fi-] Fér |Fi-| Fi=] FE Fa-
Tools|A13cbrajCalcfOther|PrAnal0jClean Ur

w HELUEFIUI'ILV | I:"\-'IrIJ = ErTL
r‘-[sz +8] +24-=
B rerosleqns, 51+ Z

{Z-UM—E-] -2)

r

zetoslegn?, S0+
LAFLACE EAD ALTD FUNC [FET
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5. Set the two roots equal to each other and solve for r as rhie|iene a|date|nbhar e smain]c1aan ue]
shown in screen 14. ® reros(edgnZ, s+ T
- N N
CATALOG) solve( z (] 1[2nd) [1] (=) z[2nd) [C] 2 2nd) [T] (3] “ﬁ 2 [ 2 [”P 18] +5]}
®soluecz[1]=z[2], r)

Since negative resistances are not physically possible,
the answer must be r = 3\/2

EAD AUTO FUMC

1a)=

6. To get the floating point approximation, press [¢] [=] as S e e e
shown in screen 15. *ﬂ LT - TETEE]
[
So r = 4.2 will give critical damping. ®solvelz[1]=z[2]. r)

F=3JZ or r=-3-[F
®mzoluelz[1]==[2],F)
r=d.24 ar = -4.24

solvelzlll==[2],r3

(15) LAFLACE FAD AUTO FUNC i0/30

Topic 29: Poles and Zeros in the Complex Plane
Given that

_ 5" +14s’ + 748 + 2005+ 400

H(s
© s* +10s® +498* +100s

find and plot the poles and zeros.

1. Enter h(s) as shown in screen 16. rhare|atieoea crﬁ'clufﬁ';rlpéfmu -:1-zFuEn'u;~|

L e = ez

[Os[x] 4+ 14s[*]) 3[¥] 74s[~] 2[¥]) 200s [+] 400 0] (5] [ s - 54+14-53+?4-52+2|:u:|-5|L
(7] 4[%] 10s [7] 3[#] 49s (] 2] 100s 0] [STO»] h 212 44952 + 106

st 1455+ 7422 w2005,

F
s+ 10284495 + 1

16) B
( 6) LAFLACE FARD AUTO FUMWC 11/30

2. A quick way to see the poles and zeros is to factor h(s) Note: To enter factor(, press
as shown in screen 17. 2factor( .
factor( h Tonls M?EEE:I Calc I:I::h?r_rPr'ﬂmII] ::'liﬂunuUP
s+ 1022+ 495+ 1*
= factaorih)
[s2+2-s+10)(s2+12-5+
=-[=+ 4)-[52 +6-5+ 25]'

factorih
(17) LﬁLI’lEE - : ERD AUTO FUHC 1z/%0
3. However, since factor( ) doesn’t give complex factors, M Tt Il L
use cFactor() to get more information about h(s) (screen s s s
18). 5-(5+4)-[52+6-5+25]
®cFactorih, =)
CATALOG] cFactor(h [[Js[] [s-2(-3+4){s-[-1+3-

(s +d)[=-(F

Press @ () to see the rest of the terms of h(s). The Emm:
(18) LAFLACE ERD AUTO FLUNC 12420

complete answer is
(s=2(-3+i))(s— (-1+ 3))(s+1+3))(s+2(3+1))
(s+4)(s— (=3+4i))(s+3+4i)
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Note: To enter getNum() and

4. getNum () and getDenom() (screen 19) give the numerator
getDenom() press [F2] B:Extract , then

and denominator, respectively.

CATALOG] getNum( h num
CATALOG] getDenom( h denom

The TI-89 automatically expands these terms, so
cFactor() must be used again if you want to see the
factors.

Once the numerator and denominator are separated,
the zeros and poles are found by using the cZeros()
command (screens 20 and 21).

CATALOG] cZeros(num [5] s zero
CATALOG) cZeros(denom [5] s pole

Plotting the poles and zeros takes a few steps.

a. Store the two lists in a data object called pz (screen 22). d+24 -1-74 -1+3-ir
B o ferasidenam, 51+ pole
-4 B -I-4-% -IT+4-il
B Hewbata pz.pole, zero
Dohe
HewbData pz,pole,zero
(22) LHPE = nn uru - FNIZ 18750
b. pzcan't be displayed in the Home screen, but it can be L erof ReruelEdnler| e ,f&ﬂsﬂi‘,d
edited by pressing [APPS] 6:Data/Matrix Editor 2:0pen BT l-;1 |':2 —
(screen 23). 1_hi “E—Z#
z @ BT
3 [Eawi-1-aw
4 [Srawi|-1+aw
rici=-4
(23) LAFLACE FAD AUTO FUMC
c. The first column lists the poles; the second column lists A LEN W LN
the zeros. To help remember this, add labels to each of DATR E?lE'E o
the columns by pressing @ @ and typing poles [ENTER I T
followed by ® @ and typing zeros [ENTER] (screen 24). e
4 [Srawi|-1+aw
cid=
(24) LAFLACE FAD AUTO FUMC

1:getNum( or 2:getDenom( .

(19)

(20)

1 Te 18 b alfa e Db beee | P Fenil |14 U
i) (= +3+4i)
B getHumCh) + num
st+14.5% 47452 4 2005 P
= getDenomh) + denom
s (23 + 1022 +49-5 + 100)

getDerondh)+denon
LAFLACE EAD AUTO

FUNC

1c/z0

(53 +10-5%+ 495 + 100)
B cZerasinum, 2) + Zero

L{-6-24 6+2-+ -1-70p

8 cPerosldenom, =)+ pole
-3+ 4 ip

L4 0O

o7
|ﬂPLHEE

“3—- 41

5-[53+
B o Zerasinun , 2) + Zera
4+2-4 -1-3F-1i -1+3-i

B cleros(denom, =)+ pole

ceeros{denom, si+pole

(21)

LAFLACE EAD AUTO FUHC 1447 |

Fi-] Fér |Fi-| Fi=] FE Fa-
Tools A3k rajCalcfOther|FrAnl0jCTean Ur

B o Ferasinun, 5) + Zero
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The real part of each pole (or zero) provides the
x-component and the imaginary part, the y-component
in the complex plane.

To separate the poles into their real and imaginary
parts, first press ¢) and type real(cl) [ENTER]. This makes
column c3 the real part of column cl1.

Then press () @ imag(cl) to make column c4 the
imaginary part of c1 (screen 25).

Repeat this process for the zeros making column c5 the
real part of c2 () @ real(c2) [ENTER]) and column c6 the
imaginary part of c2 () @ imag(c2) [ENTER]). Note that the
screen scrolls to reveal ¢5 and c6 (screen 26).

To plot the data, press and fill in the required
data as shown in screen 27. Press [ENTER].

This will plot the real part of the poles (c3) versus the
imaginary part of the poles (c4) as a cross.

Press @ to set Plot 2 to plot the zeros with boxes
(screen 28). Press [ENTER].

Press [¢] [WINDOW] to set the plot ranges
(screen 29). Turn OFF Grid and Labels with [¢] 1. Turn off
the previous graph with [¢] [1].

Finally, press [¢] [GRAPH] to see the poles and zeros
graphed in the complex plane (screen 30). This
representation is usually called the pole/zero
constellation.

Fir 3 Fz F4 F& |Fa-{F?
Tools|Flok Setup|CeTl|Header|Calc|Ukilfstak

aTh Jpoles[zeros)

=51 c? c3 cd
1 62 -4 [o]
Z ] “E+2.|0 o
3 “3-4.-1-3.| -3 -4
4 S b T ] 4

(25)P1G1='4

LAFLACE EAD AUTO

FUMC

Note: Press[+] (1] and select a cell

width of 5 to see four columns.

Fir Fz Fz F4 FE JFE-{F7
Tools|Flok Setur l:-z11|Heud-zr Calc|Ukil)skat

DATA T
c3 cd cS =15

1 -4 o] =) hﬁlli

2 [d] o] i) z

3 -3 -4 -1 -3

4 -3 4 -1

(26)Eric6='2

LAFLACE FAD AUTO

FUMC

Tarlacehrz Flok 1

Sl

ﬂl’ FIok THRPR e
ark..

Freq and Cakgdoriss?
H -

Zcakber ¥
CHossd

[+

HO >

=

(27) !:: Enker=ZAVE 1

E_ESC=CAMCEL 3 &
¥FE + [EMTERI=0F AMD [ESCI=CAMCEL

Tarlacehrz Flok 2

ﬂl’ Flok Tvpg
ark

HiE Ly -
Frea and Cakedorics?

Toaring

... FCatber 3
Box ¥

[

HO *

W=

(28) r:: Ent»zr:sn'.'E. ]

C_ESC=CAMCEL a5

YFE + [EMTERI=0K AMD [EZCI=CAMCEL

Fir| F2r
Tonls|2a0m

®min=-10.
wmax=1.
wscl=1.
umin=-

(29) LAFLACE

(30) LAFLACE

EAD AUTO
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Topic 30: Frequency Response

The frequency response that corresponds to the pole/zero constellation in Topic 29 is graphed by
noting that

)| =Hes),
1. To do this, press [HOME] and enter the equation as shown T LA [ M AL
in screen 31. Hone
l|h||s.=i-w-+eqn
CATALOG] abs( h 0] [ s (=] [2nd] [¢] w eqn |i| N I Sp—
M b
DB+ 2 0t + 401w
absih | s=iurean
(31) HPLHEE PGHIJTI] FUMC 18/20
2. Enter egn as the function y1(x) (screen 32). A A A
-II"||| =1 -TIr+F=49f
eanIIWE]X le |%|-.Ju8+48-w6+6?6-w4—’

JuE sz utsantu
leqn|w=x+gl(x) Dahe

edjh | W=yl Ol
(32)|ﬁPLHEE EAD AUTO FUHC EIED

3. Press[¢] [Y=] to verify this. Be sure to deselect plots 1
and 2 in the Y= Editor using [F4] (screen 33). TS, L Ok vk

Flok 1: Lot wach

33) gl Cxi=egn lw=x
( JILAFLACE RAD AUTO FUNC

4. Press [¢] [WINDOW] to set the correct graphing parameters (e I
in the Window Editor (screen 34). xnin= L0,

\
(34} LAFLACE EAD AUTO FUNC

5. Press [¢] [GRAPH] to display the graph of frequency
response (screen 35).

Notice that the effects of the pole farthest from the axis
can be seen as slight rises near the left and right sides
of the graph. The zeros are causing the dips around
x=13, and the pole at the origin is causing the large peak (€1 (rrra—T AT
in the middle.
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Topic 31: 3D Poles and Zeros

A different perspective of H(s) is gained from a 3D graph where
the z-axis represents the magnitude of H(s).

1. To do so, press [MODE] ® and select 5:3D (screen 36).
Press [ENTER].

2. Press[¢][Y=] and enter the function to be graphed
(screen 37).

(CATALOG] abs( h (1) s (=] x (+] (2nd) [c] (] y 0]

3. Press[¢] [WINDOW] and set the x, y, and z scales
(screen 38). Note that these are the default values,
except zmin has been set to 0.

4. TFinally, press [¢] [GRAPH] (screen 39). It will take a few
minutes for the graph to display. Once the graph is
complete, press [¢] (1] and select AXES and turn ON the
Labels .

5. The three poles are clearly visible. Things to try:
Press (X], [Y], or [Z] to look down the corresponding axis.
Use the cursor controls (© ® ® @) to spin the graph.
Press [0] to return to the original view.

6. Press[¢][1] and change the Style to HIDDEN SURFACE
(screens 40 and 41).

i HMODE '\]
[ Fi Fz Fx ]
Fade 1|Fads 2|Fads
Bheeeney LEFUNCTION
2i PARAMETRIC

3t
41 SEHLEHCE

(36) LAFLACE ERD AUTO FUHC

“zl=lh|s=x+1i-y
z2=

i sihl=
(37) LAFLACE KAD AUTO 1]

Fir] Fer
T 15|20l

(38)|TaeE FAL AITH El

\
(39} LAFLACE FARD AUTO =0

GRAFH FORMATE

Coordingtes RECT ¥
OFF *
OFF #

OHTOLH
6
(40) LAFLACE FAD AUTO =0

\
(41} LAFLACE FARD AUTO =0
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7. Press(¢] [ and change the Style to WIRE AND CONTOUR
to see contours highlighted on the graph (screen 42).
This will take a few minutes to recalculate.

8. Press [Z] while in WIRE AND CONTOUR mode to view the
contours from above (screen 43). Press [0] to return to
the original view.

9. Press [¢] [WINDOW], set xgrid and ygrid to larger values
(25 in this case), and press [¢] [GRAPH] to get a smoother
graph (screen 44). This also takes a few minutes to
recalculate.

10. To zoom in (screen 45), press the [x] key (the
multiplication key, not the letter x).

Tips and Generalizations

The TI-89’s symbolic math capability makes it a good choice for manipulating equations in the
s-domain. The key step to plotting on the s-plane (real vs. imaginary) is to use the “with” operator
(1) to replace s with x + [¢] y. Although plotting IH(s)! is most common, the TI-89 can just as easily

plot the angle of H(s) by entering
angle(h (Js J sEx#H [ yDl).

Although these examples solved for a single node problem with only one equation, v(s), more
complex circuits with more nodes (and therefore more equations) also can be solved.

The TI-89 assisted the conversion from the s-domain to the time-domain by doing the partial
fraction expansion. Chapter 7 shows how to find a system’s response by staying in the

time-domain and using convolution.

\
(42} LAFLACE EAD AUTO

\
(43} LAFLACE KAD AUTO

\
(44} LAFLACE KAD AUTO

(45)
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1 ONS Features Used

<
> (5], when (), NewProb,
A3 [ANS]
Q
~/ Setup

Q ol
x Chapter 7 NewFold conv
(11}

Convolution This chapter shows the convolution of two functions. To
simplify the details, the functions are finite, piecewise, and
continuous.

Topic 32: The Convolution Integral

Given a linear, time-invariant system with an impulse response of

-t

h(t) = 2e 2 for t>0

h(t)=0fort<0
find the output y(t) for the input function x(t) = 1 for 1<t<3 and zero elsewhere. y(t) is found by
solving the convolution integral

y(t) = }h(cx)x(t —-a)da

Topic 33: Piecewise Convolution

Both x(t) and h(t) are piecewise, continuous functions. That is, they are continuous everywhere
within sub-ranges and discontinuous only at the boundaries between subranges. As such, they can
be entered using the when function.

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

2. Enter the piecewise function for x1() as shown in [thbielnb e o Carelabee v mminlc e e |
screen 1.
CATALOG) when( 1 [2nd] [<] t [CATALOG) and t [2nd) [<] 3(1] 1 (53] O ® HewProb Done
0] 5T x1 [@ t [ il A B S
Dlore,
The when function says x1(t) has the value 1 for 1<t<3 . (1<t and t43, 1,00+t
(1) cOWY RAD AUTO FUMC L]

and the value 0 for all other values of t. x1(t) is used
instead of x since the TI-89 uses x when graphing.
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3. Enter the piecewise function for h(t) as shown in S L A T

screen 2. . é.:éf;; and 93,0
CATAL0G) when( t 2nd] [>] 0] 2[#] [eX] @) 1 & 2t (J o (1) . pone
h(D t[] Jze e,

FAD AUTO

()l

To be sure the functions are entered correctly, graph them.
This book follows the standard electrical engineering

~yl=hi )
convention of writing these as functions of time, t. The TI-89, “Ezjiif-‘*?

however, displays graphs as functions of x. ud=

4. Enter h(f) and x1(f) in the Y= Editor as functions of x as gr=
shown in screen 3. (3w PRI AT FURC

5. Set the plot ranges in the Window Editor as shown in e e ]

®min=-4,
screen 4. ok

xscl=1.

i min=-.3
6. Press(¢] [ and set Grid to ON. ainco-2
yscl=
Hres

4)

7. Press [¢] [GRAPH] to graph the functions (screen 5).

(5) CONY RAD ALT| FLUHC
If you enter the convolution integral from Topic 32, an error T el coe ol fare merr e et ue] |
message is displayed as in screen 6. Therefore, the piecewise - {2 e 2t g +hit)
A,elze

integral must be divided into sub-ranges “by hand.” Dare

L)
IJ _W(h(-x)-xiﬁt - a))do
Ertor: First argument of b

: IJN - Pl
Note: To enter the integral press

[f]. To enter a press [+] [ (alpha) a.
(Save keystrokes by entering “a”
instead of “a.”)

1. First, graph x(t-a) versus a. ThiTa|13ebr a|fate| ihar [P ratn|c1ean e
. . . T lo.else T
To do this, pick a value for t, such as t=0, and enter it Dohe

on the Home screen (screen 7). = me ChCod -1k — o))

Ertor: First argument of p
]+t o]

Hlﬂ
(7)'.' RAD AUTO FUHL D
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CHAPTER 7: CONVOLUTION 73

Then define the functions in the Y= Editor as shown in
screen 8. Notice that y2(x) is deselected (use [F4)) and y1(x)
and y3(x) are selected.

Press [+] [GRAPH].

y3(x) graphs a version of x1(t) that is “flipped” about the
y-axis. The graph for t=0 is shown in screen 9. x1(t) is
flipped so that its edges are at -3 and -1. For each value
of t>0 x1(t) is positioned further to the right.

Return to the Home screen and set t =0.5. Press [¢]
[GRAPH] to see the result (screen 10). Notice that for
t=0.5, x1(t) is closer to h(t).

Continue to consider the convolution integral for
various ranges of t. The following ranges are chosen so
that the integrals are easy to define.

Try a value of t<1. From screen 10, the product of
x1(t-a)h(a) is 0 since there are no values of t where both
functions are non-zero. Therefore, y(t) = 0 for t<1.

Use avalue of t such that 1<t <3. Set t to 1.5, and graph
the functions (screen 11).

Stwa=wl ch—ad | a=x
(8) ) FAD ALTD

coWY

FUMC

(©)

(10)|zrm

RRD AT

FUHC

(11)|zamw

FAD AUT

FUMC
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For these values of t, the product of x1(t-a)h(a) is non-zero over a range where there is some
overlap between the two functions. The convolution integral is now

y(t) = }h(a)x(t —-a)da

t-1 o

= Ize‘f(bdu

On the Home screen, use DelVar to delete the variable t
before doing the integral since it was previously set to
1.5. Then enter the integral as shown in screen 12.

(2nd] [1] 2 (] [e*] () 1 (] 2(x] [¢] [0 (aioha) a (1] (x] 1 (1] (] [T
(aioha) al.] 0 L] t(=] 10

Once the integral is calculated, store the result in y4(x)
as shown in screen 13 so that it can be graphed in
Topic 34.

(2nd] [Ans] (5TO»] y4 [0 x (1]

Therefore, y(t) has the value shown in screen 12 for a
range of values of t. The graphs show that the overlap
starts when the t-1 edge of x1(t) passed t=0. Therefore,
when t-1>0, or when t>1, this form of y(t) is valid.
However, when the t-3 edge of x1(t) passes t=0, the
integral takes on a different form. This form of y(t) is
valid when t-3<0, or t<3. Therefore, this graph is valid
for 1<t<3.

Now use the range t >3. In this range, x1(t) lies
completely within h(t).

Set t = 3.5 on the Home screen. Then graph y1(x) and
y3(x) as shown in screen 14.

For this range, the integral is

y(t) = }h(a)x(t —-a)da

= }12e'% (D) dx

t-3

(12)

(13)

(14)

which is like the previous integral except the lower limit is changed.

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13gbrajCalc|Other|Framl0jClean Ur

= [Oellar t Dahe
o572 2 ae
-t t

4-9_5_-[93?—JE]

2™ -] ARk ] 0, B =10
CONY EAD AUTO FUHC EREL]

Flx] Fir TFix| Fir | FE [
Tools)Aldebra|Calc|OtheF|Frami0jCTcan Ur

4-9%-[9%—5]

l4-92 -92—.]5‘ g
Do

anslaegd xd
CONY ERD AUTD

FUNC

1020

COMY KRD AUT FUNC
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10. On the Home screen, use DelVar to delete t and then Tﬁh, m;.;’-w., L e e
enter the integral as shown in screen 15. . DelU 2t ED;;
t -1 -1z
20 (1] 2(3) [¢¥] [0 1 () 2% (5 (0 (eoha) (1) (%) 1 () (4) [0 Y RN Ry
alJt[E30]JtH1

11. Store the results in the variable y5(x) as shown in LE-E,t
screen 16 for plotting in Topic 34. FUC

Fir] Fex [Fix| Fir | FE Far
Tools|A13cbralCalc|Other |Fraral0jCTean Uk

1-"2—%
4 (e-1)¢

i3.-'3l:l

This is valid for t-3>0, or t >3.

1/2—%
g fe=-1]e F Y3
Daohe

ans 1S
(16)|_|]'|' Rﬁ[l HUTU FLUNC 14430

Topic 34: Graphing Piecewise Convolution Results
The output y(t) is given in three different pieces.

yt) =0 for t<l1

y(t) = de (e~ e!?) for 1<t<3

y() =4(e-1) e"*2  for t>3

1. Combine these using the when() function as shown in N e e
screen 17. Bt o
.{{':14(><) 1<t and £43 _ b
CATALOG] when( t (2nd] [<] (=] 1 (] 03] [CATALOG] when( 1 uS(x), else -2
At =1
[<] t [CATALOG) and t[2nd] [<] 3(] y4 [0 x (] L] y5 [ x 0] ] {{Hﬂt(x) 1<t and £<T )b
Yy uS(xj,ele ] :
O O T S T A 7T
2. In preparation for graphing yy, change all the t's in yy to A M L utherlrrsmlu L
x’s and save yy in y6(x) as in screen 18. 1\ w40, 1 Ch and B3y
ySxl, else
=1
{ Sd(x), 1<t and L 43 )k
ySxl, else
'HH|L—><+HE~(><) Done

(18)-.- —— TN TE7%0

3. Press[¢] [Y=]. Use [F4] to deselect y1(x), y3(x), y4(x), and
y5(x) and select y2(x) and y6(x) (screen 19).

(19) CONY FAD AUTO FUMC
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4. Inthe Window Editor, change the plot range on x so Toanzhem] I
that xmin is 0 and xmax is 6 as shown in screen 20. Xmi”%

HMEH
wscl=1,
gmin=-.5
gmax=2.5
yscl=1.
wres=2,

(20) COMY EAD AUTO FUHC

5. Press [¢] [GRAPH] to see a graph of the convolution MR MR A (F O3
integral as shown in screen 21.

The effects of the system on the input pulse x1(t) are clearly
seen in screen 21. The input pulse is amplified and “smeared”
or broadened as it passes through the system.

(21) COHY KAD AUTO FUMC

Tips and Generalizations

The when() function is a powerful feature of the TI-89 that allows piecewise functions to be
manipulated easily. Here, the three pieces of the solution to a piecewise convolution were
combined into a single function (yy), allowing it to be graphed as if it were a single continuous
function. The when() function can be used anytime a piecewise function is needed.

Sometimes a new function is built by defining pieces over different time intervals. Other times it is
better to define a function by adding sinusoids of different frequencies. In Chapter 8, the TI-89 will
be used to find the Fourier series coefficients of a signal and reconstruct that signal from some of
the coefficients.
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1 ONS Features Used

»> [51, 00, mit (. 3.[v<],
Q’ NewPrab, DelVar,
o [WINDOW], [GRAPH],
[ANS]

Setup
(¢J1

Newrold fourier

~
Q
x Chapter 8
w

Fourier Series This chapter shows how to compute and graph the complex
Fourier Series coefficients for a square wave.

Topic 35: Square Wave: Computing the Coefficients

The TI-89 can easily sum the Fourier Series

x(t=Y c e it
k=-c0
and evaluate the complex Fourier coefficients defined by the integral
TO
1 H 1
C =— f x(t)e Pt where f, = —
0 T, Ty
2
Suppose x(t) is a square wave as shown in Figure 1.

A

T
2

LA t
2 12

Figure 1. Periodic pulse train

For this example, the complex coefficient becomes
T

2

1 .
Cp =— _[ ae Prkhtgg

0_T
2
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Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

Three variable substitutions are needed before entering
the expression for the complex coefficient. T, is entered
as t00 (0 is reserved), T is entered as tt (t and T are the
same on the TI-89), and j is [¢] which is entered as

2nd) [¢]. Before entering the equation, any previous
values of the variables used must be deleted as shown
in screen 1.

[CATALOG) DelVar 00 [5] tt (5] f0

Enter the integral (screen 2).

1 (=] 100 [2nd] [] & [+] [eX] () (2nd] [¢] 2(2nd] [x] k x] 10 ] t 1]
Wt tl)20]) ) 20] (ST tmp

Next plot the coefficients. To do this, pick values for a,
fO (which sets t00 also), and tt. Try the values shown in
screen 3.

In this example, ais set to 1 and 0 to 1000 Hz. With tt set
to t00/2, the duty cycle is 12 so the square wave will be
“on” half the time. Display the value of tmp (top of
screen 4).

Now save the formula for the coefficient in a function
called c(k) as shown in screen 4.

(2nd] [ANS] [STO»] ¢ (O k]

Using the answer from the integral ensures that the
value stored in c(k) is the result of the integral, not the
integral itself. If the integral is saved, it is reevaluated
every time a coefficient is computed. With c(k) stored
as a function, the integral is evaluated once and the
resulting formula is used each time a coefficient value
is needed.

Fix] Fex [F3~| Fi~| FE Fa-
TooTs|A13cbra|Calc|Other |Frarl0fClean U

@)

MO S A N A AFAr e 5
(2) FOURIEF: RAD AUTO Fli

Note: If a Domain Error message
appears, try switching to radian
angle mode by pressing and

G

Fix] Fer [F3~| Fir | FE Far
Tools[A13cbra|Calc|0bher |FrIrl0|Clcan Ur

Daohe
Dahe

® HewProb
B Ozlla- 00, L, O

Delllar O3, 1, £3
FOURIER EAD AUTD

FLUMC

=730

At
I i EemekeF
" tom -tt[a‘? 4
z
a-sinfk-fE@-tt-m

k- £ -

-

selecting RADIAN.

Fir Fer Fir| Fu-= FE Far
Too1s|A13cbra|Calc|Okher [Framl0|Clean e
L] 1
= 1008 + f0 106

1 1
=g ¢ too TooE
1
¥ it pTE]E]

"~ AL ALTO FIINE

Fix] Fer [F3~| Fir | FE Far
Tools[A13cbra|Calc|0bher |FrIrl0|Clcan Ur

- k-
(o) B8

5ih[ k-n]
z
" tre “kw
L[ kem
51n[ ]
—2+c(k) Done

RAD AUTO FUHC ERED]
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10.

11.

12.

Check a few data points as shown in screen 5.

All the coefficients look fine except for k=0. The
equation for c(k) shows that for k=0 the result is 0/0.
The correct value can be found by using limit()
(screen 6).

CATALOG) limit(c [ k(] L k(& 0[]

The correct value of c(k) for k=0 is %. This makes sense
since the square wave is turned on half the time with an
average value of %.

Use the when() function to define c(k) so that the k=0
case is calculated correctly (screen 7).

[CATALOG] when(k (5] 0[] 1 (5] 2[.] ¢ [ k [J (1 (8T0») cc [ k

The value of c(k) valid for all k is stored in cc(k). Now
the coefficients can be plotted.

Set the Graph mode to SEQUENCE ([MODE] () 4:SEQUENCE
(ENTER)), press [¢] [Y=], and enter cc(n) as the sequence to
be plotted, as shown in screen 8. Note that the sequence
plot mode uses the variable n.

Press [¢] [WINDOW] to set the plot range as shown in
screen 9.

Press [¢] [GRAPH] to see the results as shown in screen 10.

The graph also could be done in Function graphing
mode. Sequence graphing mode is chosen to emphasize
that the coefficients only appear at integer values.

®)

(6)

)

®)

Fi-] F2r TF3~] Fir | FE Far
Tools)A13cbra|Calc|Other|FramldjcTean Ur

1
LA o
L= ey} o]
-1
" oi3d I
L= ok undet
i
FOURIEE FAD ALTD FUNC 13750
Fir| Fer [Fa=| Fd4r | FE G~
Tomslmsehru Cale|other|Framio|Clean e
L3 o]
-1
" ci3d Im
R4tk undef
B lim cik) 1.2
k0
limitdcdky, k, @2
FOURIER: RAD ALTD FUNC 10750

Fir FZr |[F3=] Fhi- FE Fe=
Too1s|ﬁ1§ebru Calc)|Other |Fr3rall|Clean Ur

et I
LE=gck] undef
B lim cik) 12

ks

1-2, k=0
u c(kj,9159'+ccikj Dahe
whent k=0, 1-2, 2
FOURIER: FAD ALTD FUMC 15750

Filx] Fi=|Fz JF4 |[FEA FBr | F7
Tools)2oom|Edit] + AT {5t |Axes..

u1éﬁ)=cc(n)

FOURIER KAD ALTO SEQ

Note: nmin must be greater than or
equal to 0.

)

(10

Fi=| Fi-
Tn:u:-1s|2n:u:-m ]

nmin=Q,
nmax=10,
plotStrt=1.
plthteE=1.
=min=-10.
wmax=10.
wscl=1.

umin='525
M3
sl =

FOUEIER EAD AUTO

) FOUEIEF FAD AUT
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Topic 36: Square Wave: Constructing the Wave from the Coefficients

The original signal can be rebuilt from the coefficients by using
w ~j2Tikfyt

x(t) = Z ce

k=—00

1. To do this, return to the Home screen and enter the
expression as shown in screen 11.

(CATALOG] X( cc [ k 0] [¢] [e*] (2nd] [¢] 2 (2nd] ] k [x] fO [] t
DU kU@

Notice that the TI-89 applied Euler’s Identity to terms of
the form e+ e to get 2cos(0).

The complete output is

—2co0sE000t) N 2cos000t)
3n s

+1/2

2. Save the result as y1(x), screen 12.

(2nd) [ANS] (D t (5] x (STO») y1 [d x 0]

3. Switch the Graph mode to FUNCTION by pressing
(® 1:FUNCTION [ENTER]. Then press [¢] [Y=] to verify that
the equation is entered in the Y= Editor (screen 13).

4. Press [¢] [WINDOW] and set the plot range as shown in
screen 14.

5. Press [¢] [GRAPH] to see the graph of x(t) as shown in
screen 15.

It’s not quite a square wave, but it’s not too bad for
using only 5 non-zero coefficients. Recall that c(-3),
c(-1), ¢(0), c(1) and c(3) are non-zero; c(-2)=c(2)=0.

6. To get a more accurate representation, include more
coefficients of the series. On the Home screen, change
the summation range to -5 to 5 as shown in screen 16.

(CATALOG) X( cc [ k [1] [+] [e*] (2nd) [c] 2 (2nd] [n] k (] 10 [x] t
DULkLQsLs0

(11)

(12)

(13)

(14)

(15)

(16)

Fir] Fer |Fa-[ F4=] FE [
Tools|A13ckralCalc|Other|Franl0jClean Uk

"Lc,(kj,e-lse_}c'c’(‘k;' Oone

3 -
. [cc(k)-e"z'n'k'FD't]
-2-cos(E000 - m-1) + 2 cosi,
KRR i
Lo LRI kDL D, R,
FOURIER D AUTD SER

Fi-] Fér |Fi-| Fi=] FE Fa-
Tools|A13cbrajCalcfOthek|FrAnal0jCTean Ur

T

Py 1

k=-3
-2-cos(E000 - m-1) + 2 cosi,
In 4
o2 COSCEE0E -t . 2 oSk,
In 4

Dohe

ans (10| b=wagl (el
FOURIEF RAD ALTD TER 17720

yE=
gl Cxd=—Fkcos CEMHEEDRmEL - (3.
FOURIEFR: FAD ALTO FUNC
[ri—Ira-] ]
Tool5|2aom|
wmin=-, il
wmax=. 00l
wsgl=1.
grin=-
gmaxiﬁ
yscl=]1.
wres=2,
FOURIER: RAD ALTO FUNC

o

FOURIER KAD AUT FUNC

Fir] Fer |Fi=| Fir] FE [
Tools|A13gkrajCalc|Other|Frami0jCTcan Ur

Daokhe

5 -
. 5 [Ecckj_ei-z-n-k-FD-t]

2-cos(1O000-n-ty  2-cosi

5-m
e 2R ke Dkt ) R, -5, 50
FOURIEE: EAD AUTD FUNC 1830
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The output for the 5-term series is

2c0s(0000t) 2cos(E000)
5m 3
+ 2cosR000t)
s

+1/2

7. Save the result in y2(x) as shown in screen 17.

(2nd] [Ans] (1] t[=] x [STO»] y2 [0 x []

8. Press [¢] [GRAPH]. Screen 18 compares the resulting graph
of the sum for k=-5 to 5 with the original graph for the
sum of k=-3 to 3. The new result more closely
represents a square wave because the sum more closely
represents a square wave as the number of terms
increases. With an infinite number of terms, the sum
exactly represents the square wave.

Tips and Generalizations

[FhI nvIrhlrhl FE I FG~ ] ]

Tools|atdcbralcalc]other [Framin)clean Ue
k=-5

2-cos( 1000 - n-th 2 cosi

EEE i

o L CosC1R0EE - m-th  Z-cosiy

S-n i

Done

ELRES DRIl o]
u7)mmmn KAl AUTD FUNC 19/30

KT AT

(18) FOURIER RRD AT FUHC

The TI-89 can easily find the Fourier Series coefficients in closed form for many periodic signals.
In this chapter, c(k) could be expressed as a simple equation. More complex signals may not have a
closed form solution. In these cases, use numeric integration (nint) to find each of the coefficients.

Chapter 9 adds a new dimension by showing how the TI-89 can manipulate vectors.
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% 1 ONS Features Used

> [£), (MODE], >Rect,
Q’ Cylind, »Sphere, unitV (),
(%) dotP (), crossP (), norm (),

Func, [1], @, [COPY],
[PASTE], NewProb, [=]

~
Q

x Chapter 9 Sz
w

(¢]1, NewFold emag

Vectors This chapter describes how to use the TI-89 for coordinate
system transformations, vector algebra, and vector
component transformations. The functions rec2cyl(),
cyl2rec(), rec2sph(), and sph2rec() are created in this chapter
for vector component transformations and are used in
Chapters 10 and 11.

Topic 37: Coordinate Systems and Coordinate Transformations

Points in 3-D space can be entered in rectangular, cylindrical, and spherical coordinate systems.
The TI-89 does this with position vectors, which are vectors that point from the origin to the
coordinates of the point in space. On the TI-89, each position vector is represented by the
coordinates of its endpoint—(x,y,z) in rectangular, (r,6,z) in cylindrical, or (p,@,0) in spherical
coordinates.

The TI-89 notation differs in two ways from the standard form of (p,@z) for cylindrical and (r,8,¢)
for spherical coordinates used in most electrical engineering texts. The coordinates are related as
Psrp=Trp Ysrp=Pm Qsrp=0, and O, =@,.. This difference in angle notation appears to interchange the
angles. The two vector forms are related as [pg,,,, 0@y, 2], =[T,,[00,,,2],, for cylindrical coordinates

and [rg,,, 06,00, lqp=[Pm0¢, .08,], for spherical coordinates. Check the Guidebook to be sure
of the definition of these variables. The coordinate transformations of this section use the TI-89
form.

A A
S
r
ay ay
> >
AP
ax d) ax (b
Figure 1a. Cylindrical coordinates Figure 1b. Spherical coordinates
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The TI-89 defines vectors as either a 1x3 row matrix or a 3x1 column matrix. The vector entry
mode is determined solely by the format of the vector elements and establishes the coordinate
system in which the vector is interpreted, but not necessarily displayed.

For rectangular coordinates, the vector is entered as three scalar expressions, for example,

[1,cos(x+Vy),-2.9],

For cylindrical coordinates, the second entry is entered as an angle with a preceding [J

[4]), for example, [z"3,0125,sin(y*z)],

For spherical coordinates, the second and third entries are entered as angles, for example,

[1,07v4,0(6-3)].

Regardless of the entry mode, vectors are displayed according to the Vector Format mode—
rectangular, cylindrical, or spherical.

1.

Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].
Press to verify that Vector Format is set to
RECTANGULAR (screen 1).

On the Home screen, enter the rectangular position
vector [1,1,1] as shown in the top of screen 2. Enter the
cylindrical position vector [1,(J17v4,1]. Enter the
spherical position vector [1,0J1v4, O1V6].

Note that the forms are all displayed in the
RECTANGULAR format regardless of the entry mode.

The TI-89 has three commands that change the display
format of these coordinates from one coordinate
system to another for the current entry only. The
rectangular-to-standard cylindrical coordinate
transformation is based upon

p=yx*+y* x=pcosp
(p:tan‘l%g y =psing
z=z

Use » Cylind to display [1,1,1] in cylindrical components
as shown in the top of screen 3.

(2nd) (€] 1 (] 1 (L] 2 (2nd) [1] [CATALOG] [»] Cylind

@)

o)

(3N

Fix] Fer [F3~| Fir | FE Far
Tools|A13cbra|Calc|0bher |FEIrl0|Clcan Ur

il MODE '\]

Fi Fz Fz
|Pu§-z 1|Fadc 2{Fade >
Grarh FUNCTION *
FOUKIGE ¥+

nals
E:-:Por!l-znhr-ﬂ Forrmat NI:IRMﬁL-}
omelex Farm
ek Fopmatl 1 L REF"—
Frekty Frint ... e

Entgr=SANE

TYPE O USE £¥t4 + [EMTERI OF [ESC]

T T T T

=[1 1 1] [1 1 1]

TroTTE

-[1;% 1] [ 1]
[o5eg] [T 5

RAD AUTO FUHC L0

Fir Fer [FZ=] Fh- FE Far
Tools{AT3cbralCalc{0khsr |FrAmi0|Clean Ur

m[1 1 1]eCuylind
[Ez% 1]

=m[1 1 1IrSphere

[ﬁ z% £ cnsd[%”

KAD AUTO FUMC [T
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4. The rectangular-to-standard spherical coordinate
transformation is based upon

r=4x>+y*+z> x=rsinBcosp

9=cos‘1§§§ y =rsin@sing

Q= tan‘1%§ Z=rcosd

Use » Sphere to display [1,1,1] in spherical coordinates
as shown in the bottom of screen 3.

(t]1 13 1[5] 1 [2nd) [1] [CATALOG][»] Sphere

5. To convert back to original rectangular form, use ans(1) e M
to get the previous answer, and then enter » Rect as . =
shown in screen 4. [ Jaeg s '395“‘[?]]
n Iz
(2nd) [ANS] [CATALOG] [»] Rect . [ﬁ <z < v:-:vs'i[T ‘Rect.
1 1]
6. Set the Vector Format mode to CYLINDRICAL. |_
(4) EMAG EAD AUTO FUME L]
MODE] ©® © © @ © @ ® 2:CYLINDRICAL [ENTER
7. Enter [1, 1, 1] which is now displayed in cylindrical rh TS eie aldare|nehar e amin]ciean s
L =+ L

format in screen 5.
n [[ IZ % 2 cn5'1[%]]]rRect
[1 1 1]

1
"1 1 1] [Z:F 1]
[1,1,11
(5)@6 - FAD AUTD FUNEC B/F0
8. Try this for SPHERICAL Vector Format mode also as RN A N
shown in screen 6. (1111
"1 1 1] [Z:F 1]

a1 1 1]
[E £ % £ 505'1[%]]
_ 1,1.11
(6)&6 j FAD AUTD ___FUNC [T

Topic 38: Vector Components

In the common notation, vectors are given as v=A,a;+A,a,+Aja; where all vectors are noted by
bold symbols, such as v, and unit vectors in the ¢th direction as a,.

On the TI-89, the magnitudes of the components, A,;, A,, and A,, for v are entered as a vector. A
vector, v, can be represented in any orthogonal coordinate system as long as the unit vectors, a,, a,,
and a; form a right-hand coordinate system.

A right-hand coordinate system is one for which the first vector crossed into the second gives the
third, the second crossed into the third gives the first, and the third crossed into the first gives the
second. Mathematically this is written as a,Xa,=a; a,Xa;=a;, and a;Xa;=a,. The proper right-hand
orders for the standard coordinate systems are (ax, ay, az), (a,, a4, az), and (a,, a,, a,).
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For operations on vector components, it is best to use the rectangular vector entry and display
modes.

1. Set the Vector Format mode to RECTANGULAR.

2. Enter V1=-4ax+38y+0az as shown in screen 7. Thede|AT5abra|Cave|Ditvar [Pramin|c1dn e
[ 13
29 [1) [ 40 30 020 [1] BT |5 < F <o
m[-4 I gl+ul [-3 3 @]
Although vl was given in rectangular coordinates, this ® pormiul) 5
could represent the cylindrical vector " unitUivly a"”[l_ 45 15 8]
vl=-4a +3a,+0a; or the spherical vector vl=-4a+3a4+0
ap a(p z p a[ ae a(p (7)|MG EAD AUTO FLHC 12730
equally well.

Note: The convention in this book is
to save the unit vector of vn as avn.

3. Use norm() to find the magnitude of v1.

CATALOG] norm(v1

4. Use unitV() to find the unit vector in the direction of v1.

CATALOG] unitV( vl avl

Topic 39: Angle between Vectors

Calculate the angle between vl from Topic 38 and a second S S ot M L
vector v2, which extends from (2,-5,4) to (1,1,3). *"[-4 3 olswl [-4 5 0
LR tal g LTAVE ] =]
1. Enter the two endpoints in rectangular coordinates ®unitliuld '3”[1_ 45 35 0]
using position vectors of [2,-5,4]>v2a and [1,1,3]> v2b, m[2 -5 4]+wEa [2 -5 4]
respectively, as shown in screen 8. m[1 1 3I]+wih [1 1 3]
(8) EMAG EAD AUTO FLHC 14430
2. v2is the difference between the two position vectors, S S ot M L
. PN . [T -5 dlsufa [ 5 9]
see Figure 2. Enter v2b-v2a>v2 as shown in screen 9. [l 1 315 uzb 113
2k - wZa ol [-1 & -1]
B ynitlwzE) + auz
[ -[F8 = 58 -Jﬁ]
35 ] 3B
A1t 2 gu2
(9) T FINE 16750

> ay

ax
Figure 2. Vector addition
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3. Use unitV() to find the unit vector in the direction of v2.
unitv( v2 av2
4. Set Angle mode to DEGREE using [MODE].

5. The angle between two vectors is given by the arccosine
of the dot product of their unit vectors, that is,
cos ! (dotP (av1,av2))> angviv2. This is entered as shown
in screen 10.

(+] [cos-] dotP(avl [.] av2 angvlv2

6. Use [#][=] to get a floating point value of about 45°
(screen 11).

Topic 40: Parallel and Perpendicular Vectors

Fir Feér [F2-| Fu-r FE FB~
Tools|A13¢brajCalc|Okher |FrAmi0|Clean Ue
B yn i B0V + auZ
[ -[Z8 - [38 -Jza]

38 19 38
B cosAldobPlavl . awZi) + angulk

5054[

11-@]
ER

CACdatPoaul , aw2i aranguluz
(10)|m'3 EG HIJI:I FIJII 17720

Fi-] Fex [Fa~| Fi~| FE Far
Tools|A13¢bralCalc]Other |FEAmI0jCTean Uk

[ 3= E] 3= ]
B costldotPravl . vl + angulk

5954[

B costldotPlavl . awdi) + angulk
4. 46

11-@]
o5

L ACdotPoaul, auiirangulu?
(11)@6 EG nuu ru-: 1B/E0

Other common vector operations are to find the vector components of vl that are parallel and

perpendicular to v2.

Every vector can be decomposed into two orthogonal vector components so that vl is the vector
sum of two components, one parallel and one perpendicular, vipar and viperp as in Figure 3.

Vi

V1PERP
»

¥ VIPAR

V2

Figure 3. Parallel and perpendicular components

1. The magnitude of the component of vl that is parallel to
v2 is the dot product of v1 and av2 as shown in screen
12.

CATALOG] dotP( v1 1] av2 vlparmag

2. The parallel component is the magnitude multiplied by
the unit vector av2 (screen 12).

vlparmag (x] av2 vlpar

Fir| Fer |Fa=| Fu=| FE F&~
Touls|i13ebra|Cale|bher|Framin|c1ean up
EENET
B dotPiwl , awd) + vlparnag

11-[38
13

B ylparmag-au? + vlpar
[-11-19 &5-19 -11-19]

12\ lparmagtavi+ulpar
(12)[Eras DE ALTD FUNC B0
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Find viperp as vl-vlpar®viperp as shown in screen 13.

An alternate method of finding viperp begins by
calculating the vector perpendicular to the plane
containing vl and v2 using the crossP() command as
shown in screen 14.

CATALOG] crossP(vl [5] v2 V3

The cross product crossP(v3 ,v2)>v4 is perpendicular to
v2 and so is in the direction of vlperp. Therefore, the dot
product dotP(v1 ,av4) gives the magnitude of the
perpendicular component of v1. The vector form of the
component of vl perpendicular to v2 is calculated by
unitV(crossP(v2 ,v3)) as shown in screen 14.

[CATALOG] unitV( [CATALOG] crossP(v2 [5] v3 aperp
Calculate the dot product of dotP(v1 ,aperp) aperp .
CATALOG] dotP(v1 (5] aperp aperp vlperp

Screen 15 shows this result agrees with the earlier
calculation of vlperp in screen 13.

(13) 28

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13gbrajCalc|Other|Framl0jClean Ur
38

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13gbrajCalc|Other|Framl0jClean Ur

11-
19

B ylparmag- av? + wlpar
[-11-19 &&-192 -11-19]

Byl —ulpar + ulperp

[-&63-19 -9-19 11-19]

EMAG DEGAUTO FUHC 21,30

(14!

[-&5-19 -29-19 11-19]
B opossPrul , w2+ w3
[-3 -4 -21]
B ynitcrossPlws , w30 + apek
[ 65-[4477 -3 [443F 11,
4427 4427 ]

S 1*aperp
FLUHC EETET

EMiG ~ DEGAUTD

Flr] Fer |Fi=| Fi=r] FE [
Tools|A13gbrajCalc|Other|Frami0jClcan Uk

(15)

[-3 -4 -21]

B ynitcrossPlwd , w32 + apck

[ 65-[4457 -9 [44EF 11,
4427 4427 '

B dotPiuvl . aperpl- aperp + ulk

[-&5-19 -9-19 11-19]

L LPoul, aperplaperpiulperp
EMAG DEGAUTD FLUHC 24/F0

Topic 41: Rectangular to Cylindrical Vector Transformation

Vector components in one system are transformed to another according to the geometrical
relationships between the two systems.

ay

A

ax

Figure 4. Rectangular and cylindrical components of a vector
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The general procedure for transforming any vector is to find its components in the other system
using the dot product as E; = Eea,. The rectangular to standard cylindrical transformation of vector
components is based on

E, = Ex cosp+E, sing
E, = —Ex sing+E, cosp
E,=E,

These equations are given in matrix form as

(E,0 Ocosp sing OOE,O
0_0 o a
o[- [ SIN® cosp O%YD

HF.B B0 0 15 H

However, it is time consuming to enter the matrix repeatedly for each transformation, particularly
since it depends upon the vector components and the coordinates of the point. Functions are an
ideal feature of the TI-89 for this use since they can be used in expressions and return results for
different input values.

1. Press[APPS] 7:Program Editor 3:New . roaTelcontro Tl [rarlF .. \Mede
HEH o
2. Select 2Function for Type and select emag for Folder. Tere  Function®
Folder: wmad*
3. Type rec2cyl for Variable and press [ENTER][ENTER] to vaviable: [PTEEEM]
display a template for the new function, as shown in
screens 16 and 17. \
(16} TYFE + [EMTERI=0K AMWD [EZCI=CAMCEL
Fir Fe-r = F4 FE Fa~
Tools|Conkrol|l/D [Yar|Find... Mo ds)
frecZodl
iFunc
t EndFunc
(17) EMAG DEGAUTO FLUHNC
4. Input data is provided to functions through the EH AL  CI N
arguments of the function. For the rec2cyl function, the jpecscylivec, Pl
arguments are the rectangular components of the Lprgl he. ey
vector (vec) and the coordinates of the point at which HA 2R TR e I
the transformation is to be evaluated (pt). Enter the e e i gthes
arguments in the parentheses as vec and pt (screen 18). || EndFunc
(18} EMAG DESAUTO FUHEC
5. Enter the instructions for the function. Note: To enter ’, press [2nd) [CHAR]
2Math9: .

Local rho,x,y

Defines rho, x, and y as local variables. The function arguments as well as all variables listed in the
Local instruction exist only within the function and are erased upon the completion of the function.

pt[1,11->x
ptl[1,2]1->y

Gets local variables x and y from the input vector pt.
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V(xA2+y~2)->rho

Computes local variable rho based on x and y.

([[x/rho,y/rho,01[-y/rho,x/rho,01[0,0,111*vec’)’

Computes cos@=x/rho and sin@=y/rho, forms the transformation matrix, and performs matrix
multiplication. vec is transposed to a 3x1 column matrix in order to be multiplied by the
transformation matrix. The results are transposed to be put back into the row matrix format used

earlier.

6. Return to the Home screen, and use the rec2cyl function
to transform the rectangular vector components [1,1,1]
to cylindrical components at the point [-1,2,3].

rec2eyl [Q2nd) [[] 1G] 1G] 1(2nd) [1] (D 2nd) [[] [ 1) 2(1)
3(2nd) [1] 0]

7. Press[ENTER] to observe the exact result (top of
screen 19).

5 b

5251

8. Press[¢][=]to observe the floating point result (bottom
of screen 19).

[.45 -1.34 1.00]

This result shows the cylindrical components [E_ E, E,] of the

original rectangular vector.

Fir Fer |[FI=| Fur FE& Fe~
Tools|AT13ckralCalc|Other|FrAnal0jCTean U

(19

[-65-19 -32-19 11-19]
mrac2ogldfl 1 1].[-1 2 P
£ )

5] 5]
mprecZogl(fl 1 11.0-1 2 p
[.45 -1.34 1.00]

yl¢fi1,1,111, [0-1,2,3112

EMAG KAD AUTO FUNC FERET]

Topic 42: Cylindrical to Rectangular Vector Transformation

Standard cylindrical components are transformed to rectangular components by

[(Ex0 [Cosp -sing OE, D

QEYD %m(p cosp 0%

FE.H BO 0 15E.{

Rather than enter this transformation matrix, the rec2cyl function in Topic 41 can be copied to a
new function and then edited by making use of the matrix relationship

(B0 [Cyl OE,0 [Cyl OReclIE, D

£0H RO

FE-H ERecHE.H HRecHEyl @zﬁ

which leads to

[yl D DRecD‘1

50 D_Dto D
FRecH ECYIH
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1. Press [APPS] 7:Program Editor 1:Curren t to display rec2cyl . S PLESIN 5 e LA
=Eec2cgliuec,pt)

2. Use @to move to the beginning of the third line. Hold

down [t] and press @ @ @ @ @ @ to highlight the
instructions to be copied as shown in screen 20.

(20) EMAG DEGALTO FLUHC |
3. To copy the highlighted instructions, press [¢][COPY]. o el e (e ]
H HEH W
4. Press [F1] 3:New to open a new function. Name the H tore Functions

Folder:  gmads

function cyl2rec (screen 21). varins e R

Enter=0F ESC=CAMCEL
H STe | T

1)
J|TYFE + [ENTERI=OE AMWD [EZCI=CAMCEL |

5. Enter the arguments of vec and pt as before (screen 22). A I 5 [ R
EEHIZPec(uec,ptD
=FLunc
tEndFunc
(22) EMAG EFEDEGAUTD FUHC
6. Move the cursor to the third line and press [¢][PASTE] to Ll TP FE T FEr)
paste the copied instructions to cyl2rec (screen 23). igulerecivec, pi
tLocal rho,x,ua
tRrir2iny
iF
s S
sl [errho H/PHD a1l -usrha,
werho, D110, 0, 11 Thuec Ty T
(23) EMAG EFEDEGAUTD FUHC
7. The transformation from cylindrical to rectangular o lcontroti 0 o e
components uses the inverse of the original matrix. Edit jgalirecivec, pi
the last instruction by inserting 10] as iLerilynhe e
highlighted in screen 24. HAZETEREe N
FCL[errho H/rhn a1l -u-rha,
¥§¢hD,B]T LB.111 e
(24) EMAG DEGRUTO FUMC
8. To verify that it works, return to the Home screen. Use TR A LA o L
ans(1) as the first argument of cyl2rec to transform the [ 5 =5
cylindrical components from Topic 41 back to mrecZouldfl 1 51] C 15 2 ¥
rectangular components (screen 25). [.45 -1.34 1.00]

®cylZrec(l . 44721 339349395 p
[1.00 1.008 1.600]

culZrectansC1la, [-1,2,312
(25)(Erinc EG HUTO FUNC ERRED]

Topic 43: Rectangular to Spherical Vector Transformation
Transformation from rectangular to standard spherical coordinates is based on
[E 0 [3inBcosp sinBsing cosb [TE, [
Ek D__g: . . . O
o[- $0sOsin@ cosbsing —sme%%YD
E,H B-sing  cosp 0 EEF
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A function rec2sph is constructed in a manner similar to rec2cyl (Topic 41).

1. Press [APPS] 7:Program Editor 3:New and name the function
rec2sph .

2. Enter the function lines shown below.

:rec2sph(vec,pt)

:Func

:Local r,ra,x,y,z

:ptl1,11->x:ptl[1,2]1->y:pt[1,3]1->z
V(XxA2+y"2)->ra:V(rar2+z22)->r
t([Ix/r,y/ryz/rllx*z/r/ra,y*z/r/ra,-ra/r1l-y/ra,x/ra,0]11*vec’)’
:EndFunc

3. Return to the Home screen and use rec2sph to transform
the rectangular components [1,1,1] to spherical
components at the point [-1,2,3].

rec2sph [ [2nd] [[] 1] 1 (5] 1 (2nd] [1] (1] (2nd) [C] [@) 1(5] 2
CJ 3(2nd [1] (]

The exact result shown in screen 26 is

214 -J70 -3/50
57 3 5 f

Fir Fer [FZ=] Fur FE Fa~
Tools|AT13ckralCalc|Other|FrAnal0jCTean U
[.45 -1.34 1.0@]

8oyl Zreci] . 44721359549995 p
[1.00 1.0@ 1.00]

"rec2sph([1 1 11,[-1 2 }
[2-Jﬁ -[7 -S-E]
T 35 5
~ecZsphill,1,11,0-1,2,31%
(26)G - DEGAUTD  FUNC 2B/%0

Note: The function rec2sph gives
undefined results for x=y=0. A more
robust function could be written
using the when() command.

Topic 44: Spherical to Rectangular Vector Transformation

The standard spherical to rectangular transformation sph2rec
uses the matrix inverse as in Topic 42 and transforms the
spherical components back to the original rectangular
components.

Screen 27 shows sph2rec with the instructions copied from
rec2sph . Follow the procedure from Topic 42.

Screen 28 shows how to edit to function for the matrix inverse.

Screen 29 shows the spherical components transformed back
to the rectangular components in Topic 43.

Fir] Fir [F3{F4- FE Far
Tools|Conkrol|l 0 |Mar|Find.. Meds

tsphZreciuec,ply
fFunc
fLocal rara.H.d.Z
fptll.l]+x
tpLtll.2]%y
tptll.351+z
=I(x*§+g“2)+ra
M ira™2+z ™20 sr
Pl [t uorazor ] vkzorsra,
27|z DEG ALTD FUNC
1= Fer JFasFu+ FE | FG~
Touls|contro1)i0 |var|Find.. Made
fpLI1.Z21+y
tpLll.31+z
R R P
Pipat ezt
=([[x/P,g/r,sz}Ex*zfr/ra,
Yz a, rast ] [ ogera, Bee
3,01 e T T
fEndFunc
(28)| ez DEG ALTO FUNC

[rnT RvIFhIF%I TS ] FG~ ] ]
Tools|AT3cbralCalc|Other |Fr3mIOfClean Ur
mrecZsphi[I 1T 17,[-1 2 3
[2-114 -[78 -S-E]
5

7 35
l5|:'-P'|2r*nz-v:[[2'—IJ_{,ﬁ -S_T -—SP

clansla, [~ ;510
(29)[Erinz EG AUTD FUNC 287F0
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Tips and Generalizations

Mathematicians and engineers have chosen different “standard” ways of representing vectors. The
TI-89 follows the mathematicians’ standards. The functions developed here always follow the
engineers’ standards.

All of the transformations in this chapter work for symbolic entries as well, although they often
lead to quite complicated results.

The real excitement begins when Chapter 10 builds on this chapter and introduces vector calculus
using the TI-89.
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1\ O NS Features Used

?" right() , product() , ./,

@ X, list»mat (), mod (),
[ For...EndFor, norm (),

~ unitv() , [J], ans(1),
Func, NewProb,
2 comDenom(), unitV(),
X Chapter 10 [d], [=], If...Elseff..Endif
u Setup

()1, setFold(emag)

Vector Calculus This chapter describes how to use the TI-89 for differential
and integral calculus. The differential operations illustrated
include gradient, divergence, curl, and Laplacian. Line and
surface integrals also are included. The functions cordchk(),
grad(), div(), curl(), and lap() are created in this chapter, and
the functions rec2sph() and cyl2rec() from Chapter 9:
Vectors are used.

Topic 45: Gradient

The gradient is a differential vector operation which gives the magnitude and direction of the
greatest rate of change of a scalar potential. Calculation forms are usually given in rectangular,
cylindrical, and spherical coordinates. However, the single form

ov ov ov
gradv=0 v=———a, +—a, —+—a,
h,0x, h,ox, h,0x,
can serve for all three coordinate systems where x, is the ¢th variable and a, is the unit vector
associated with the 4th variable. h, is called the metric for the ith variable; it is multiplied by
angular variables to calculate length in the angular direction. The table below shows these
elements for the three coordinate systems.

X, h, a
Rectangular X,Y,Z 1,11 a,a,a,
Cylindrical P,z | 1,p1 a,a,a,
Spherical r8,¢ [ 1,rrsin a,8,8,

Table 1. Variables, metrics, and unit vectors

The similar form for the gradient definition in the three coordinate systems means that the same
instructions can be used for all of the coordinate systems. Once the coordinate system has been
selected, the variables and metrics for that coordinate system can be applied to the derivatives of
the potential.
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These instructions are included in the function called grad. The arguments for this function are the
desired coordinate system and the mathematical form of the potential. Specification of the
coordinate system determines the variables and metrics used in grad. Since other vector operations
also require variable and metric selection, a separate function, cordchk , is created for this.

1.
2.

Function .

Name the Variable: cordchk .

:cordchk(cord)
:Func
:If string(cord)="rec" Then

{xsy,2,1,1,1}

:Elself string(cord)="cyl" Then

{pr9,z,1,p,1}

:E1self string(cord)="sph" Then

{r,0,0,1,r,r*sin(0)}

(EndIf
:EndFunc

cordchk accepts coordinate arguments of rec, cyl, or sph
from which it returns a list of the form {x,,x,,x,,h h,h.}.

grad accepts the coordinate argument of rec, cyl, or sph
and a symbolic form of the potential argument
expressed in the variables of the chosen coordinate
system. The results of the cordchk function are stored as
a local variable, var. The elements of var are used to
calculate the vector components of the gradient. The
resulting vector represents the three components of the
gradient in the coordinate system of the calculation.
The order of the components is (x,y,z), (p,0z), or

(1,6,9).

The complete answer is

[10sin(y)E™* 10x cos(y)E % —50x sin(y)E 7.

Clear the TI-89 by pressing [F6] 2:NewProb .
Press 7:Program Editor 3:New and select Type:

Enter the instructions for cordchk listed below.

Create a new function named grad.

Enter the instructions for grad as shown in screen 1.

Return to the Home screen and calculate the gradient of
v=10xsin(y)exp(e®) as shown in screen 2.

grad [ rec (] 10x [x] [siN] y O] [#] [e¥] [@) 5z ]

Note: To enter p, press [+] r;
to enter (0], press ] [6]; and to enter

@ press|s] f.

Fir|. FEr |FE-{Fi-| FE | FB~
Touls|centrafl 0 |war|Fing.. [Mode
=Erad(tnrd,put)
tFunc
tLocal wvar
tcordochkico
tl[ddpot,w
dﬁgn L Nar
ot var [3
tEndfinc

a1
kT T

1\
( J|EMAG KAD AUTO FLUMC

Fi= Fer |F3=] Fh- FE FE~
Tools|A13cbralCalc|Obher |FraralDfClcan U

= HewProb Done
» gradlrec, 10 % sin(ul-e- #
[18-sintui-¢™ T 18 % -cosh

(2) ‘rec, 10

1]
D]
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CHAPTER 10: VECTOR CALCULUS 97

8. Find the gradient of v=zcos( ¢)/p as shown in screen 3. e Te|i15ehr aCare|Dhtar|Fr amin)c1an e
=l JULT S0 IOT ITH 1 & |
grad [ cyl (] z[x] 2nd] [c0S] [¢] f0] (=] (] [10-sincw- % 18-%cosk
r " gr‘ad[cgl . %5(4-)]
. - L4 “sing4n-
The answer is [ SRS SIS 5

(3)|

EF cof@)z -sin(@)z cogq) B 23
o e p P O
9. Find the gradient of v=sin( 8)cos(@/r as shown in screen 4. TraTe 15 ehe ot e Dhtear | 2T 1 e
grad [0 sph (] (2d) [si] (<] [6] (0] (20} [cos] (&) (O] (aah f (] . 2 *‘
E] r - grad[sph . 51n(9)r-‘c,05(+)]
. “singE) - cosSC4)  cosSCEN-Co
The answer is [ 2 2T
i . a-:i Czph, sin(@icos (431D
+sin(B) cos(qp) cos(B)cos(qp) —sin(@) O (4)|Erihs KA AUTD FUMC [TET]
H rz rz rz

Topic 46: Surface Normal

Since the gradient points in the direction of greatest rate of change of a function, it is
perpendicular to a surface on which that function is constant. The unit normal vector to a surface
can be found using this property as a, =0 f/I] fl where f is the function which describes the surface.

Find the unit normal vector to a sphere of radius a. The sphere is described by a function of

f=x2+y’+z>-a’.
1. Use the function grad from Topic 45 to calculate the it v ol el mbree [ it e |
gradient. w gradirec, x2 + 42+ 22 - 22)
[Z-% Z-u 2-Z]
grad (recx"\2+y"2+z/2-a"2 ) " UnitUZ ® Z-y 2-2D
. . . ¥ Y
2. Use unlt;/() to find the unit normal vector (bottom of [ ZruZra? [nZegZes
screemn o). it ansclnn
) (5) - 'd“_l FIHE Brn

CATALOG] unitV ( [ANS]

The answer is

0 X y 2 ¢
%/X2+y2+22 \/x2+y2+22 \/x2+y2+22 E
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98 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

3. To verify that the unit normal vector to the spherical (rE il icor ol e ot e swinlcrams ue] |
surface is radial, @nvert to sphgrical components using " reczzph wZryZez2 [P
rec2sph from Topic 43 as shown in screen 6.

z
rec2sph [0 [2nd) [Ans] (3] 2nd) (1] x (J y () z (2ad) [1] 0 1 1%z d
12402 (24 2 4 22
The complete answer is recZzphians (1), [x,u,z12
(6) EMAG READ AUTO FLUHC 4/ z0

D 2
yz _ /X2+y22
XZZ ’X2+y2 0

0
% \/x2+y2(x2+y2+zz)+ X2 +y?+7
H

mOoOoOodogd

in which the terms correspond to the r-, 8-, and ¢
components, respectively.

4. The second term, although rather complicated, has JEEA RSN o WSl LI
some common terms. Use ComDenom( ) to simplify it as Lo s e e
shown in screen 7.

® comDenam ) )
The TI-89 built-in rules of algebra show that the second w242 [x2.
term is zero. This agrees with intuition that the [1 @ &
R ) . combenomans (132
perpendicular to a sphere is radial only. (7)|Etta RAD RUTD —~ FORC B7%0

Topic 47: Divergence

Divergence of a flux density is the differential vector operation which indicates the net flux
emanating from a point. When there are sources of flux at the point, the divergence is positive;
when there are sinks, it is negative. The mathematical description of divergence is

divD=0eD
0(D;hshy) | A(Dyhshy) | A(Dshihy)
0x; 0Xy 0x,
hihyhg

where the D, is the ith component of the flux density vector D and h, and x, are defined as before
(Topic 45). These operations are defined in the function div shown below.

:div(cord,fld

:Func
:Local var,met
:cordchk(cord)>var

:right(var,3)>met

:product(met)*f1d ./(listrmat(met))>f1d
:(d(f1d[1,1],var[1])+d(f1d[1,2],v
ar[2])+d(f1d[1,31,var[31))/(product(met))
:EndFunc

The function cordchk from Topic 45 determines the list of variables and metrics for the chosen
coordinate system and stores them in local variable, var. The three metrics are extracted from var
and stored in met using right(). Scalar multiplication of the field by the product of the metrics dot
divided (./) by the vector of the metrics forms the D;hjhy term. The partial derivatives and division
by the metric product completes the calculations of div.
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CHAPTER 10: VECTOR CALcULUS 99

The position vector from the origin to a point in space is (sl v ol e atreee [ einc e us] |
expressed in the three coordinate systems as [x,y,z], [p,0,z], Hl W"
and [r,0,0]. The divergence of the position vector should be the [1 & &
same in all three coordinate systems since the coordinate »div(rec,[x 4 zD 3
system should not alter the properties of the vector. The . 31:52;11 Er'i g E%; g
calculations shown in screen 8 verify this. iulzph @, B

(8) EMAG RAD AUTO FUMC i1/z0

Topic 48: Curl

The curl of a vector field is a measure of its vorticity, which is its tendency to rotate about a point.
When the curl of a field is zero everywhere, it is known as a conservative field and an integral
around any closed path is zero. The electrostatic field is conservative; the magnetostatic field is
not conservative. The mathematical definition of the curl is

Eb(h H,) _a(h, H)
'ZE 0x; X, EI !
h;h,h,

curH=0OxH =

where x, a, h, and H, are the variable, unit vector, metric, and vector component of the ith
coordinate. (i,j,k) form a right-handed system. Although the form of the curl is somewhat more
complicated than previous vector operations, its cyclic nature makes it easy to implement.

The calculations of the curl are implemented in the function ST LM (R bk LR
curl. fourTicord, 71d7

[
tLocal n.nl,n2,var,curl,me
1. Define the function curl as shown in screens 9 and 10.

. . : Ecur‘dchk(cur‘d)+var‘
Notice that it includes the function cordchk from irightivar, 3iinet
Topic 45 :Eld *listlmat(met)ﬁ‘ld
. tFor Kn.l,
. . . . 9)
The variables and metrics are stored in local variables (Ol R —
var and met; the elements of fid serve as dummy ThaTs|control|ied [ar Fine. e
elements to form the local variable curl. n, n1, and n2 : E%g%ﬁﬁjgﬁﬂ n2 g
form a cyclical triad used to compute the derivatives of Cer1dil, ni T uartae 13U T
fid. Each pass through the For loop forms one of the Lk or
vector components which replaces the dummy fcurl.xlistinatinet)(prod
elements stored in curl. (10)z EndFunc
JIEMAG RAD AUTO FLUNC
2. Return to the Home screen, and enter the curl of LT I A e I |
2,XYZ,XyZ hown in th f screen 11. Fourlipec.[xu-z oz
[Xyz,xyz,xyz] as sho the top of scree o) wvvs uzoxe]
curl rec L] [CxXyXzxHyx zLxXyX z lcur‘l[cgl,[% z cns(+)]]
(2nd [1] O] [ [+ sinGe)) 5]
. F' [
The answer is [x(z-y) Xy-yz yz-xz], as shown at the top ~1Coul, [1/p.Z, cOSEdd 1)
(11) EMHG RAD HIJTI] FLUNC 13.-'3I§I

of screen 11.

3. Find the curl of [1/p,z,cos@] as shown in the bottom of
screen 11.

curl [(J eyl [.] (2nd] [[] 1 (=] (] (O] [aloha] r [.] z (-] [2nd] [COS] [¢]
(0 (aloha] f 0] (2nd) [1] 0]
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100 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

4. Find the curl of [rcos8, sing, cos@] as shown in screen rhaTi|s1anraltaie|nbhar | Fr Fenin| 1o e
12. p +sinf4n z]
v B
curl sph E] [[] r [COS] B [9] E] [S|N] [ZI u C.ur‘l(EPeh,[P'C.DSCE:I Sink4 b
00 (g cos] () [0 (2 (1] “tar| ) eos8) o)
The answer is
O r% O
ta @co . .
g €© —coq) sm@y+$m®5
0 r r r u
5. A vector theorem states that the curl of the gradient of AT L5 WA LI A
a potential is identically zero. The example of a gradient " '3“"1(5':'9“ [P cos(8] sinted
in rectangular coordinates from Topic 45 demonstrates [ 'ta”[?] e0SE e
this as curl(rec,grad(rec,10xsin(y)e ~*%)=0 (screen 13). " "
L v:ur‘l(r*ec,, gr‘ad[r‘ec L 10w =k
curl [(J rec (L] grad [(J rec (] 10x [x] (2nd] [sIN] y (0] (%] (] [e*] T
G, 10k iRyl ®ke™ ~Skz 222
5z (13)[Erwa nnuu FLUHC iE/30
6. Another vector theorem states that the divergence of M T L] WAl I
any curl is identically zero. This is demonstrated by L d d
div(cyl,curlcyl,[V/ p,z,cos(@)]))=0 (screen 14). = curllrec, grad(rec T 10 o EEI’:I
div oyl [I] curl oyl [j [[] 1[3 [3 r[ﬂ z[j -div[cul,curl[cul,[% z b
(2nd] [cos] (+] (] [aloha] f 0] (2nd) (7] 0] [0 o

Topic 49: Laplacian

160

1¢cyl, [1-
(14)EG = PALRITE

The behavior of many physical potentials is mathematically described in rectangular coordinates

by
62v 0%v 02
ox? ay Oz

Since this often occurs in Laplace’s equation, this is known as the Laplacian. An alternate form of

the Laplacian is

0%v 62

ay2

6v

— =[O« 0Ov=0%
0z°

lapv=
P ox?

From the [Je [Jv term, the method of forming the Laplacian is obvious; it is the divergence of the
gradient of the potential v. Although vectors and vector operations are involved, the Laplacian

produces a scalar result.
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1. Define the function lap as shown in screen 15. Notice SLEEH PLEAIN [ [ ER
that it uses the function div from Topic 47 and the ifapicord,pol)
function grad from Topic 45. igivteord, aradicord. pot.a)
(15) EMAG EAD AUTO FUNC
2. Return to the Home screen and find the Laplacian of S A o L
v=10xsin(y)e ™ as shown on the top of screen 16. " o
4 T 25z
ap (0] rec (] 10« ) 20d) ] y ) (9 (5[] ) 52 e e o
3. Find the Laplacian of v=zcos(@)/pas shown on the . 15,:.[.;.:,1 \ %5“’3] @
b tt f 16. ol . FHRCOs (41 p 0
RO o sereen (16) nnnuu 3 TS 75T
lap [ oyl ] z[x] [2nd] [C0S] [¢] (O] {aloha] f 1] (] (+] (] (aloha] r
4. Find the Laplacian of v=sin(8)cos(¢)/r as shown on thais|nfabralCaie|nthar |pr min|craan ue)
screen 17. "1 ap[,;.z,l ] %SHJJ al
lap [0 sph (] ) [sn] (2 (o) (1 () (22 [oos] (&) [0 (@) 1 e 1ap{sph, IO c02(a)
E] I’ -2 -cos(4)-sinld@)
i
[
(17) - I::I *-I.. - 15750

Topic 50: Line Integrals

The potential difference, also called voltage drop, between two points is given in the form of a line
integral as

Vy-Vg== [E-dl
PathB - A

In electrostatic cases, this integral is independent of the path, that is, any path between the two
endpoints is valid. In general, however, the integral must be evaluated along a specific path.
Evaluation of line integrals along a path can be simplified to three steps:

1. Evaluate the dot product of the integrand in the most convenient coordinate system.
2. Include the effects of the path.

3. Perform the resulting scalar integrals.

Example 1

Evaluate
j F-dl
Path

where F=4xya -3ze™a, along the parabolic path y=x? in the z=-4 plane from (0,0,-4) to (2,4,-4).
Since the path and the variables are specified in rectangular coordinates, the form of the
differential is chosen as rectangular also.

Step 1 leads to Fedl=4xydx-3ze™dy.
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102 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Step 2 requires that along the path, y=x> and z=-4. These substitutions give the first term as
4xydx=4x(x%) dx, and the second term as -3ze™*dy = -3(-4)e‘vy dy. These explicit substitutions
introduce the effects of the path into the integrand. The substitutions have been chosen so that the
variables of each integrand are the same as the differential. These substitutions are simplified
using the “with” operator, [1].

1. Now do step 3 on the TI-89 to evaluate the resulting
integrals.
(2nd [J] 4x(x)y Dy B x (2] 2] x [ 0] 20 [=] [2nd) [1] 32
(¢ [e*] [ x 0] (1] z[=] ) 4 [CATALOG] and x [=] (2nd] [v] y O]
LlyLJo[J4
The exact value result is 8(5e>-9)e? (top of screen 18).
2. Pressing [¢][=] gives 30.26 in floating point form (bottom
of screen 18).
Example 2
Evaluate
[Hedl
Path

Fir Fer [F3=] Fh= FE Fa~
Tonols Ms-zbrultuh: Othsr|FEAmi0|Clean e

IJLL4-><-H|H=><‘{J-;E><—J5[3}
g5 e2-9].s2
[3laxulu=xax- [ (30

2]

(18)

3026

dlz=-4 and x=ligr,y,0,42

EMi RAD AUTD FUNE __ Ei/50

where H=(10/21)a, along the path p=4, z=0, and 0<@=<T1v2. The natural coordinate system is
cylindrical so Hedl=10pd@/21p. Note that d@is multiplied by the metric p to get the differential
length in the @ direction, pdq.

1.

The integral is entered as shown in screen 19.

(2nd] [] 20 (] (] (aloha] r (] [ 2 [2nd] [x] [¢] (O] [alha] r D] (1]
(+J (0] [aloha] r (=] 4 [CATALOG] and z (=] 0[] [+J (] (aloha] f (-] O
(] (nd [x] (] 200]

The result is 5/2.

For those not as comfortable with cylindrical
coordinate integration, convert the problem to
rectangular coordinates. First, transform a, to
rectangular coordinates using the cyl2rec function from
Topic 42 (Chapter 9) to obtain a, = -y ()<2+yz)aX
+x/V(x*+y*)a, (screen 20).

With the relationship p =/x* +y?, the dot product of
the integrand becomes

10 —ydx + xdy
2myx? +y? [xZ+y? x7+y?

The integration follows the circular path on which
x2+y*=16.

Hedl=

(19)

(20)

Fir] Fer |Fi=| Fir] FE [
Tools|A13gkrajCalc|Other|Frami0jClcan Ur

-'JEIL* gTg = Tw .JEILQP
3. 26

n .

u ;[ZI_DHI_PP |p=4 and z=n’
52

Lap 2 lp=4 and z=0,4,0, n-2
EMAG EAD AUTD FUNC EEFEL]

Fir] Fer |Fa-[ F4=] FE [
Tools|A13ckralCalc|Other|Franl0jClean Uk

o lmasle=4and z=0)

52

B oylZreci[d 1 @],[x 9 =z
7z 7
2442 Jx24y2 ]

EMAG
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CHAPTER 10: VECTOR CALcuLus 103

This is entered as shown in screen 21.

10(z] [ 2(2nd) [x] DI [ 2nd [] @ y £ [ x (2] 2(+) y [1] 2
0 My = [2nd) V] 16 (2] x (2] 207 [ x [ 4[] 0] +[2nd) [ 1]
xZFOx[ 2y 2000 x (=) 2nd) [] 16 (] y (7] 2(0]
ClyQolJ4p]D)

The result is 5/2 as before. Note that x goes from 4 to 0
and y from 0 to 4 as @ varies from 0 to /2.

Topic 51: Surface Integrals

Fi-] Fex [Fa~| Fi~| FE Far
Tools|A13¢bra|Calc]Other |FrAmI0jCTean Uk

e a—
[12 2 [xZey? |

)
ERD AUTO FUHC

PRl

The flux passing through a surface is expressed by surface integrals such as

HJ- ds

Area

where J is the flux density and ds is the directed surface element in a specified direction. The
evaluation of surface integrals is similar to the three-step process used with line integrals in

Topic 50:

1. Evaluate the integrand.

2. Include the effects of the surface.
3. Evaluate the resulting integrals.

Two examples follow which illustrate this process.

Example 1
Find the flux

J’J-ds

Area

passing through the x=4 surface in the -a, direction for which
1<y<3 and -1<z<1 where J = 10xyzax. The integrand when
evaluated on the surface is given by

Jeds = -10xy*dydzl_, = -40y°dydz.

The resulting integral is entered as shown in screen 22.

(2nd] [J] (2nd] [J] @) 10x ()] y () 2 [0 x [F 4 y (I 1 [ 30I (] 2
@ 10]10]

The result is ~2080/3.

Fi-| Fix |FEe| Fu- | FE T~
TouTs|idebralCatcother|Frarmin|cican e
T T4l % +us y
o2
1 37 2 _

.I'IJI[ 18--y= | = = 4]-:29(}
_ 2020

3
(22)[Ernz KAl AUTO FUNL ZE/T0
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104 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Example 2

The divergence theorem states that the flux out of a closed
surface integral is equal to the divergence of the flux density
throughout the volume

Jeds=([fU-Jd
fpoedemffme

Calculate the flux out of the entire unit sphere due to
J=10xy?a using the function div from Topic 47.

1.

Calculate divJ=10y? (screen 23).
div [ rec [.] (2nd) [T] 10x [x] y (~] 2[.] 0[] 0 [2nd) [3] 0]

Integrate this result throughout the volume of the
sphere. Setting the limits of integration with respect to
rectangular coordinates is tedious because the volume
naturally fits spherical coordinates. Instead, transform
the single variable of the integrand to y=rsinBsing
(screen 24).

(2nd] [Ans] (1 y (=] r (x] (2nd] [sIN] [¢] [6] D] x] (2nd] [sIN] [#] [
(aloha] f 0]

Integrate throughout the volume of the sphere using the
differential volume of spherical coordinates
dv=r’sinfdrd®dto obtain the total flux of 8T/3 as
shown in screen 25.

(2nd) [ 1] 2nd] [J] (2nd] [ 1] (2nd] [ANS] (x] r (2] 2] [2nd] [SIN] [+] [6]
D rLol 1061 LI o] (2nd (=] O (I (¢ [T
(aloha) f (] 0[] 2(2nd] [x] (1]

Tips and Generalizations

(23)

(24)

(25)

Flr] Fer |Fi=| Fi=r] FE [
Tools|AT13gbrajCalc|Other|Frami0jClcan Uk

lJtIJ;L'iﬂ¢¢g£|x=4Jdgq
_ 2ga
3

vdivfrec.[1a-2. 4 @ a]l

18-y 2
...' (rec, [1Bxg™2
EMAG BAD AUTD

L]

" FUNC
Fiz| Fer |[Fev| Far | FE F&v
Toals|iiacbralCalc|other |Prarainfcizan up

sdivirec.[16-3-uf 5 o]
1E"‘:I2

" 1802 |y =rosinte) sind4)
1EI-Esih(EJJE'KEihE+)JE'f‘2

ansC1d lusresinl@issinie)
EMAG FAD ALUTO FUNC 2z

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|AT13gbrajCalcOther|Framl0jClean Uk
T = T =TT =TT

I -
1@ -I:sin(E'))z '(Einli-#):lz'f‘z

-IE'“Jg[é[m-(sin(e)jz-(sr
g2-m

3

LAY L E, 10 B, L, O, 2D
EMAG EAD AUTD FUHLC 2B/F0

WOW! Triple integrals on a pocket calculator, and this is just a warm up. This chapter showed how
powerful vector calculus operations can be performed by defining a few simple functions (grad(),
div(), curl(), lap()). These combined with with ((1]) provide a convenient way to do vector calculus.

Chapter 11 shows how these operations can be used to solve typical electromagnetics problems.
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%\ ONS Features Used
> 3-D Graphing,
Q@ deSolve (), expand (),
(%) tExpand (), solve (),
limit (), colDim (),
rowDim (), Func, For,

~

Q EndF Mat (), @nl
NArFor, NEW B ni,

X Chapter 11 @1, [

w

Setup
()1, setFold(emag)

Electromagnetics This chapter describes how to use the TI-89 to solve
Laplace’s equation for two-dimensional electrostatic

problems. The separation of variables method provides
exact solutions but is restricted to specific geometries. The
relaxation method is applicable to any geometry, but it
provides only an approximate solution. This chapter uses
the function lap() which is defined in Chapter 10: Vector
Calculus.

Topic 52: Separation of Variables

Electrostatic potentials satisfy Laplace’s equation, (0?v=0, in charge-free regions. A typical
two-dimensional problem is shown in Figure 1.

B 100V A
y=b — - <
Infinitesimal
Gaps
oV oV
L7 =l
ay
y aX
y:O_ »>
| oV LY |
x=0 X=a

Figure 1. Geometry for 2-D electrostatic problem

In two-dimensional, rectangular geometries, the potential varies with x and y, that is, v=v(x,y). The
assumption that v is the product of two functions, each of which depending upon only a single
variable, leads to v=f(x)g(y).

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].
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106 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

2.

Enter the expression for v as shown in screen 1.

flOxDI g@yD] [T v

Applying the Laplacian operator to v and dividing the
result by v leads to

o’ (x)  9°9(y)
O _ ox? L0y
v f(x) a(y)

Enter the expression using the function lap from
Topic 49 (Chapter 10) as shown in screen 2.

CATALOG] expand(lap [(Jrec [lJvD][F] v

Since the first term depends only on x and the second
only on y with their sum equal to zero, both terms must
be constant. When the x-dependent term is set equal to
the constant -k2, the result is the differential equation

9 f(x)
X’

+K2%(x) =0

Use deSolve() to enter this equation with the boundary
condition f(0)=0.

(CATALOG] deSolve(f [2nd] [*] [2nd] ["] [#] k [2] 2[x] f[5] O
[CATALOG] and f[J 0[] (5] 0L x L] [0

sin(Iklx)

1
Screen 3 shows the output form is f(X)Z‘E

times the constant

1

E‘ . (The constant does not affect
the solution.)

This equation also equals zero at the other boundary, or

f(a)=sin(ka)=0. Find the allowed values of k to be
k=nTva as shown in screen 4.

solve( [2nd] [SIN] k [x] a[1] (=] O[] k [2nd] [>] O (L] k (0]

W)

Fi~] Fer [F3~| Fi~| FE Far
Tools{A13ebra|Calc|0bher |FrIrml0jClean Ur

Dane
Foxd-atd)

FUHC

= HewProb
u (x) L)+

—_KAD AUTD

Fi~] Fer [F3~| Fi~| FE Far
T-:n:-]s mﬂ-zhru Calc|Okhgr [Framil l:hzun U

=

2430

. Expahd[W]
2 2
d i
= F =l gl
xzi ) deE )
) ard)

Q&

4)

(3)| e

expandllapirec, 2
EFAG FAD AUTO FUNC 3430

Fix] Fer [F3~| Fir | FE Far
Tools[A13cbra|Calc|0bher |FrIrl0|Clcan Ur

d}(zkl\- £ PR

fix) EATE
ldeSDlue[F" + k2 f=0a anck
|k| ®1- 51n[IH ]

=0 and FoOy=H,x,
AN AUTO FLNC [T

Fix] Fex [F3~| Fi~| FE Fa-
TooTs{A13cbra|Calc I:Il:h-zr PrSmII:I l:1-zun UP‘

T T LT T L=

| EBL-zin[|k - x)

P=l%
meolue(sinfk-a)=0]k >0, k]
k=

Ernl-m
a

soluvelsint kear=0l k0, k?
EMAG EAD AUTO FLNC R

Note: @1 represents an arbitrary
integer. The screen may show @2,
@3, and so forth, if deSolve() has
been executed prior to this.
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CHAPTER 11: ELECTROMAGNETICS

When the first term in the separated form of Laplace’s
equation equals -k?, the second term in the equation
must equal k. This gives a second differential equation

02 6 nn
y
which is entered as shown in screen 5.

(CATALOG] deSolve(g [2nd] [*] (2nd] ['] [ k[n] 2[x] g [5] O
(CATALOG) and g[J o] E 0y gl]

sinh(ky) times the

1
The solution is of the form g(y)= ‘E

1
-

Since k=n1va from the boundary conditions on f(x),
g(y)=sinh(ntty/a). But it is not possible for this solution
of g(y) to satisfy the upper boundary condition for
arbitrary y=b (see top of Figure 1). Since the solutions
for each n satisfy Laplace’s equation, a linear
combination of solutions must satisfy it also; such a

solution is
vxy) =S¢, sin@ﬂgs nh@ﬂg
n=1 a a

At the upper boundary where y=Db, this takes the form
of a Fourier series in x

v(x,b) =100= 2cn sin@n?nx@si nh@n%bg

The constant c, is determined by usual Fourier
techniques. Both sides of the equation are multiplied by
sin(m7x/a) and integrated over the range 0<x<a. The
left-hand side (LHS) integral becomes

constant

LHS = IlOOsm@mnX%j 100a(1 cosmn)

as shown in screen 6.

(2nd) [1] 100 [2nd] [SIN] m [2nd] [x] x (=] a[] (] x [J 0[] a[)]
(570" Ihs

Fi-] F2r TF3~] Fir | FE Far
Toals Mﬂebru Calc|Other P‘FEMII] Clean Ur

B

(6B

Ehl n
a

mdeSoluelg’ ' - k2. g=0 anch
1 .
= ?l-EZ-smh[lkl-u]

k™ 24g=0 and giQr=0,y,32
RAD AUTO FUMC B, 30

ERMAG

Fi~] Fex TF3~| Fi~ | FE Fa-
TooT5|AT13ckkalCalc|Other|Framl0jCTean Uk

3 =[] 82 =inh(lk )

a LT
IJD[IEIEI-Em[ 3 ]]d!:x:-?lhs
-1E0-a-(costm-m - 1)

107

P AL Gt / =
ERD HIJTI] FIJHII 70
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108 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

8.

9.

10.

When m=2@n2 is even, lhs = 0 (screen 7). When

m=2@n2-1 is odd, lhs = 20Ga (screen 8).
mrt

The right hand side integral, given as

| % cn sinh( nr ) sin( LS ) sin( LS ) dx
x=0n=1 a a a

requires more careful evaluation. An interchange of the
summation and integration leads to a series of integrals,
each with a different value of n

0 a
> cn sinh(@) J sin(@) sin( L ) dx
n=1 a Jio a a

The integral can be calculated directly by the TI-89 as
shown in screen 9.

cn x] sinh(n [2nd] [r] b(z] a[] (2nd) [1] (2nd] [SIN] n
(2nd) [x] x [£] @[] (x] (2nd] [SIN] m 2nd] [] x (5] (0] (] x[.] O]
a(1] [sT0») rhs

Evaluation of rhs for nZm requires the tExpand command
for the trigonometric functions only; in addition
n=@nl=integer and m=@n2=integer. Enter the following
key strokes for this evaluation.

[CATALOG] sinh(n [2nd] [n] b(z] a(] a(x] [0 [ m(#] n[1] (x]
(CATALOG] tExpand( [2nd] [SIN] m [2nd] [x] (=] n(2nd] [x] 0] O] (5
(0 m{& n[0] [x] [CATALOG] tExpand( [2nd] [SIN] m [2nd] [x] (+] n
Cnd (] DD DX enHO2d[dmA nDI X A mE
n(1] (2nd) [x] 0J (M n (5] [+] (ST0») n1 [CATALOG) and m (=] [¢]
(STO»] n2.

The result shows RHS=0 when n#m (top of Screen 10).

For the case n=m the evaluation is much simpler as
shown in screen 10.

CATALOG] limit(ths,n,m O] (1] m[=] [¢] nl

@)

®)

©)

limitirhs,n,md Im=Enl
(10)E rmnnuru : ruc

TheTe|AT5ebr ol Cave| Detvar [Fr dentn| 1 e

IJ;[lEIEI-sih[ "":x]]azx + lhs
-lE0-a-[costm-m - 1)
™o

lh= o

L lim
rm+2-EBhl

limitClhs,m, 2#Enl)
EHAi EAD AUTO FUNT

Fir| Fer [Fa=| Fir]| FE FE~

Touls|13ebrafCalc|okher [Framio|clean us

u lim lhs e
m+Z-Bhl

L lim
m+*2-Bhl -1

Bz

lhs=s

200 -2
[(2-Bml-1)-n

limit.¢lhs.m, 24Enl-12
EHiArs RAD AUTO FUHE
Fir| Fex |FE=| Fu= | FE FE=
Touls|A13ebra|Calc|Dkher |Framio|Clean Up
T AL = LM

L] c.n-sinh[ n':'b]-J;[sin[lh

ERED]

. b-n-n .
51nh[ -a-[(m+nj-51rh
20
LS inl s gl ®, U, ar+rhsl
EMAG EAD AUTD FUNE 1050

Fi- Fer |[Fi=] Fir | FE [
Tools|A1dckrafCalcOther|Frami0jClean Ue

o}

® lim rhs |m=Enl
n+m
. [b-Enl-n]
51nhT Sacch

z

130
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11.

12.

13.

The constant cn is determined by equating the
evaluations of lhs and rhs of previous calculations
(screen 11).

CATALOG] solve( 200a (=] [(J m [2nd] [x] D] [=] [CATALOG] sinh(b
m(x] 2nd) (7] (5] a0] (] a[x] en (5] 2[4] en (0]

These results are combined to give the electrostatic
potential within the region as

oy t0 ST
T

n=odd
This is implemented with a finite number (5) of terms.
Due to the TI-89’s single step size of 1, the summation
index n must be replaced by 2n-1 which takes on only
odd integer values for consecutive integer values of n.

Calculate the electrostatic potential as shown on the
top of screen 12.

400 (=] (2nd) [] [CATALOG] 3 (4 (2nd] [SIN] [ 2n -] 1 0] [2nd) [x] x

(2] a[0] [CATALOG] sinh( [0 2n (5] 1 (0] (2nd] [n] y (] a (0] (5] (D
(0 2n[5] 1[0] [CATALOG] sinh( [(J 2n (=] 1 0] (2nd] [®] b (3] a[D]
O nG] 150610 vO XLy D)

To check that this solution satisfies Laplace’s equation,
use the function lap from Topic 49 (screen 12).

lap [Mrec Jv[OxHJyDI 0]

Observe (after awhile) that the result is zero, as it must
be!

Topic 53: 3D Potential Graphs

How does v(x,y) from Topic 52 vary throughout the region? 3-D graphing provides such a view, but
it requires specific values for a and b.

1.

For simplicity, let a=b=1 as shown in the top of
screen 13.

The result is stored as a new function u(x,y) by first
defining u(xy).

vdxJyD [ al=) 1[CATALOG] and b (=] 1 [STO u [ x 1]
y ]

Then verify that the function is correct.

uldxl)yD]

(115

(12)

Fi-] Fex [Fa~| Fi~| FE Far
Tools|A13g¢bralCalc]Other |FEAmI0jCTean Uk

Fir] Fexr [F3| Fir | FE Far
Tool1s5|A13cbra|Calc]Other |FEAmI0jCTcan Ur

. h[b-m-n
. 2o0-a _ FMTTS Ty
solue e =

Fir] Fex [Fi~| Fi~| FE Fa~
Too15|A13cbrajCalc]Okher |FEArIDJCTean Uk

2 h=-1]n =
| 400 =] slnl—a .
T ¥
n=1 (2-n-1)-si

Diatie,

®lapirec, u(x,gﬂ 3]

lapirec,uix, gl

RH[I HIJTI] FUMC

EMAG 15420

mo,w]a=1 and b=1+uly

Dae

LEE PRt
4O -sinl3-m =) -sinhi9 ooy
- sinhie ) iy
B, d) S Z10K . D Dohie,

yr+zlin,yl
AL AUTO FOHC

Lyt
EMAG 1B/ 30
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110 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

2. Define the graph function z1(x,y)=u(xy) so that the
plotting is faster than it would be by plotting v(x,y)la=1
and b=1 (bottom of screen 13).

u0xBDyDET 22O xHDy0)

The height z represents the magnitude of the function

V(XY)-
3. Press [MODE] and set Graph mode to3D. Use [¢][WINDOW] to il I
set the window variable values as shown in screens 14 L
and 15. e
eyef= 120 ymin =0 ﬁg?ﬁiim
eye@=75 ymax =1 32;25?:14
= id = Haricyls.
eye_llJ 0 ygr!d 14 (14)[E5eE=" T ma £l
xmin =0 zmin=0
xmax =1 zmax=140 ThiT: zEEFnI ]
xgrid =14 ncontour =5 s LQ:?'
xgrid=i4
gmin=Q
gmax=1
yarid=14
zmlhf?aﬂ
| ﬁggﬁtnuréﬂ
(15} EMAG FAD ALUTO 20
4. From the Window Editor, use [¢] (1] to set the graph
formats as shown in screen 16.

Coordinates: RECT

Axes. AXES

Labels: ON

Style: WIRE AND CONTOUR (16)

5. Press [¢][GRAPH]. Wait a few minutes for the graph to be
calculated. The results will look like screen 17.

The voltage v(xy) is graphed with equipotential contours
every 20 volts. Once the calculations with the contours
are made, the contours can be turned on and off.

17)

6. Press[¢][1]and set Style to WIRE FRAME to turn off the
contours. In the Window Editor, set eye6=60 and press
(¢][GRAPH] for a view from “behind” the graph, that is,
from the region of y>1 (screen 18).

(18)

7. Press[¢][1] and set Style to HIDDEN SURFACE to give a
different nature to the graph (screen 19).

The variation of the amplitude along the upper edge is
due to the limited five-term Fourier Series approxi-
mation of the 100 volts. More terms would make this
smoother. (19)|ermz RAD AUTD =0
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10.

11.

Press [Y] to look along the y-axis directly at these
variations from the back of the graph (screen 20).

Use [x] to toggle between expanded and normal views
(screen 21).

Use © ® ® @ or change values in the Window Editor to
change the viewing angle.

Return to the original viewing angle by pressing 0. Then,
in the Window Editor, set eye®=-120 and press [¢] [GRAPH].
To find the voltage at (X,y) coordinates, press [F3] Trace
which places at cursor at the center of the x,y space
and provides the corresponding z-value. Move the
cursor xy with @ @ and +x with © ® . The voltage at
x=.29 y=.79 is 52.12 V as shown in screen 22.

To see the voltage at a given position, just type the x
and y coordinates. For example, type 0.25 0.75
to see that the value at x=0.25 and y=0.75 is
43.20 V (screen 23).

Press [¢] (1] and set Style to WIRE AND CONTOUR to
display the equipotential contours on the wire frame.

Press (X], [Y], and [Z] for views from those axes (screens
24, 25 and 26). The z-axis view (from above the graph)
provides the standard view of the equipotentials on the
x-y plane. However, [F2] 5:ZoomSgr must be used to
recompute the graph if the proper ratio of the x and y
dimensions is required.

(25)(ermm

EAD AUTO 0

(20)|emem

(21) e

uc:.??

(22)
J|UZE €% 11 OF TYFE *+ [EZCI=CAMCEL

(23) EMHL'-: :

ERD AUTO =0

(24) |z

T

(26)

EMAG

EAD AUTO el 1]
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112 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Topic 54: Relaxation Method

An alternate, but approximate, method which works for all geometries is known as the relaxation
method. The procedure is simple: a solution for the voltage v(x,y) is guessed, an iterative set of
approximate calculations operates upon this solution, and the “guessed” solution is modified by
each successive set of calculations in a way which allows the guessed solution to “relax” to the
correct solution.

Electrostatic voltages satisfy Laplace’s equation as [J°v = 0. Finite differences approximate the
Laplacian by the central difference form as

9 *v 9%
- 4+

o ax% oy
:VR+VL—2VO+VT+VB—2VO
Ax® Ay
_VpHV, +tVp+Vp -4v, —0
Ax>

where Ax=Ay. For non-zero increments, Ax,Ay#0, this equation is solved for the central node
voltage as

v, = VetV tVp vy

4

This equation states that the voltage at the center node is equal to the average of the node voltages
around it. This equation is valid at all nodes. The solution region is divided into rectangular grids,
and the equation for v, is applied successively to each node. This procedure is repeated until the
node voltages approach the correct solution as a limiting value.

Vi @

Vi Vo VR
L L ] @
AX
v < ..................................... >
Vi @

Figure 2. Finite difference cell

The solution region is divided into square grids. Each node is described by two integers, an
x-coordinate and a y-coordinate. The x-coordinates are numbered from left to right; the
y-coordinates are numbered from bottom to top. The nodes show a great similarity to the elements
of a matrix in their geometric arrangement and in their numbering scheme. The storing of node
voltages in a matrix provides a convenient and visual display of the voltages. The matrix
row-column numbering scheme is used to simply and systematically apply the node voltage
calculations to all of the cells. A second matrix is used to identify those boundary nodes at which
the voltage is fixed and must not be changed by the calculations.
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CHAPTER 11: ELECTROMAGNETICS 113

The TI-89 handles matrices and repetitive calculations very handily. The node voltages are stored
in a matrix named volt; the geometry data is stored in a matrix named geo. Define a function called
relax to perform the calculations.

:relax(v,geo,ntot)
:Func
:Local n,ntot,nrow,ncol
:Local nrowmax,ncolmax
:colDim(v)>ncolmax
:rowDim(v)>nrowmax
:For n,1,ntot
: For nrow,2,nrowmax-1

For ncol,2,ncolmax-1
:(vlnrow-1,ncol]+vinrowtl,ncol]+v[nrow,ncol-1]+vinrow,ncol+1])/4*geo[nrow,ncolJ+vlnrow,ncol 1*(1-

geo[nrow,ncol])>v[nrow,ncol]

EndFor
: EndFor
:EndFor
v
:EndFunc
The function relax accepts the voltage matrix (v), the geometry matrix (geo), and the desired
number of sets of repeated calculations (ntot ) as arguments. For simplicity, all interior nodes of the
voltage matrix are set to zero as the initial guess. Since the nodes on the edges of the matrix are
fixed, the calculations are limited to interior points by the row and column sizes. The single
instruction within the nested loops implements the discrete Laplacian at a node. The results of this
calculation are multiplied by the corresponding element of the geometry matrix, 0 for nodes that
are fixed or 1 for nodes that are modified by calculations. In addition, the nodal voltage is
multiplied by 1-geo so that the original nodal voltage is stored in those nodes which are to remain
fixed. This calculated node voltage is stored in v, and calculations move to the next node. With the
completion of calculations, v is displayed on the Home screen.

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER]. rio i ebe aCate|khar v ain]c1aan ue]

[ I I ]

2. For numeric results, the region of screen 27 is divided
into 10x10 square grids resulting in 11x11 matrices for
the voltage and geometry matrices. On the Home
screen, create the voltage matrix filled with zeros (see i
screen 27). (27) =

CATALOG] newMat( 11 [5] 11 volt
3. Set the 100 V boundary voltage. rhio i ebe a|Cate|khar e Sain]c1aan ue]

AUTD 30 FYED]

CATALOG) For n[3) 1[5] 11 2nd) [:] 100 (5] (ST0») volt [2nd) [C] 1 seeee0eo0o
(] n [2nd] [1] [2nd] [ :] [CATALOG] EndFor bee B8 ene e

oo e Q000000
BFor h, 1,11 & 16000 +vwaltp
108, 9

Screen 28 shows that floating point results are returned
because of the decimal point in 100.

Glls1a0, +unlt (1, nliEndFor

(28) EMAS ERD AUTO =0 ERED]
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4.

5.

To verify that the matrix has been entered correctly,
press [APPS] 6:Data/Matrix Editor 2:0pe n. Specify Type as
Matrix , Folder as emag, and Variable as volt (screens 29 and
30).

On the Home screen, create the geometry matrix filled
with 1’s (screen 31).

CATALOG] newMat(11 ] 110 (J[#H 1 geo

Since the function relax automatically excludes the first
and last rows, zeros need not be inserted for a
rectangular solution region. For non-rectangular
regions, zeros must be inserted into geo at boundary
locations. Do one iteration as shown in screen 32.

relax ((J voit [5] geo (5] 1 volt

The results are stored in volt through the command line
since relax is a function and cannot change any stored
variables.

Repeat function relax 10 times (screen 33).

relax [(J volt (1] geo (5] 10 volt
It will take a while to get the results.

Fi- Fz F4 FE. |Fad F7
Tools)Flok Sebur|Cell|Header|Calc|UEiT)3kat
OFEH

ToRe: Matrix *
Foldar:  &mads

Wariabls
Enter=0k

EZC=CAMCEL

(29) TYFE OF USE £3+4 + [EMTER] OF [EZC]

Fi- | Fz F= | !
Touls|Flok Sekup B LUk
M |

M T c [t} cd
1 100, afioc. 8l 180, o

2 [i] [g] [A] [i]
3 o] [E] 0] o]

4 o 0] 0] o

rici=i@Q.
(30) EMAG FAD AUTO =0

Note: The 100’s can be entered
directly into this display instead of
the entry line For...EndFor instruction.

Note: The[.] (1] tells the TI-89 to do
a dot addition. That is, add 1 to each
of the elements in the new, all-
zeroes matrix. If the (-] is omitted
and just the (4] is used, the 1 will be
treated as the identity matrix and
then added to the new matrix, which
is not wanted.

1 Te 8 abe al e Db b P Tein|c1am U

11111111

1
1
1
1
1

rewiat.
(31)|Emms
Fix | Fir |Fa=| Fu= | FE Fo~
Touls[13ebra|Cale|Other|Fr Imi0|Clean U

RKAD AUTD 0 [FED

oo o To. g e,

o] 25.00 31.25

o] .25 9.38 ¥
o] 1.56 2.73

o] .59 .72

KAD AUTO b L]

[r:.v'[ Fer Irva ruvI FE I F&- I ]

Tools|i1debrafC dlc|Dther|Frdrain|Clean Up
oo Too, o IO oo
0] 46,80 63.72 O
0] 24,54 39.20 o
0] 13.60 Z23.67
0] .66 14.01

(33)[erkz EAD AUTD 0 B/ED
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8. The matrix can be viewed by pressing [APPS] 6:Data/Matrix
Editor 1:Current as shown in screen 34.

Since the structure is symmetric, the voltages should
show symmetry about c6 when sufficient iterations
have been completed.

9. Since it isn’t exactly symmetric, return to the Home
screen and repeat the function relax five more times as
shown in screen 35.

relax [(] volt (3] geo 1] 5[] volt

10. Return to the Matrix Editor to check the symmetry
(screen 36).

It’s not exactly there yet , but close enough.

Topic 55: 3D Graphs of Tabular Data

Fir Fz F
Tools|Flek Zetup
;..11”11
il I
1 1EH, G
A T
A N
4 |30,03
rlce=100,
(34) EMAS EAD ALTO 0
Note: Press[+] (1] and select 5 to
show four columns.
Fir Fer F==] Fu~ FE Fa~
Tools|A13chbra Cu1c|ﬂther|Pr’Smlﬂ Clean UPl
TOm, o T00, o0 160, o0 .
o} 47,79 65,49
o} ZE.16 42018 %
o} 15.45  2zF.01
9,43 17.25

[u]
FAD AUTO =0

o]
(35) R

Fir Fz F
Tools|Flok Setur

MAT
1ixil

cd cS =] =t

1 100, 0f100, 0

2 72, 84V, B[P, 99 7R,

3 S0.21[55. 1656, 64|55,

4 34. 44|38, 5840, 10|39, 18
rlc&=100.
(36)|erms FRD AUTO =0

As with the separation of variables method, a graph of the voltage from Topic 54 is helpful.
However, matrix data cannot be graphed directly because it exists only for discrete values of row

and column variables. But with the int() function, values of the graphing variable within a range can
be converted to an integer for which row or column matrix data exists.

1. Create the function matplot as shown in screen 37 to
convert the data.

The x,y coordinates of the data matrix mat are converted
to integer values that provide the row and column
indices. In order that the y index begins at the bottom
of the matrix, it is reflected about the center row of the
matrix.

2. Press [¢][WINDOW] and set the window variable values as
shown in screen 38 as well as zmin=0, zmax=140, and
ncoutour =0. Be sure the TI-89 is in the 3D graph mode.

Fir] Fex [F3{F4« FE | For
Too1s|Conkrol|l D [Var|Find.. [Mods

tmatplotCx, g, matl

tFunc

fimbin

=1nt{u}+H.

tmat [FrowbDimdmat a+1-yg, <]
:EndFunc

(37)\ermz

ERD AUTO =0

Fi-| F2-
Ton1s|Zaom

(38) ?ﬁﬁl;in FARD AUTO 0
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3. Press[¢][Y=] to display the Y= Editor. Define
Z2(x,y)=matplot(x,y,volf) to graph the relaxation method
solution (screen 39). Deselect z1.

zr=

2w yi=matplottx, gy woltd
(39) EMAG RAD AUTD =0

4. Press [¢] [GRAPH] to see the solution.

(40)

5. Itlooks nearly like the graph with the other method. A
comparison with the exact solution of separation of
variables using [F3] Trace shows that the approximate
voltage at x=1/4*xmax=4 and y=3/4*ymax=8 is v=34.44 V
compared to the exact value of 43.20 V (screen 23). This
inaccuracy is due to the adjustment of the x- and y-
coordinates to take the integer plotting routine into
account and the approximate nature of the relaxation
method.

(41)

Tips and Generalizations

This chapter showed how to solve and display problems using the TI-89 that are normally solved
on larger computers. The relaxation method is general enough to solve other configurations by
simply changing volt and geo.

The matplot() function can be used to display a 3D graph of any o Ta|conte o110 [hav|Frod.. M
matrix of data. It is faster, though less general, if the matrix to jpatplobix.y?

be graphed is explicitly stated in the function rather than P

passed as a parameter. Screen 42 shows how this is done for :Eﬁééiﬁg””i”‘”‘:‘l“”'g’ #1

the relaxation problem.

\
(42) EMAG KAD AUTO =0

Although finding the potential over a 2D surface is useful, sometimes knowing what happens on a
line is enough. Chapter 12 looks at some common ways of analyzing transmission lines.
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\ O NS Features Used
> real (), limit (),

Qs NewPrab, when (),

(%) Numeric Solver

~/ Setup
Q (#]1, NewFold tiine
X Chapter 12 setMode("Angle",
LU "Degree")
setMode("Complex
Format", "Polar")

Transmission Lines This chapter describes how to calculate the characteristic
impedance and phase velocity on transmission lines.
Steady state transmission line behavior and simple
matching concepts are included also. The functions
reficoef() , lineleng() , zin(), yin(), and vswr() are created.

Topic 56: Characteristic Impedance

One of the most basic parameters of a transmission line is zo, its characteristic impedance. zo
depends upon the geometry and the material of the transmission line. In this section, zo is
calculated for four common transmission lines — coaxial, twin-lead, parallel plate, and microstrip.
The cross-sections of these lines are shown in Figure 1.

er — @ |2
2b -
Coaxial Twin-lead

—— v

_— —— -
er d er d
A A
Parallel Plate Microstrip

Figure 1. Transmission line cross-sections
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Coaxial b
60in=1]
70= — -
Jer
Twin-lead Od O
120cosh*
_ Jab]
zo=
Jer
Parallel Plate 20= 120
wA/er
Microstrip egr+l  er-1
F= [P+
2\/1+ 1
w
<1
wid 60infj," + ks
d w
0o=———
F
w/d=1 _ 120r
2= [P w wll
F |n@1.444+ 7§+ 1.393+ W
a3 d a]

Table 1. Characteristic impedances

The equations shown in Table 1 are used to calculate zo of a transmission line from its geometry
and material parameters. However, with the TI-89’s numeric solver, any variable can be calculated

when the others are known.
Coaxial and Twin-lead

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

2. Press 9:Numeric Solver to display the Numeric
Solver, and enter the equation for zo as highlighted in

screen 1.

zocoax (=] 60 [x] [CATALOG] In(b (5] a[1] (=] (0 (2nd) [] [¢] (T

(alpha) e r ()] 0]

3. Press or @ to display the variables in the

equation.

Note: To enter €, press [+]
e

\
(l} TLINE DEGAUTO FLMC

Note: The number of digits
displayed is independent of the
mode settings, since it is a numeric
solution.
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10.

Enter values of b=.015, a=.005, and &r=2. Then move the
cursor to zocoax= and press Solve to obtain the
solution zocoax =46.61... Q as shown in screen 2.

The = symbols on the left side of the screen show which
variable was calculated and that the solution is exact
since left-rt=0 .

To calculate the value of er which will give zocoax =50,
enter 50 into zocoax, move the cursor to &r, and press
to display the required value of 1.73... (screen 3).

In a similar manner, enter the zo equation for the twin-
lead line by moving to the top of the line.

zowin (=) 120 [x] [CATALOG] cosh (d (] [J 2[x] [2nd) [v] a[x] b
000 E @ @2nd [v] () [ [aieha) er ] 0

Set d=.01, a=b=.0005, and €r=1.5 and solve for
zotwin =293.27... Q (screen 4).

These two equations used can be accessed through ;
the number of “last” equations is eleven (11) by default
and is set using [¢][1] ® (screen 5).

Press @ to display both equations. Any equation in this
list can be made the active equation by highlighting it
and pressing [ENTER]; activate zocoax (screen 6).

Equations can be recalled to the Numeric Solver in this
way as long as the number of last equations history is
not exceeded. For more permanent storage, press
2:Save Copy As @. The equation is placed in the TLINE
folder. Name it coax (if it is named zocoax, the equation
name will conflict with the variable name) as shown in
screen 7.

Fi-] Fz Fir F4 FE Fb
Tools|Zalug|Grarh|Get Cursor|EAns|CIF a=x..

ZOCOIH= Gﬂ*ln(b;a)/(J(sr)h

bnund {-1.el14,1.el4X
mlett—rt=0.

)

TLIME DEGAUTO FUMC

Fi-] Fz Fir F4 FE Fb
Tools|Zalug|Grarh|GEet Cursor|EAns|CTF a=x...

zocoax=6H*1lnth-ald-Cllzral
zocoax=00.
b=.015

bound=f -1. 514'1 c143
nlett—rt=0.

(©)

@)

G)n

TLIME DESALTD FUHC

Fi=] Fz Fi= F4 FE FB
Tools|Zalug|Grarh|Get Cursor|EAns|CIF a-x...

zotwin= 12D*c05h4(df{2*J(a*k

d=.01

a=5.e-4

b=5.E-4

zr=1.5

bouncd= { l1.el4,1.e14%

TLIME DEGﬁIJTI:I FUHC

Fi-] Fz Fx= F4 F& FB
T 15 So1u-z GFarh|{Get Cursor|Eans|CTF a-z..

*
zot T akk

Last Eans Hiskarw:

b o
baound= { 1.e14,

= D00 =

TLINE [IEEHIJTI] FUNC

119

Enker=0k EZC=CAMCEL

(6)

TLINE DEGALTO FUNC

SHYE COFY RS N

Teri: Equation
Folder:  LEling 3

Y ... E—
Enker=5ANE ESC=CAMCEL

)

TYFE + [EMTER1=0k AMD [EXCI=CAMCEL
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120 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

11. To verify that coax has been stored, press [VAR-LINK]
and scroll down to the TLINE folder to see coax and each
of the variables a, b, zocoax, and er listed (screen 8).
Since the variables are listed alphabetically and Roman
characters precede Greek, €r is at the bottom of the
folder; scroll down to see it.

Parallel Plate and Microstrip

Although the remaining two equations can be entered into the
Numeric Solver and saved in the same way, the rather
complicated microstrip equation is entered and checked more
easily in the Home screen.

1. Return to the Home screen, and clear the variables to
be used in the microstrip equation as shown in screen 9.

[CATALOG] DelVar f L] w L] [¢] [ [aloha] er L] d

2. Now enter the zo equation (screen 10).

zomicro (=] [CATALOG] when( w (5] d [2nd] [<] (=] 1 (5] 60 [X] [2nd]
(N 8(x]d [z wHw(z][04dD] 0] fL] 120 2nd) [x] [Z]
OO w= d# 1.393(+ 2[3] 3(x] [2nd) [LN] w (5] d [+] 1.444
0 0] () f0J 0] (STO») ean

Note how the when() command is used to implement the
two parts of the zomicro equation. The > egn at the end
stores the zomicro equation so that the Numeric Solver
uses it.

3. Press[APPS] 9:Numeric Solver to see zomicro in the
Numeric Solver.

4. So far f has not been defined. Return to the Home
screen and define f as shown in screen 12.

(2nd] [v] [0 (¢ (O [aioha] er (1] 10] (2] 2(#] [T (] [ [aloha] er
H1DEO2x 2d V] 13 12 dHwDI DD
[STO»] f

To prevent deleting f with NewProb, be sure to lock it.
Alternatively, name it ff. See Do This First.

5. Display the Numeric Solver and press [ENTER]. Enter the
values for a microstrip transmission line on a dielectric
substrate with thickness d=0.00127, er=2.2, and a
conductor width of w=.00391 m. Solving for zomicro
gives zomicro =50.31...Q (screen 13).

[~ whUmkmm
anselvicin. [ 5o |7 conteprs..
EAFE 12
COSK ExPE 23
d EAFE 12
ZTOCOSH ExPE 12
- zobwin EXPE 12
(8) TLINE __ BEGEN DEG AUTO FUNC
Fir| Fer [Fa=| Fur] FE FE~
Touls|13ebralcatc|other [Praminjcican us
B HewProb Daone
B Oellar f,w,sr,d Dohe
(9)[Fimne DEG AUTD FUNC E 50

(10)|Fruald

\
(11} TLINE DESAUTD FUNC

2.[,:EH Y CES I B
w1z d 4
12
2
LER=10s Ok B 0 S
(12) TLINE DEGRUTO FUHC 4/30

\
(13} TLINE DEGAUTD FUMC

Fir Fer [F3=| Fu-r FE Fa~
Tools|AT3cbralCalc|Other |Fr3mIOfClean Ur
8 .
- d I

zomicro = 12¥

G- ln[

TLINE DEGAUTD - FIJNIZ 3030

Flr] Fer |Fi=| Fi=r] FE [
Tools|AT13gbrajCalc|Other|Frami0jClcan Uk
Kl El T

Fi=] Fz Fir F4 FE Fa
Tooals|Ealug|Grarh|Gek Cursor|Eans|CIF a-x...

zomicro= when{w/d{ *ln(wz

r=2.2
bound=L-1.e14,1. 14>
mlett—rt=0.
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CHAPTER 12: TRANSMISSION LINES 121

Topic 57: Reflection Coefficient

When sinusoidal generators are used to excite a transmission line, all transient waves have
decayed to zero and the line is in steady state. A common steady-state design goal is to match the
source impedance to the transmission line input impedance. The input impedance of a
transmission line with characteristic impedance zo and length d is given by

—jand
1+re *

—j4T[E
A

1-T.e

zin=2z0

for a frequency with a wavelength of A. Since this calculation involves complex numbers, creating
a function will make the calculations easier.

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

2. Calculate the reflection coefficient of the load
impedance as

_zl-zo
zl +zo
The reflection coefficient is a complex phasor with an A LS G T R N
i treflcoef izl ,zol
amplitude of 1 or less. S
. . iLocal =
Define the function reficoef as shown in screen 14. tlimitdiz-zodstztzald, z, 210
o . fEndFunc
Note that limit() is used to handle the case of an open
circuit with zl =co. \
(14) TLINE DEGAUTO FUHWE
3. Return to the Home screen and use reficoef to calculate LA I [ T I |
the reflection coefficients for real loads of zl =50, 0, and
oo Q on a line with zo=50 Q (screen 15). ® HewProb Done
u et looef(SE, SE) 0]
et looef(, 30 -1
B el coef (e, S 1
ref looet Cw, S0
(15) TLINE IEIEHIJTI] FUMWE Y420
4. Calculate the coefficients for the complex load of LT I A e I |
100-j50 Q on a line with zo=50 Q (screen 16). ®reflooefi®, SH) 1
® reflcoef( 100 - 450, 5@
5. Press [¢][=] to get the floating point value shown at the [% J——Y /2;]
bottom of screen 16. " reflcoef(100 - i 50, 507
i .45 2 “26.57)
reflooef ( LAA—i 50, 580
(16) TLINE DEGAUTO ) FUMWE [T]

The results are 0, -1, +1, and 0.4500-26.57°. When the load is “matched” to the line, there is no
reflected signal; a short circuit reflects the incident signal with opposite polarity; and an open
circuit reflects with the same polarity.
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122 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Topic 58: Phase Shift

When the load is attached to the end of a length of line, the
input reflection coefficient is multiplied by exp(-j41d/A) which
is 10(-720d/A) as a phasor in degree form. This term depends
only on the line length in terms of wavelength d/A.

1. Define the function lineleng as shown in screen 17.

2. Return to the Home screen and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].

3. Uselineleng to calculate the phase shift of a reflection
coefficient for line lengths of d=0, 1/8, 1/4, and %
wavelengths. Since the line length is given as a fraction
of wavelength, A=1 (screen 18).

Topic 59: Input Impedance/Admittance

The equation for input impedance can be defined as a function.

Flr] Fzr [F3{F4d FE Far
Tools|Conkrol|l 0 |Var|Find... Madg

IinelengtH, a2

unc
ol s -F20demd
:EndFunc

(17)

TLIME DEGAUTO FUHC

Note: To enter A, press [¢] [(] [alpha] L.
To enter [], press [«]. To
enter —, press ().

Fi-] Fér |Fi-| Fi=] FE Fa-
Tools RT3k rajCalcfOthek|FrAnl0)CTean U

(18)

= HewFrob Daone
B linelengld, 12 1

Elinelengl.125, 1)
[1.00 & -90, Q)

B linelengl.25, 12 -l.ao
B linelengl.5, 12 1.00
TLINE DEGALTD FUNC T

The input impedance depends upon the line length. For lines with d=nA/2, the input impedance
equals the load impedance. For loads with zl=zo, the input impedance is zo.

1. Press[MODE] and set Complex Format mode to
RECTANGULAR.

2. Define the function zin as shown in screen 19. zin uses
reficoef from Topic 57 and lineleng from Topic 58.

3. Return to the Home screen, and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].

4. Use zin to calculate the input impedance of a line with
z1=100-j50 Q, zo=50 Q, and A=1. Use d=.35, d=.5, and d=1
(screen 20).

5. Calculate the input impedance for zl =50 Q, zo=50 Q,
d=1, and A=1.

Fi= Fer ZA4F4+ FE Far
Tools|Contr o]l 0 |Nar|Find.. |Mads

fzintzl,zo,d, A

fFunc

fzodlltreflcoetizl, zor#lin
elengid, a2 -t 1-reflcoefiz
l.zod*linelengid, 422
tEndFunc

(19)

TLINE DEG ALTO FUMC

Flx] Fzx [F3=| Fa= | FE Far
Tools{A13cbra|Calc|0ther|FramI0jcTean Uk

(20)

= rin(100 - 430,350, .35, 1)
37.50+41.45-4
Brin(100-4-30,30, .5, 1)
100,00 - 58600 -1
Brin(10E -4-30,38,1, 1)
100 - 38§

zin(100-438,360,1,1)
TLINE EG ALITD FUNT B/=0

Flx] Fzx [F3=| Fa= | FE Far
Tools{A13cbra|Calc|0ther|FramI0jcTean Uk

IF.50+41.45-%
Bripn(100-4-50,50, .5, 1)

100,00 -30.00-1
Brin(100-4-530,50,1, 1)

(21)

100 -38-%
iS50, 50, 1,12 =]
TLINE DEG ALTO FUHC CRET]

Note: The Complex Format mode

has

been switched to Rectangular

so that real and imaginary results
are displayed.
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6. Since connecting elements in parallel with transmission
lines is common, admittance is helpful in transmission
line calculations.

Define the admittance calculation as a function yin
which uses the function zin (screen 22).

7. Return to the Home screen, and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].

8. Use yin to calculate the input admittance of a zo=50 Q
line for d=0.35m and A=1 for the real values of zI=0 and
100 (screen 23).

9. C(Calculate the input admittance for the complex values
of zI=j50 and 100-j50. Use zo=50 Q, d=0.35m, and A=1m
(screen 24).

Topic 60: VSWR

Fi-1 F2- |F2Fu- FE Fa-
Tools)Conkrol|l 0| Var|Find.. JMads

tgintzl,zo,d, 57

tFunc
Hleoizintzl,zo,d, a2
fEndFunc

TLINE DEGAUTD FUNC

(22)

Fi-] F2r TF3~]| Fir | FE Fa-
Tools)A13cbra|Calc|Other|Frami0jclean Ur

(23)

= HewProb Dane

B yin(E, 38, .35, 1)
2.31e-16+ .01 1

Byip(lae, 58, .35, 1)

gind10E, 56, 0,35, 13
TLIWE BEGAUTD FUHC ERET

Flx]| Fir TFix| Fir | FE Fi-
Tools)AT3ebra|Calc|0ther|Frami0jclcan Ur

L1 - .81
yine1BE-4360, 560, 0,35, 1)
(24) TLIH DEGAUTD FUHLC ESED

Byging108, 58, .35, 1)
L2 -804

Byin(i-30, 30, .35, 1)
9.32e-16+.13-1

Byin(la8 =438, 30, .35, 1)

The reflection coefficient is difficult to measure, so an easily measured alternate parameter is used

to describe mismatch, Voltage Standing Ratio (VSWR), given as

+
vswr = 2L
1_|r|_ |
1. Define the function vswr (screen 25) to implement these
calculations. Vswr uses the function reficoef from
Topic 57.

2. Return to the Home screen, and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].

3. Calculate the VSWR of loads of 0, 0.01, j50 Q, with
z0=50 Q (screen 26).

The results are undefined (undef) for short circuits and
open circuits.

4. Calculate the VSWR of loads of 1000, 50, 100, 100-j50 Q.

Use a value of 50(.] (note the decimal point) in the last
entry to get the floating-point value.

VSWR varies from 1 for a matched condition to « for
loads of 0, jX, or « Q.

Fi- Fe- EFu| FE [
Tools|Control|l 0 |Var|Find...|Mod|

fuswrizl, zod

fFunc
fil+abscreflooef izl zop )
Ll-abscreflcoetizl,zoral
fEndFunc

(25) TLINE DEGRUTO FUNC
rrhT RvTFhIFhT FE T FG+ T ]
Tools|A13cbralCalcOkher [FramlDjClsan Ue
= HewProb Do,
sl 3, S0 undef
gzl G, SE) SEAG. GO
myseCd - S0, S unidet

(26) .I KD AUTD FUNC LT
rrhT RvTFhIFhT FE T FG+ T ]
Tools|A13cbralCalcOkher [FramlDjClsan Ue
LRLRE=AN ) il R U B ]G B ula ) opoia)
B ysield - S0, S unidet
Bz 10EE, S0 20
sl S0, 500 1
B ysiel 10, SE) 2
Byl 108 -4 -50, 50,0 2.62
s 10E-4 56, 53, 2

Q7)nmz KAD AUTD FUNC [FED]
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124 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Topic 61: Impedance Matching

A load can be matched to a transmission line, [ =0, by the addition of parallel circuit elements.
One method of matching a load is to insert an additional length of line between the original line
and the load as shown in Figure 2. The length of this added line is chosen so that the real part of
the input impedance (or admittance) equals the characteristic impedance (or admittance) of the
transmission line. Then a parallel element is added to cancel the imaginary part of input
admittance resulting in a matched condition. In mathematical terms the match is achieved when

real(yin(zl,zo,d, A\)) = real(gin + jbin) = 1/zo
where zl, zo, and A are fixed and d varies.

The resulting value of susceptance, jbin, must be cancelled by a parallel element to achieve the
desired match.

Calculate the parameters to match the load zI=100-j50 to a 50 Q line.

Added Line

q % 21=100-j50

Figure 2. Matching circuit

1. On the Home screen, enter the impedance matching Thrse|T3ebr ol ave|Dhtvar | ramin|c16an e

equation as shown in screen 28. ® HewProb Done
®real(yind 108 - §-50, 50, d b

zin=zo — -jbin

[CATALOG] real( yin [(J 100 (] [2nd] [¢] 50 (5] 50 (L) d (1) 1 0] D) [ _ .
(5] 1 (5] 50 (=] 0[STO»] egn 4{5”“:?2'3[1{:I L1 cox7,
So-| 4 sinc?zm oy
The equation is stored in egn so that the Numeric Solver ..
(28) TLINE DEG HIJTI] FIJHII =430

can be used to find the value for d.

2. Press [APPS] 9: Numeric Solver . The equation is displayed
as shown in screen 29.

(29)|7rme DEG AUTD FUHL
3' PreSS ENTER tO SOlVe fOI' d (Screen 30) T:Hs S:%u-z Grr’g;hlﬁ-ztf::rsor ErqsnslﬂrFuE-z...
. . '(4*(51n(?2El*d}+1}*595(?2El>i
d=.125A is one solution. ud
l-:u:uund {-1.e14,1.el4X
mleft-rt=0,
(30)|7rme DEG AUTD FUHL
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125

Therefore, d=.125A is the required value for the function
yin.

On the Home screen, calculate the parameters for
z,=100-j50Q, zo=50m, d=.125A, and A=1m (screen 31).

gin=.02=1/50, and the accompanying susceptance is
jbin =j0.02. The equality of g and b is merely coincidental.

To match this load, a parallel susceptance of -j0.02 is
needed. This is satisfied by an inductor since
1/21tL=0.02 or L=1/0.041f where the frequency must be
known to determine L.

There are an infinite number of solutions, repeating
every M2, that is, d=.125, .625, 1.125,... . But there are
other solutions for d as well.

To see these, press [¢] [WINDOW] and set xmin to 0 and
xmax to .5 as shown in screen 32.

Press [APPS] 9:Numeric Solver (ENTER] to redisplay the
Numeric Solver.

Press 4:ZoomFit to see a graph of the equation on the
right of a split screen (screen 33).

The Numeric Solver found the first zero; however, the
second zero is also a valid solution. To find its value,
press the ® and @ keys until the cursor is near the
second zero (screen 34).

Press [H]] to switch screens, and then press
Get Cursor (screen 35).

d now has the x value of the cursor.

Fi-] F2r TF3~]| Fir | FE Fa-
Tools)A13ebra|Calc|Other |Frami0jclean Ur

Frealiuinl I =+ - 3L, =500, d, ]
'[4-[5in(?25-d)+ 1)'&05(?1

ying10E0-4i50, 560, 125,12
(31) TLNE DEGAUTD FUNLC

sa-[4-zinc7za. o).
" yin(108 - § -50, 50, . 125, 1)
02+ L B2

rl]

Fi=] Fir
T 5|2 00m|

®Min=]
R
wscl=1,

gmin=-10.
urmax=10.
yscl=1.
HPes=2,

(32) TLINE

DEGAUTO FUNC

Fi-| Fe=| FZ

Tools|zeem|Trace]resrarn|Math|orawlFenf:<

'é4*(5ih(?2ﬂ
bound=L-1. €

(33) TLIME

DESAUTO FUHC

(34) TLIME

DESAUTO FUHC

bound=L{8. , .
left—rt=.00
(35) TLIME DEGALUTO FUHC
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10. Press [F2] Solve to get the second solution (screen 36). T S N L L
~{dkisint reh
The proper conductance occurs at about d=.301. e = 13
bound={0., .3
mlett—rt=-2.4

EARNS

(36)| T DEG ALTD FUNL
11. Press [HOME] [¢] 1 to display a full-sized Home screen. T M A e A e
12. Use the function yin to calculate the input admittance 5a -[4 czim(72a -y P
for zI=100-j50Q, zo=50m, length d=.301A, and A=1m ®yin(100 - 4§50, SEIEQ' 1+25E|,21)_
. . b
(screen 37). ® i 100 - §-50, 50, 301, 1)
LEZ - .02
The input admittance for this length is yin=.020-j.020. uing1EE—-450, 56, 3601, 1
(37) TLINE DEG AUTO FUMC U430

This can be matched by using a capacitor where
21fC=.02.

Tips and Generalizations

This chapter has again shown the power of the Numeric Solver for finding an unknown in a
transcendental equation and plotting the equation versus the unknowns to see if there are multiple
solutions. This chapter has also shown that the Solver remembers previous equations, which can
be a great time saver.

Finding properties of transmission lines is nice; however, for the ambitious who really want to go
far, Chapter 13 on antennas is the way to go.
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v\ O NS Features Used

> crossP (), dotP (),
& real(), conj() , (1J,
() NewProb, [STO»],
~/ Polar graphs
Q Setup

X Chapter 13 #1

11} NewFold ant
setMode("Complex
Format", "Polar")

Antennas This chapter describes how to perform basic antenna and
radiation calculations with the TI-89. Antenna patterns,
radiation resistance, radiation integrals, and phased array
patterns are included.

Topic 62: Incremental Dipole

The most fundamental antenna is the incremental dipole as pictured in Figure 1.

Figure 1. Incremental dipole

For mathematical convenience, the dipole is centered at the origin and aligned with the z-axis. It
has a length &h which is much shorter than the wavelength A, that is, dh<<A. It is excited by a
sinusoidal current source of angular frequency w The resulting current is uniformly distributed
along the dipole and has a phasor form of i,.

Example 1: Calculating Incremental Dipole Values

The far-zone electric field radiated by the incremental dipole is given by the vector

iokdhsin® e ¥
:jnlo Ohsinb e a,V/m
4m r
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1.

Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].
Using [MODE], set Complex Format to POLAR.

Enter the vector in spherical coordinates as shown in
screen 1.

(2nd) [£] 0 (5] (2nd] [¢] eta [¥] io [x] k [x] [+] [(] (alpha] d h (x] [2nd]
(siN] (] [6] 0] (¢ [e*] (@) (2nd) [«] k ) r D (E [ 4 (2nd) [x] r (0]
(] 0 2nd) [1] (STO¥] eincdip

The far-zone magnetic field is
. . —jkr
H=j iokohsin6 e
41 r

a(pA/m

Enter the vector as shown in screen 2.

(2nd] [[] 0] 0 (5] [2nd) [¢] io [x] k [x] [+] [ [aloha] d h (x] [2nd]
(sin] (2 [6] (O [+ [e~] (@) (2nd) [ ] k X) r O (5] (@ 4 [20d) [x] r (]
(2nd] [1] (STO»] hincdip

These fields represent outward propagating, spherical
waves with an amplitude that varies with polar angle.
The fields decrease as the distance to the antenna is
increased. The power density of such a field is given by

O
w=ReExH) = o
2
Calculate the power density as shown in screen 3.

(CATALOG] real( [CATALOG] crossP( eincdip (5] [CATALOG] coni(
hincdip (5] 2 wincdip

The result is

Ekzeta(io)zéhzgsin(e))z o o
B 321r g8

This shows that the power is directed radially outward.

Fi-1 Fex |F2-[ Fi=] FE [
Tools|A13ebralCalc|Other|Framl0jCTean Ur

.[EI i-eta-iok-Ghosin(@l,

4-m-r
(2 ker+m)
.

(1)[EnT

Note: To enter J, press [¢] d
on the keyboard.

Fir| Fer |Fa=| Fu=| FE F&~
Touls|i13ebra|Cale|0bher|Framin|clean up
i-io-k-&h-singe)-e),
4-m-r

fo o

z "
47

2 e i ke s A 1+hincdip

(2) (i BAD AUTO FUNE EVETH

i (2 kr 4wl
B e —=

Fi-| Fer [Fer| Fi= | FE FE+
Tuls|A13ebralCalc|bher|FrImI0|CTean Ur
T T
[ d-m-rk
u FEa licrossPieincdip, congy,
b

K2 eta-in? ah? (since))®
3. ] ’

3 Lohjithincdip? 2¥incdip
( ) HHT KA ALT] FUNE (YT
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The total power radiated is calculated as

I:>F{AD

= jEfW-ds

SHHERE

Enter this expression as shown in screen 4.

(4] (2nd) [ ] [CATALOG] dotP( wincdip (] (2nd] [[] r [~] 2[x]
(2nd) [sIN] (+] [6] 0] CJ 0 (L] 0 [2nd) [3] D] (-] [+] [6] [-] O[] [2nd]
[x] 0] (-] (¢] [ (aioha] f (] 0[] 2 [2nd) [x] 0] (STO») pradiincd

Calculation of the radiated power is simplified since
there are only radial components of both W and ds.
Note that the differential surface element on the sphere
is r’sinBdBd .

Substituting of the free space wave impedance as
eta=1201and the wave propagation constant as k=2TVA
gives the average power radiated into free space.

Use the “with” operator to substitute the values as
shown in screen 5.

pradincd [1] eta [=) 120 2nd] [r] and k (=] 22nd] [rt]
(xJ (¢J [ [alpha] |

The current flowing into one side and out of the other
side of the dipole is io. From a circuit point of view, the
power extracted from the current by radiation is given
by

.2
Prap = —|10| lsRAD

where R, represents equivalent resistance to dissipate
this power. The radiation resistance is calculated as

_ 2Ppap
RAD — 7 2
il
Find the radiation resistance as shown in screen 6.

2pradined (3] io (7] 2 eta (5] 120 2nd] [r] and k[5]
2[2nd) [n] (2] [+ | [STO») rradincd

Fir] Fer [F3~| Fir | FE Far
Tools|A13gbrafCalc|Okher |FEAmI0|CTcan U

32 nE.p2 4
-Jg"‘jg dotP{uincdip,[2. b
k< eta-io?-she

12-m
LB, ML, B, Znadpradined
(4)|1NT RAD AUTO run : 5T

Note: To enter ¢, press [+]
f.

Fir] Fer [F3~| Fi~| FE Far
Tools|A13¢brajCalc|Okher |FEAmI0jCTean Ur

12-m

®pradincd |eta= 120-1 and P
40 iaZ ahZ n?

(5) ANT EAD AUTO FUHC

Note: To enter A, press [¢] I

Fi=| F2= [FZ=| Fhi- FE FE~
Tools|A1AckyafCalc|Othgr [Framl0jClzan Ue

.)."':

o 2 Pradincd

= |eta=120-n ap

io

FUMC D]
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8. Calculate the radiation resistance for 3h=0.05\ as shown
in screen 7.

radincd (1] (¢] ([ (alpha) d h [=] .05 [¢] ([ [alpha] |

The result of Ry, = 1.97 Qis quite small for an
incremental dipole.

9. The directive gain of an antenna is defined as

DG:rZW r

rAVE RAD

Calculate the directive gain as shown in screen 8.

4(2nd [r] dotP( wincdip (] [2nd) [[] r[(1] 2] 0[] O
[11 0] (5] pradincd dincdip

10. The directive gain indicates how much the power
density is increased or focused at an angular position
compared to that of an isotropic source with the same
radiated power. Directivity is the peak directive gain,
that is, 3/2 for the infinitesimal dipole as shown in
screen 9.

Topic 63: Antenna Patterns

FL-| Fi- (Far| Fi=| FE | Fa-
Toals|ndébralcate|other|r3minfciean ue
| — = -
= |eta=128-m a),

®rradincd | Sh= .05-5 1,97

rr-adincd | Sh=. 05
(7)|1NT ST FUHC B/ ED

Fi-1 Fex |F2-[ Fi=] FE [
Tools|A13¢bralCalc|Other|Frami0jClean Ur

‘FPRagdlIfncd
io
80 5h2 - n
W2

®rradincd [&h= .05 5 1.97
. 4-n-dotFluincdip,[w2 @
pradincd
3 (sin(ay)?
z
.__ 1,012 pradincd+dincdip
(8) AHT EaD AUTO FUHC 9/%0

Fi-1 Fex |F2-[ Fi=] FE [
Tools|A13¢bralCalc|Other|Framl0)CTean Ur
T T T

" dincdip |8 ==

o

T T LT r—
pradincd r

3 (sin(ey)?
2

302

o

FAD AUTO FUHC 10,30

The directive gain or just gain shows the variation of power density with the polar angle 0 at a
fixed radial distance from the dipole. A plot of this variation, called the antenna power pattern and
commonly normalized to one at the peak, helps to visualize this important characteristic of the
dipole. It is standard practice to make pattern plots in the plane of the electric field, the E-plane
pattern, and in the plane of the magnetic field, the H-plane pattern. The planes are chosen to
include the peak value as well. For the dipole antenna, the peak occurs at 6=90° so the E-plane
pattern is plotted as a function of 0 in a plane of constant ¢ the H-plane pattern is plotted as a

function of @in the 8=90° plane.

1. To use the polar graphing capabilities for an E-plane
pattern, directive gain must be defined as a function of
0 as shown in screen 10.

(2nd] [Ans] (=] (=] 200] [ST0») d [ [+] [6] D

2. Set the Graph mode to POLAR and the Angle mode to
DEGREE using [MODE].

3. Inthe Y= Editor, define the function to be graphed
(screen 11).

(] [v=](ENTER] d ([ [+] [6] (] (=] (D 3(] 200]

Note that the division by 3/2 is to normalize the peak
value of the graph to 1.

(10)

Fix] Fer [F3~] Far [ FE Far
Tools[A13cbra|Calc|0bher|Framl0jcTean Uk

2
* dincdip |8 =5 302
; z
EE ]
PERCHLL
NT HIITH FINE 11770

Plogy=digr-C3-22

(11)

ANT DEG ALTO FOL
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In the Window Editor, set the window variable values
(screen 12) for 0 to vary from 0 to 360° (that is OBmin=0 and
Bmax=360). Although polar angle 0 is defined over 0 to
180°, this range is needed to include both half-planes on
which @is constant.

6step=1 is used to generate the plot here, but 6step =5 is
faster and good enough in most cases. Since the pattern
is normalized to one (division by the 3/2 factor), the
ranges on x and y are *1.

Press [#][GRAPH] to plot the E-plane pattern (screen 13).

This is a distorted view of the pattern due to different
scaling on x and y.

Use 5:ZoomSqgr to plot a properly scaled pattern
(screen 14).

Since the polar angle 0 is measured from the positive
z-axis on the dipole and the graphing angle 0 is
measured from the positive x-axis on the screen, the
dipole lies along the x-axis of the pattern.

Half-power beamwidth is a parameter used to describe
antennas. It is the angular separation of the half-power
points of a pattern. Use the trace cursor ([F3]and ©, ),

@©, or ®) to display pattern values and angles
and find the beamwidth.

First, use [¢][1J ® 2:Polar to set coordinates in the polar
mode.

The right-hand half-power point is at 0=45°. Press
and 45 (ENTER]. Screen 15 shows that at an angle of 45°
the power is 0.5.

The left-hand half-power point is at 8=135°.

Press 135 [ENTER].
So the E-plane beamwidth is 135-45=90°.

Fi-] Fa-
Tanls|2aam

(12)[gmz

DEGAUTO

FOL

(13) AT

DESAUT

Fu

Fi Fz
Tools|2oem|Track|ksararh

(14) AT

DESAUT

FOL

=L ig=10]

(15)|amz

DESAUT

=L ig=10]

(16)|awz

DEGAUT
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9. The concept of beamwidth can be further emphasized
by using [F7] 3Line.

10. In response to the on-screen question “1st Point? ”,
position the cursor at the origin and press [ENTER].

- . 2nd Point
11. For “2nd Point? ”, position the cursor at the angle of the N 345,00
(17} ANT DEG AUT FOL

lower half-power point, 6=45°, with rc=1.12 and press

(screen 17).

12. Add a second line at the upper half-power point in the
same manner.

13. Press to exit this mode.

14. Add text to the graph using [F7] 7:Text. Position the
cursor at the starting point (screen 18). If there is an
error, use the eraser ([2nd) [F7] 2:Eraser and [ENTER], then E-plane
hold down the (1] key to erase).

15. The H-plane pattern is plotted as a function of @
however, it has no @ dependence so it is a constant and (18)|zmr FEGALT FIL
graphs as a circle of radius 1.

Topic 64: Phased Arrays

Phased arrays are commonly used to tailor antenna patterns to a desired shape. When several
identical elements are located near each other, they form an array. The pattern of the array is the
product of an element factor, a geometric factor, and an array factor. The array factor, AF, for N
identical, equi-amplitude radiators located on the z-axis with uniform spacing D, is given by

sinﬁg @ﬂ% cosb + B@
. D B
Nsm@‘rxcos&HE@ ‘

[ is the progressive phase shift along the array from one element to the next. An alternate form
allows graphing with 8 in degrees and expresses radiator spacing, d=D/A, in fractions of the
wavelength for easy graphing of the array factor

sin@% (360d cosh + B)a

AF =

AF =

‘ N sin@80j cosh + %Q ‘
1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER]. [ P (A Tl T

¥ MNewFrab Lane,
2. Enter the array factor expression as shown is screen 19.

abs( [2nd] [SIN] n (=] 2 (] 360d [cos] [+] [6]
(] (¢ (1 (aloha) b 0] D (=] [ n ] [2nd] [SIN] 180d [x] [2nd] [COS]
(sJ (6] 0] () (] [T (aiha] b (5] 2] (] (] (ST &f (D n [.] d (19 ) +af i, d, 8, B
[:] [z] [0] B E] b HNT DEG AUTD FOL FRET]

sin[%-KEEEI-d-c,nstaj + BJ]
('

L

n-sin[iElEl-d-n:ns(E‘) +%]

Dahe
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3. The beam from an array can be “steered” by varying the
phase-shift between elements.
To graph the patterns for a two-element array (n=2)
with d=1/4 spacing for phase shifts of p=-90°, 0°, 45°,
and 90°, define -1 in the Y= Editor as shown in L
\riter=afiz 1-4.8. 80
screen 20. (20) AT DEGAUTO FIL
af[J 2] 1(z] 4[] [« [6] (] (] [T [alpha] b 1]
4. Onthe Home screen, assign the values -90, 0, 45, and 90
to B. Then graph each pattern as shown in screens 21
through 24.
£=0
(21) ANT DEGALUT FOL (22) ANT DEGALUT FOL
-90>B 0>B
(23) AHT DE';FE‘ FOL (24) AHT DESAUT FOL
4550 90>
5. With more elements in an array, the beamwidth becomes narrower and more focused, as
shown in screens 25-27 by arrays with 2, 4, and 6 elements (n=2, 4, and 6) spaced with
one-half wavelength (d=1/2) and with zero phase-shift (B=0). However, this improvement
in beamwidth is accompanied by an undesirable increase in the number and amplitude of
sidelobes.
Edit r1 in the Y= Editor.
af[JnJOE RG] ] o0]
On the Home screen, assign the values of 2, 4, and 6 to n. Then graph each pattern.
H=2 H=4 H=6&
(25) ANT DEGAUT FOL (26) ANT DEGAUTO FOL (27) AHT DEGAUT FOL
2>n 4>n 6>n
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6. Finally, the element spacing can narrow the beamwidth, but the wider spacing causes more
and larger sidelobes. This effect is shown in screens 28-30 by 3 elements (n=3) with spacing
of A/4, M2, and A (d=1/4, 1/2, and 1) and B=0.

Edit r1 in the Y= Editor.
af[d3L]d][sJ[61LJ00]
Assign the values for d on the Home screen. Graph the patterns.
d=n.d d=x-2 d=2x
(28) AHT DEGHUT FOL (29) HHT DEGAUT FOL (30) AHT DEGAUT FOL

1/4>d

Yad

1>d

Tips and Generalizations

These examples show how rather complex antenna and array equations can be better understood
by making a few exploratory polar plots with the TI-89.

So far, only equations have been graphed. The next chapter shows that lab data also can be
plotted.
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%
Ll TI-GRAPH LINK [,
Q’ NewData, NewPrab,
o DATA EDITOR, (1],
~
Q
X Chapter 14 Setup
w [¢]1
NewFold diode

Manipulating Lab This chapter introduces the Shockley diode equation, which

. - gives the voltage-current characteristics of a diode. The
Data: The Diode equation is plotted and compared to actual diode data

taken in a laboratory. The method of importing data to the
TI-89 is shown, followed by instructions on how to
manipulate the data to prepare it for plotting.

Topic 65: The Diode Equation

The diode has a voltage-current characteristic that is modeled by the Shockley diode equation

qv

oo O
I =i,[en -1
O [

where

iis the current through the diode,

i, is the reverse saturation current,

q is the charge of an electron (1.6022e ~19),

V is the voltage across the diode,

n is a dimensionless factor that is theoretically 1, but ranges from 1 to 2 in real diodes,
k is Boltzmann’s constant (1.3806e ~23), and

T is the temperature in Kelvin (K).

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER]. T aie| S ehe a|Care|Dhtear|Fr 2wl 10 e
. . 1 HewPrak Do
2. Enter the equation as shown in screen 1. [ o ]
im et k-t _ i
0HOE ] vEDnEkHtDDE10E "ot L7 ioree
diodeeq in-[ek'”'t—l]

. Copb (ot kot 30— 13 diodees
(1) DIODE FAD ALUTO FUMEC L]

Note: Enter the [x] between i0 and
the[d; otherwise, i0 will be
interpreted as a function.
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3. The values for the parameters can be entered now.

Enter g and k. Choose a typical value of i0=1.E-10 A and
a temperature, t, of 273.16+25 K. The parameter n is not
specified yet.

4. The usual way to plot the diode equation is to press
[(¢][Y=] and enter the equation.

However, you can skip that step and enter the equation
from the Home screen as shown in screen 3.

diodeeq [1] n (=] 1.2[CATALOG) and v (=] x (STO»] y1 [(J x ]

5. Press [¢][WINDOW] and set the window variable values as
shown in screen 4.

6. Press[¢][GRAPH]to see the plot (screen 5). It takes a
couple of seconds for the graph to appear since the
values on the left half of the screen are nearly 0 but
must be plotted.

It looks like the proper curve for a diode. The effects of
n can be seen by plotting a second equation with a
different value of n.

7. Inthe Y= Editor, enter the equation for y2 with n=1.6 as
shown in screen 6.

diodeeq [1] n[=] 1.6 [CATALOG] and v [=] x

8. Graph both equations.

Increasing n causes the curve to move to the right with
a larger voltage drop across the diode in the “on” state
(screen 7).

@)

(©)

(4)

®)

(6)

@)

Fi~] Fer [F3~| Fi~| FE Far
Tools{A13ebra|Calc|0bher |FrIrml0jClean Ur

in:u-le kenet g
m ] EDZZE-19 + g 1.60E-19

] 3E06E 23+ k 1.32e-23

LIPS R e A 295. 16
m].g-l0+ io 1.00e-10
EAD AUTO FUNT [FEL
|’F1-I Fi- ]’r3v'[ ruv'[ FE ]’ FE- I ]
TooTs[R13ebra| Calc|Other [FrImi[Clean U
I OO T ™~ I OO E T
=] 3E06E 23+ k 1.38e-23
BT IE+ 25+ 1 292, 16
=l e-1@+* ia 1.00e-10

mdiodeeq|n=1.2 and w=xp

.deeqln=1.2 and .
DIODE RAD AUTO

Fie| Fir
Tonls{2oam

=min=Q.
xmax=1.
xscl=1.

DIODE KAD AUTO FUHC

I00E KAD AUTO FOHL

glixi=diodeegln=1.6 and w.

DIODE KAD AUTO FLUMC

Fi Fz F4 i
Tools[2oom|Trace|ReGrarh|Math|Dr aw|Fen):<

I00E KAD AUTO FONL
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Topic 66: Lab Data

The Shockley equation attempts to model a diode, but how close is it? The only way to tell is to
take some real data from a diode and compare it to the equation. Figure 1 shows the diagram of a
circuit that was built to measure such diode characteristics. (The value for the resistor is the
measured value of a resistor marked as 1kQ.)

+ vr -
982.9Q

Figure 1. Diode measurement circuit

Several values for vin and r were measured in the lab and entered into two files (called vintx¢t and
vrixt, respectively) on a computer. These values can be downloaded to the TI-89 using the
TI-GRAPH LINK™ cable and software. Alternatively, the data from vin and vr can be entered
directly into the TI-89 by hand.

A single data value is entered on each line of the text file. The data presented here is inserted into a
table to save space, vintxt in Table 1 and vr.txt in Table 2. (Read across each row and then continue
at the left of the next row.)

0.2002 0.2507 0.3003 0.3501
0.4008 0.4501 0.5014 0.5506
0.6001 0.6504 0.7006 0.7503
0.8008 0.8501 0.9 0.951
1.0005 1.1022 1.2029 1.3017
1.4013 1.5032 2.002 2.502
2.999 4.007 5.003 7.502
10.003

Table 1. vin.txt data

0.0001 0.0004 0.0011 0.0031
0.008 0.0182 0.0368 0.062
0.0928 0.1282 0.1666 0.2063
0.2484 0.2902 0.3336 0.3778
0.4231 0.5158 0.6087 0.7007
0.7951 0.8912 1.369 1.855
2.341 3.331 4.315 6.79
9.274

Table 2. vr.txt data
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Method 1: Using the TI-GRAPH LINK™

Download the values from the computer into the TI-89 using
TI-GRAPH LINK.

1.

o o M~ w

Start TI-GRAPH LINK on the PC and select
Tools:Import:ASClI Data . A file selection box appears.

Select vintxt on the computer and click OK. Naming the
converted file as the default, vin.94 , is fine, so click OK.

Repeat these steps for wr.txt .
Use the cable to connect the computer and the TI-89.
On the TI-89 screen, display the Home screen.

Now transfer these files to the TI-89 by selecting
Link:Send on the computer.

Double-click on vin9xl and vr.9xl, and then click OK. A
window opens showing the progress of the file transfer.
It shouldn’t take long.

Click OK once the “** Complete **” message appears.
The data is now stored in list form in the TI-89.

Check the values by entering vin and vr on the Home
screen. The results should match screen 8.

Method 2: Entering the Data Directly

On the Home screen, enter the data directly as a list separated
by commas.

[{].2002,.4008,...,7.502 [ }] vin
[{] .0001,.008,...,6.79[}] vr

1.

Combine the two sets of data, vin and vr, into one data
file by using NewData as shown in screen 9.

CATALOG) NewData data 5] vin [L] vr

Fir] Fex |Fir[ Fir| FE Fir
Tools|A13gbrajCalc|Other|Frami0jCTcan Ur

ldindeeq|r‘u= 1.2 and wv=ux-p

Dioe
myin
£.20 .25 .30 .35 L4p
LV

f1.00e-4 4.00e-4  1.1006h
(8)|Eu}uz RAD AUTO FIUNEC [PED

Note: The default mode used in this
book is “FIX 2”; therefore, only 2
digits are displayed even though 4
were entered.

AR LA o L |
myin

£.20 .23 .30 .35 L dip
LV

f1.00e-4 4.00e-4 1.10ep
® Hewlata data, vin, v

Dake

9 HewData data,win,ur
(9)[vite FD AUTD FUNC 10730
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The contents of data do not appear on the Home screen,
but they can be viewed by pressing 6:Data/Matrix
Editor 2:0pen, specifying Type as Data, and selecting the
variable data. (screen 10).

It’s a good idea to label each column of the data so that
the two sets of data are not confused.

Press @ @ and enter vin. Then press O>®wr
(screen 11).

The diode voltage, vd=vin -vr, is placed in column c3 by

pressing ® @ vd cl[-])e2 (screen 12).

Note that the contents of the computed cells are
“locked” to their computed values. This is indicated by
the B symbol preceding the cell name in the command
line.

The current through the diode is the same as the
current through the resistor, which is vr/982.9.

Place this in column c4 by pressing ) @ @id
ENTER] c2/982.9 [ENTER] (screen 13).

Plot the diode current in c4 versus the diode voltage in
c3 by pressing [F2] Plot Setup Define.

Change Mark to Box. Then make sure the plot
parameters are c3 and c4, as shown in screen 14.

Press [#][GRAPH] to see the plot (screen 15).

The squares on the bottom are the lab data. The solid
curves are the plots from Topic 65. The plot range isn’t
right for the data.

Press [F2) 9:ZoomData to scale the graph to the data
(screen 16).

The left curve was for n=1.2, and the right was for
n=1.6. The data looks like it fits a curve where n=1.5.
Try it.

(10)

(11)

(12)

(13)

(14)

(15)

DATH |

Fi- F2 Fz FY FE& |Fad F7
Tools|Flok Zebup|Cell|Head er|Calc|Ukil)Ekat

=51 cd c3
1 1.0e-4
z =] 4. 0e -4
3 o] 1.1e-3
4 ] 3.1e-3F
rlci=. 2002
DIODE FAD AUTD FUNC
Tonlz|F 1ot Zetup|Cel1Head er|Calc|utit|stat
DATR Juip LI
cl c3
1 el 1.0e-4
z =] 4. 0e -4
3 o] 1.1e-3
4 ] 3.1e-3F
cid=
DIODE FAD AUTO FUNC
Tonls|F1at Setup|Cel1[Header|Calc|utit|stat
DATR ik i [wd |
=5 c C5
1 el 1.0e-4
Z 25 4.0~ 25
3 o] 1.1e-3[.30
4 i 3.1e-3[.35
Brlc3=. 2600
DIODE FAD AUTO FUNC
WTTFTWE—TF‘IP]
Tools|Flok Sebup|Ce1T|Head er|Calc|Utilfskak
DATA [u ] [id |
cd [t} ]
1 1.0e-4]. 20
2 4.0e-4]. 25 4.1e-7
3 1.1e-3]. 30 1.1e-&
L S.1e-3].35 3. 2E"E
A-1cd=1.017337437 2022 -7
DIODE FAD ALTD FUNC

digdstdata Flok 1

Flot Twee
Mark

o ECOEERE ¥
Eox ¥

—_—

[T E

=

-

e ESCSCAMCEL 2

Fi F2 F4 i
Tools|2aom|Trace|keararh|Hath|Draw|Fen):2

(16):

DIODE

EAD AUTO

FUHC
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10. Press [¢][¥=] and enter the diode equation as y3 with
n=1.5 as shown in screen 17.

diodeeq (1] n[5] 1.5 and v =] x

~FLOTE L
“ul=diodeey |n=1.2 and v =p

Siwa=diodeeyn=1.5 and w..
(17) "nﬁﬁs RAD AUTD FUME

11. Press [¢][GRAPH] (screen 18).

The laboratory data closely fits the n=1.5 curve. The
actual value of n may be a little more than 1.5.

(18) .IIIIIJDE KAD ALTO FUHC

Tips and Generalizations

Any sort of lab data can be plotted using the techniques shown in this chapter. Plotting the data as
it is taken in the lab could show quickly when anomalous data has been collected.

Chapter 15 shows how to compute what money is worth both now and in the future.
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%
Ll seq(), SEQUENCE,
2 solve() [1], Z(sum,
o [ANS], NewProb
~
Q Setup
X Chapter 15 [¢1

NewFold econ

Financial This chapter describes how to use the TI-89 to calculate

Calculations

interest, present worth, loan repayments, and so forth.

These methods utilize the time-value-of-money.

Topic 67: Simple Interest

Money that is invested earns interest. The most basic form of interest is known as simple interest.
An amount of money with present value P that is invested for N years at an annual interest rate of i
has a future value F. For simple interest, the future value is calculated as F=P+NPi=P(1+iN). The

future values can be converted back to present value as P=F/(1+iN).

1. Clear the TI-89 by pressin [F6] 2:NewProb [ENTER].
2. Find the payment received after 5 years on a $5000 e A
investment at 6% simple interest (screen 1). The future
value is given by F=5000(1+.0 %)=$6500.
= HewProb Dahe
The total interest paid is 6500-5000=$1500. = 50001 + .05 5) 6505, 90
" 5500, - SO00 1500, g
(1)|EN RAD AUTO FUMC 220
3. The TI-89 displays this type of sequential calculations in L E.?nliv" F %ﬂsfﬁ;e Wiz |
the SEQUENCE graphing mode. S oi—sann (14 B8]
i1
Pres s[MODE] and se tGraph mode t 0SEQUENCE . :L}%:
T=
4. Pres s[¢][Y=] and enter the equation fo ul as a function UEE:
of the payment period as shown in screen 2. wil=5ann
(2) ECON EADb AUTO ZEQ

5000((] 1(+] .06 n 7]

Also enter an initial value o uf1=50®.
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142 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

5. Set the Window variable values in the Window Editor as
shown in screen 3.

6. Pres s[¢][GRAPH] to display the sequence for a 20-year
period (screen 4). The future value at the 10th year is
observed by pressin Trac eand moving the cursor to
the 10th year ric) where the value is $8,000.

Topic 68: Compound Interest

(©)

(4)

Fix | Fer ]
TooTs| 20 am|

mrMin

nmax=20,

plotStrt=1.

plotStep=1.

xmin=Q.

HMaE=20.

wscl=1.

umin=a,
ymax-1SE0a,

=11

ECON FAD AUTO SEG

uc i S0, 00
EAD AUTO ZED:

Compound interest is more common than simple interest and much better for the investor. The
interest is calculated on the initial investment plus the interest earned to date. At the starting date,
the value of the investment is F(0)=P. At the end of the first interest period, the value of the
investment is F(1)=P(1+i); at the end of the second period the value is F(2)=P(1+i)% The pattern is

clear-—the value after the nth period is F(n) = P(1+i)"
1. Clear the TI-89 by pressin [F6] 2:NewProb [ENTER].

2. Screen 5 shows how to find the interest on the same
$5000 principle at 6% compound interest paid on a
yearly basis for 5 years (screen 5). The future value is
calculated by F=5000(1+.06)"5= $6691.13.

The total interest earned is 6691.13 - 5000=$1691.13,
more profitable for the investor than simple interest.

3. The most common method of interest payment is with
monthly compounding. The monthly interest rate is
i, . =1i/12.

]'Month

Find the future value after 5 years for the $5000
investment at 6% annual interest compounded monthly
(screen 6): F=5000(1+.06/12)"(5*12)= $6744.25.

The interest earned is $1744.25, an even more attractive
investment.

4. The two compound interest examples are compared
graphically with the simple interest case by entering
them in the Y= Editor.

u2(n)=5000((J 1[+) .06 D] [»] n

with ui2=5000

u3(n)= 50 [(J 1{+] .06 (5] 12[] n(x] 12D]
with ui3=5000

Q)

(6)

()

Fi-] Fé- |Fi-[ Fi-r| FE Far
Tools|AT13cbralCale|Other|FrAnal0jCTean Ur

= HewProb

= SEOE (1 + 0]
® £591, 127888 — 5000

Dioe
EE91.13

1691.13

ECON ERD AUTO SEQ kD]
Fir] Fex |Fir[ Fir| FE Fir
Tools|A13ckralCalc|Other|Franl0jCTean Ur

I L

= S0aa -[1 + '12
&7dd. 23
= 5744, ZIOFEET4S — G000

1744.25

FRD AUTO SEQ Bk

Fi-| Fer[F2 |F4 [FEo FEr| F?
Tools|Zonn|Edit] « [AT1{SEe1eAxRs..

~FLOTZ
< uz=sEEa -1 + 08"

uiz=5000a -
n

- u3=5EIEIEI-[1 + 'FEE']

uiZ

Wi Z=5088

ECON RRD AUTO SEQ
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Make the three graphs look different. Highlight the
equation fo w2 and pres [F6] 1:Line. Highligh w3 and
pres s[2nd] [F6] 4Thick. Then pres $e] [GRAPH].

Although the two compounding curves look the same,
pressin Trac eshows that a tic = 15 years the three
graphs have the future worth of $9500.00, $11982.79,
and $12,270.47, for simple interest, yearly
compounding, and monthly compounding, respectively.

Topic 69: Loans

yc:1237E. 47

(8)_ﬁu RAD AUTD ZEG

Note: Use @ and @ to change from
one graph to another.

The calculation of loan repayment schedules is of great interest in professional as well personal
life. Typical loans require an equal periodic payment A made for k payment periods to repay an
amount P borrowed at interest rate i per period. At the end of the first payment period, the amount
owed is P(1+i) (the principle plus interest for one period) minus one payment A, that is, P(1+i)-A.
After the second payment, the remaining amount owed is (P(1+i)-A)(1+i)-A=P(1+i)% A(1+i)-A.
After th ekth payment, the entire loan and interest is paid, P(1+i)*A(1+1)*-A(1+i)¥%...-A(1+i)-A=0.
Use solve( )to find the form of A.

1
2.

Clear the TI-89 by pressin (gnd) [F6] 2:NewProb [ENTER].

Enter th esolve( )}command as shown in screen 9.

CATALOG) solve (p (x] [ 1(# i ] 8 k (& a[x] [CATALOG) ¥ ([
1HiR D nHokE 10 E 0] ab] [sT0Y a1

Calculate the total interest paid on a two-year, $5000
auto loan at an annual interest rate of 9% repaid with
monthly payments.

Enter the interest rate , loan amount, and number of
payments (screen 10).

09(£) 12[ST0»] i (2nd] [:] 5000 [STO»] p [2nd] [:] 24 [STO] k
Display the payment amount ($228.42) by enterin alg

Calculate the total interest paid.

k [ANS] [=] 5000
The total interest paid is $482.17.

Find the payment for the same debt but with a typical
credit card interest rate of 15.9% (screen 11). The
monthly payment g1) is $244.58; and the total interest
paid i sk * a - 5000 = $869.84, nearly twice the total
interest for the smaller rate.

Fi-| Fe- |For| Fu=| FE | Fér
TouTs|a13zbralCate[nEher|Framiojcizan ur
K k-1
mzolve|p(l+i1"-a . [I::P
n=u

Cifi+nkp
fi+11%-1

(9)F (1412 n, h, 0, k=13=0, 3)+al

EI:IN EAD AUTO ZEQ D]
Fir] Fex [Fi~| Fi~| FE Fa~
Too1s|A13cbrajCale]Okher |FEArIDJCTean Uk

'E'g+i P EEOD e 24k
24
LY a=228.42

W efa=228.42371139559) - Sp
24 -3 — 3000 =482, 17

1z

k#ans {1 2-S0E0
(1O)|m : KAl AUTD SEQ 5T

Fir Fer F3--| FY-r | FE Far |
Too1s|ATAcbra|Calc|0ther |FEIAmIO{CTean U
245 =0l =482 T
.59
*
iz "1

01

L1 a=244.33

® k- a =244, 3TET1S30447) — Sp
24 -5 — SO0 = 269,84

k#ans {1 2-S080
(11)|ﬂ : KRD AUTD SEQ B/=0
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144 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Topic 70: Annuities

An annuity is a financial process in which equal payments, A, are made to an account with an
interest rate, i, for a fixed number of periods, k. Usually, the compounding takes place each period.
This is often called a uniform series. The first payment earns compounded interest for k -1 periods
with a future value of A(1+i)*?; the second payment has a future value of A(1+i)*?% the last
payment that is made when the annuity is due has a future value of A. The sum of these terms gives
the future value of the annuity, F= YA1+i)" summed from 0 to k-1. To achieve a future value F, the
periodic payment is A=F S(1+i)".

Example 1: Finding Monthly Payment Amount

1

solve ()gives a closed form of solution for the
computations, but first us RelVar so that previous
values fo 1 andk are deleted.

CATALOG) DelVar i[5] k

Use th esolve( )command to enter the annuities equation
as shown in screen 12.

[CATALOG) solve (a (=] f (=] [CATALOG) Y([D 1[H iDJHE n[Dn
Lo kEH 1] al] [ET0x a1

To calculate the monthly payments necessary to
accumulate $5000 in 5 years at 6% annual interest rate,
enter the variable values as shown in screen 13.

Find the monthly payment amount, the total amount
paid, and the amount of interest earned (screen 14).

al
x [2nd] [ANS]
5000 (<] [ANS]

The monthly payment is $71.66; the total amount paid is
$4299.84; the total interest earned is $700.16.

Fi-]1 Fer |F2-[ Fi=] FE Fa-
Tools|A13¢brajCalc|Other|Framl0jClean Uk
¥

(12);

Fir] Fer |Fa-[ F4=] FE [
Tools|A13ckralCalc|Other|Franl0jClean Uk

B solue A= -*&

ECOM EAD AUTO ZER

(13)

k#anstl)
ECON FAD ALTO FER

Fi- Fer |[Fi=] Fir | FE [
Tools|A1dckrafCalcOther|Frami0jClean Ue

L Fi o SOOOFf s

iz B0+ k
[=10]
L1 a=rl.&b

m-[a=71.664007847257)
B3 =4399.84

15430

(1) B

120

5] a=rl.65

el [a=71.68d007E472ET)
-5 = 42939, 84

= SA00 - (&0 a = 4299, 340455
SEHD - 603 = FEE. 16

KAD AUTO SEQ 1450
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CHAPTER 15: FINANCIAL CALCULATIONS 145

Example 2: Finding Amount to Invest

The next example shows how to calculate the present amount to invest, P, required to receive
equal periodic payments, A, over a fixed number of periods, k, from an account which earns a
compound interest rate i, The equation is the same as the equation in Topic 69 with present value,
P = F/(1+ i) ™ k, substituted for future value.

1. Delete the values fo ik, andP.
DelVariL] k[ p

2. Enter the equation as shown in screen 15. rhaie it ebe a|Cate|khar e rain]c1dan ue]

CATALOG) solve (a(=)i(x) ([JiH 1Dk pE MM . [ _iirnke ]
zolue a=————p——F E
10RkE 1D L p D] [STOY p2 (i+13k-1

. sfiv -] ek

.1 e L 1M k=10, padpd
(15)|EN KAD AUTD SEG 16/ 0

3. This process is the inverse of loan payments. Instead of T R (e e I |
receiving an amount of money and paying it back in i+ -Ii+a) -
equal payments, an amount of money is paid to an a7 !
institution and the equal payments are received. iz vl lB0+a 249 k24
Calculate the amount to be paid in order to receive pll 1 P = Z2233.51
equal monthly payments of a=$100 for k=2 years=24 (16)N FAD AUTO FEG 16750

months from an account that earns i=7% interest per
month (screen 16).

A deposit of $2233.51 pI) returns a total of $2400 over
the two-year period.

Tips and Generalizations

This chapter has shown how the TI-89 can easily derive and solve time-value-of-money problems.
Consider using these examples before you apply for a loan or get a credit card.
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# differential calculus, 95
differential equations, 27, 32
directive gain, 130

A divergence, 98

A-Y transformations, 56

annuity, 144 E
antenna patterns, 127, 130, 132
applications screen, 7
approximate results, 26
average power, 49, 50-53 F

exact results, 26
exact/approx mode, 26

B filter design, 38
first-order circuit

with initial condition, 19
folder structure, 3

beamwidth, 132, 133
Butterworth filter, 33, 38, 39, 44

C Fourier, 107
Fourier Series, 77, 81

key, 16 frequency response, 35, 38, 61, 68
catalog screen, 8 FUNCTION, 6
char screen, 8 function key, 16
characteristic impedance, 117 functions, 71
Chebyshev filter, 33, 38, 42 continuous, 71
coaxial, 117 finite, 71
complex power, 47, 51-55 piecewise, 71
compound interest, 142
convolution integral, 71, 74 G

coordinate system transformations, 83

try matrix, 114
critical damping, 64, 65 geometry matrix,

getFold(), 4

1
curl, 99 gradient, 95
current, 50
graph, 7
D first-order solutions, 18
Greek symbols, 8, 59
data
saving, 8 H

default settings, 1

deSolve(), 17 Home screen, 3, 4, 6, 8,9, 16
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I P
impedance matching, 124 parallel capacitance, 54, 55
incremental dipole, 127 parallel plate, 117
input admittance, 123 passband, 39, 40, 41, 43-45
input impedance, 122 phase shift, 122
instantaneous power, 49 phase voltages, 48, 49
integral calculus, 95 phased arrays, 132
interest, 141 phasor, 33-35, 47
algebra, 47
K analysis, 33
equivalent, 33

keystroke instructions, 1
Kirchhoff’s current law, 11, 17, 62
Kirchhoff’s voltage law, 23, 27, 57

phasors, 32
piecewise convolution, 71
pole/zero constellation, 67

L poles, 61, 66
poles and zeros, 65
lap() function, 105 3D, 69
Laplace transform, 61 positive phase sequence, 48
Laplacian, 100, 106, 112 power factor, 47, 53-55, 59
line integral, 101 corrections, 47
line voltages, 48 lagging, 53
linear circuits, 11 leading, 53
load voltage, 58 power triangle, 55
loan repayments, 141, 143 present worth, 141
logarithmic frequency plots, 44 Program Editor, 59
loop analysis, 16
lowpass filter, 38, 39 R
M radiation calculations, 127
radiation resistance, 129
MATH screen, 7 RC first-order circuit, 17
microstrip, 117, 120 RclGDB, 3
mode settings, 1-3, 8 reactive power, 52
reflection coefficient, 121
N relaxation method, 112

RLC circuit, 61
adjusting the circuit parameters, 31
direction field, 27
multiple initial conditions, 30
second-order circuit, 23
time domain, 30

root-mean-square (RMS), 51

navigating screens, 6

negative phase sequence, 48

NewFold, 4

NewProb, 3

nodal analysis, 11, 12, 16

Numeric Solver, 33, 40, 43, 45, 118, 120, 125

o

Ohm’s law, 11
overdamped circuit, 62
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save
data, 8
screens
navigating, 6
s-domain, 61, 62, 64, 70
setFold(), 4
Shockley diode equation, 137
shortcuts, 26, 59
simult(), 11
sinusoidal voltage, 52
solve(), 11, 16
split screen, 37
square wave, 77, 80
steady-state, 32, 33
StoGDB, 3
stopband, 39, 40, 41, 44, 45
surface integrals, 103
surface normal, 97
symbolic algebra, 61

T

3D graphing, 109, 115

3D poles and zeros, 69
TI-GRAPH LINK, 138
time-domain, 61, 70
time-value-of-money, 141, 145
transient, 32

transmission lines, 117
twin-lead, 117
two-dimensional problems, 105

U

unbalanced three-phase calculations, 47
unbalanced three-phase systems, 57

variable
archive, 9
lock, 9
unarchive, 9
unlock, 9
VAR-LINK screen, 4
VARs (volt-amperes reactive), 52
vector, 85
angle between, 86
components, 85
parallel and perpendicular, 87
transformation, 88, 90-92
vector component transformations, 83
voltage, 50
voltage drop, 101
VSWR (Voltage Standing Ratio), 123

w

when( ) function, 71, 76
window screen, 6

Y

Y-A transformation, 56

zeros, 61, 66
zo, 117, 118, 121
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