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Chapter 1

Introduction to EE«Pro

Thank you for your purchase of EE+Pro, a member of the PocketProfessi ona® Pro software series desi gned by da
Vinci Technologies to meet the computational needs of students and professionals in the engineering and scientific
fields. Many long hours and late nights have been spent by the designers of this software to compile and organize
the subject material in this software. We hope you enjoy EE«Pro and that it serves as a valuable companion in
your electrical engineering career.

Topicsin this chapter include:

1.1 Key Features of EE*Pro

Key Features of EE«Pro

Download/Purchase Information

Manual Ordering
Memory Requirements

Differences between the T1 89 and TI 92
plus.

Beginning EE«Pro

Manual Organization

Summary

The manual is organized into three sections representing the main menu headings of EE«Pro.

Analysis

AC Circuits
Polyphase Circuits
Ladder Network

Filter Design

Gain and Frequency
Fourier Transforms
Two-Port Networks
Transformer Calculations
Transmission Lines
Computer Engineering
Error Functions
Capital Budgeting

Equations
Resistive Circuits

Capacitors and Electric Fields

Inductors and Magnetism
Electron Motion

Meters and Bridges

RL and RC Circuits
RLC Circuits

AC Circuits

Polyphase Circuits
Electrical Resonance

Reference

Resistor Color Chart
Standard Component Values
Semiconductor Data
Boolean Expressions
Boolean Algebra
Transforms

Constants

S| Prefixes

Operational Amplifier Circuits

Solid State Devices
Linear Amplifiers

Class A, B, & C Amplifiers

Transformers
Motors and Generators

These main topic headings are further divided into sub-topics. A brief description of the main sections of the
software is listed below:

EE Pro for Tl - 89, 92 Plus
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Analysis-(Chapters 2-14) Analysis is organized into 12 topics and 33 sub-topics. The toolsin this section
incorporate a wide variety of analysis methods used by electrical engineers. Examples include evaluation of AC
circuit performance characteristics, designing signal filters, building and computing ladder network properties,
plotting transfer functions, estimating transformer and transmission line characteristics, performing binary
arithmetic operations, and estimating pay-back returns for different projectsin capital budgeting. Many sections
in analysis can perform calculations for numeric as well as symbolic entries.

Equation Library (Chapters 15-31) This section contains over 700 equations organized under 16 topics and 105
subtopics. In any sub-topic, the user is able to select a set of equations, enter known values and compute results
for unknown variables. The math engine is able to compute multiple or partial solution sets. A built-in unit
management feature allows for the entry and expression of valuesin Sl or other established measurement systems.
Descriptions of each variable, unit selection, and appropriate diagrams are included in this section of the software.

Reference (Chapters 32-41) The Reference section of EEsPro contains tables of information commonly found in
electrical engineering handbooks. Topics include physical and chemical properties of common semiconductor
materials, alist of fundamenta constants commonly used by electrical engineers, tables of Fourier, Laplace, and z-
transforms, and a list of Boolean algebraic expressions. Added features are the ability to perform simple
computations, such as estimating standard (or preferred) manufacturer component values for inductors, resistors,
and capacitors, in addition to aresistor color chart guide which can compute resistance and tolerance from a
resistor’s color band sequence.

1.2 Purchasing, Downloading and Installing EE«Pro

The EE-Pro software can only be purchased on-line from the web store at Texas Instruments Inc. at
http://www.ti.com/calc. The software can be installed directly from your computer to your calculator using Tl-
GRAPH LINK™ hardware and software (sold separately). Directions for purchasing, downloading and installing
EE-Pro software are available from TI’s website.

1.3 Manual Ordering Information

Chapters and Appendices of the manual for EEsPro can be downloaded from TI’s web store and viewed using the
free Adobe Acrobat Reader which can be downloaded from http://www.adobe.com (it is recommended that you use
the latest version of the Acrobat reader and use the most updated driver for your printer). Printed manuals can be
purchased separately from da Vinci Technologies (see address on cover page or visit da Vinci’s website
http://www.dvtg.com/ticalcs/docs).

1.4 Memory Requirements

The EE«Pro program isinstalled in the system memory portion of the flash ROM, which is separate from the
RAM available to the user. EE*Pro uses RAM to store some of its session information, including values entered
and computed by the user. The exact amount of memory required depends on the number of user-stored variables
and the number of session folders designated by the user. To view the available memory in your Tl calculator, use
the [VAR-LINK] function. It isrecommended that at least 10K of free RAM be available for installation and use of
EE-Pro.

EE Pro for Tl - 89, 92 Plus i
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1.5 Differences between TI-89 and TI-92 plus

EE-Pro is designed for two models of graphing calculators from Texas Instruments, the TI-92 Plus and the TI-89.
For consistency, keystrokes and symbols used in the manual are consistent with the TI-89. Equivalent key strokes
for the T1-92 plus are listed in Appendix D.

1.6 Beginning EE*Pro

e Tobegin EE*Pro, start by pressing the [APPS] key. This accesses a pull down menu. Use the @ key to move
the cursor bar to EE Pro Elec. Eng. and press(ENTER]. Alternatively, enter [A] on TI-89, or [A] key on TI-92
Plus to get to the home screen of EE<Pro.

AFFLICATIONE T AFFLICATIONE
S Tlindow Editor
: 1 4:Graph
3t wlnduw Ed1t0r S:Table
gz b =t Data/Matr1x Editork
St Tab? T PPD ram Editor 4
&:bata-Matrix Editaork o: Editor 4
r:Proaram Editaor 4 9-Humer1c Soluer
SlText Editor L
L___
HAIN 9 RAD AOTO FUNC TVFE OF USE €14 + [ENTER] OF [ESCT
(Pull down Menu for [APPS Pull down Menu on for [APPS
EE-Pro option is further down the list) (EE<Pro at the end of the list)

The EE+Pro home screen is displayed below. Thetool bar at the top of the screen lists the titles of the main
sections of EEsPro which can be activated by pressing the function keys.

. ) ) . Fi Fe Fz F4
. Tools: Editing features, information about EEsPro in A:About [ onaTe i ashs b i e P it i
1 1 1 Tool Bar (EoF Tingd and Skak Chrkbaral
. Analysis-Accesses the Analysis section of the software TofiBae Moy Anexang SOl AR batTny
1 - 1 1 EHTEF ofk&n d th thind a5 Fa.
. Equations-Accesses the Equations section of the software. ENTERTELAD. dper i Jurle thiri ge 1
- 1 Fi:Tools/ B:C1 k| back to the bedinnind.
. Reference-Accesses the Reference section of the software. FLTpalsp il dopubick Lo thihe S
. |nf0_He| pr| h| nts on EE«Pro ERUATIONS aFg Jraured inko s¢ks arrlicable
: o speciFic situations,
HMAIN KRD AUTO FUMNC

A selection on any menu can be entered by moving the highlight bar to the item with the arrow key ® and
pressing (alternatively, the number or letter of the selection can be typed in). The Analysis, Equation and
Reference menus are organized in a directory tree of topics and sub-topics. The user can return to a previous level
of EE*Pro by pressing [ESC]. EE*Pro can be exited at any time by pressing the (HOME] key. When EE«Pro is
restarted the software returnsto it’s previous location.

1.7 Manual Organization

» Thefive sectionsin the manual, Introduction, Analysis, Equations, Reference, and Appendix, have
separate page numbering systems. The manual section, chapter heading and page number appear at the
bottom of each page.

» Thefirst chapter in each of the Analysis, Equations and Reference sections (Chapters 2, 15, and 32) gives
an overview of the succeeding chapters and introduces the navigation and computation features common
to each of the main sections. For example, Chapter 2 explains the basic layout of the Analysis section,
menu navigation principles, and gives general examples of features common to all topicsin Analysis. The
chapters which follow are dedicated to the specific topics in each section. Thetitles of these chapters
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correspond to the topic headings in the software menus. The chapters list al the equations used and
explains their physical significance. These chapters also contain example problems and screen displays of
the computed solutions.

»  The Appendices contain trouble-shooting information, commonly asked questions, a bibliography used to
develop the software, and warranty information provided by Texas Instruments.

1.8 Manual Disclaimer

»  The calculator screen displays in the manual were obtained during the testing stages of the software. Some
screen displays may appear dlightly different due to final changes made in the software while the manual was
being completed.

1.9 Summary

The designers of EE*Pro have attempted to maintain the following features:
»  Easy-to-use, menu-based interface.
»  Computational efficiency for speed and performance.
»  Helpful-hints and context-sensitive information provided in the status line.
» Advanced EE analysis routines, equations, and reference tables.
»  Comprehensive manual documentation for examples and quick reference.

We hope to continually add and refine the software products in the Pocket Professional seriesline. If you have any
suggestions for future releases or updates, please contact us via the da Vinci website http://www.dvtg.com
or write to us at improvements@dvtg.com.

Best Regards,
da Vinci Technologies Group, Inc.
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Chapter 2 Introduction to Analysis

The Analysis section of the software is able to perform calculations for a wide range of topicsin circuit and
electrical network design. A variety of input and output formats are encountered in the different topics of Analysis.
Examples for each of the input forms will be discussed in some detail.

*  The unit management feature in Equations is not present in Analysis due the variety of computation methods
used in this section. All entered values are assumed to be common Sl units (F, A, kg, m, s, Q) or units chosen
by the user (such as len in Transmission Lines).

* A feature unique to Analysis is the ability to perform symbolic computations for variables (with the exception
of Filter Design and Computer Engineering and afew variablesin other sections).

* Anentry can consist of asingle undefined variable (such as‘a or ‘x’) or an expression of defined variables
which can be simplified into a numerical result (such as‘x+3*y’, where x=-3 and y=2).

¢ Moreinformation on a particular input can be displayed by highlighting the variable, press(F5] and [2]/Type:
to show a brief description of avariable and its entry parameters.

* A variable name cannot be entered which isidentical to the variable name (ie.: C for capacitance). If a
symbolic calculation using the variable name, leave the entry blank.

»  Variables which accept complex entries (ex: 115+23*i) are followed by an underscore* ’ (ex: ZZ1 ).

2.1 Introduction

Analysis routines have been organized into twelve sections, each containing tools for performing electrical analysis
of avariety of circuit types. One can design filters, solve two-port networks problems, calculate transmission line
properties, minimize logic networks, perform binary arithmetic at bit and register levels, draw Bode diagrams, and
examine capital budget constraints - al with context-sensitive assistance displayed in the status line.

2.2 Setting up an Analysis Problem

The Analysis section is located in the home screen of EE«Pro.

e To access the home screen of EE*Pro, start by pressing the [APPS] key. This accesses a pull down menu listing
all the topics available. Use the @ key to move the cursor bar to EE Pro Elec. Eng. and press ([ENTER].
Alternatively, enter [A] on TI-89, or [A] key on T1-92 Plus to get to the home screen of EE«Pro.

AFFLICATION:

: 1 4

3t l.l.llndn:l.-.l E-:i1t-n:r S:Table
gz Th =t Data/MatHx Editork
St Tab T F'r*n:\ ram Editor 4
&:bata-Matrix Editaork o: Editor 4
r:Proaram Editaor 4 9-Humer‘1c Soluer
SlText Editor L

L___ L___

TVFE OF USE €14 + [ENTER] OF [ESCT TVFE OF USE €14 + [ENTER] OF [ESCT

On TI -89 for (Pull down Menu On Pull down Menu on TI -89 for

EE-Pro option is further down the list) (Lower end of the list)
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* Pressing will access the Analysis section of the software and display a pull down menu listing the topics
available. There are 12 sections under Analysis. The sections are accessed by using the ® key to move the
highlight bar to the desired section and pressing [ENTER]. Alternatively, any section can be accessed by entering
the number associated with each section. Thus pressing (1] will display a pop up menu for AC Circuits, while
pressing (5] will list topicsin Gain and Frequency. Analysis sections are listed and tagged with a number 1,
2, 3, etc. A down arrow (1) beside atopic at the bottom of amenu indicates there are more choices.

FL [¥] FY
Toulse Equakisns|Refer i

F
Analesis

A 1r'- it s,
ase Circults

“Fro - Haundakion Guide
Tool Bar (kor Tined and Stakus arga (botkord
rronide conbext-derendent usade hinks.

ENTEF often does the sare thind as FE. E E'r" Hetwork

ESC backs UR! ko the PE&UiOUS SEFEEN. E: ilter Desian..

FL:Tools B:CTear Aoks back ba the bedinnind. Gain and FPE'qUE"nC-':l---

AMALYEIS FURCRions SoTue SPeciFic PEoblems. " tFourier Transforms..

EGUATIONS ars Iroursd inke s¢ts arelicabls | riTwo—Fort MHetworks..

bo SpeCific Situakions. ki B'LTFE_HE-FDFNE'I"" Calcs..

GEFEREMCE has hand: Jeokyp bableg, |

MAIN EHD AUTD FUNL TWFE OF USE €314 + [EMTER] OF [E3CT
Main Screen for EE«Pro Pull down menu for Analysis; down arrow
Press for Analysis (1) indicates that there are more items.

m Tc-Fn:-j:I:v ﬁnuﬁlisis-lEqu;tgic-n:v Reiti'l-'znc-zrl! £

AC Circuits

Gain and Frequsncye

. i Hd' 1r~ 1z Tr' Elal! +--r' Funict ion
EH Cur‘r‘ent Divicer
d4:Circuit Performance
TYFE OF USE £314 + [EMTERT OF [EC] TYFE OF: USE €314 + [EMTER] Ok [ESCT
Press (1] for topics in AC Circuits. Press (5] for topics in

Gain and Frequency.

»  Oncean Analysis topic is accessed, a pop up menu lists the sub topics available for in the section. For

example, when Two-Port Networks is selected, the pop up menu shows three sub topics:
1. Convert Parameters
2. Circuit Performance
3. Connected Two-Ports.

» Each of these sub topics are tagged with a number 1, 2, 3 as shown in the screen display. These topics are
accessed by using the @ key to move the highlight bar to the desired choice and pressing (ENTER].
Alternatively, a section can be accessed by typing the number associated with the topic or subtopic. Thus
pressing (1] will display an input screen for Convert Parameters.

Fi F2 Fx F4 FE
Toolse|Analusise|Equationse|Referencer|Iinfo

Twao-Fork Hetbwarks

Fi Fz FE FB
- : | Wikl | Opkse | Choose
Conuert Fararmeters
E.”F’“t T'iu:'e R

Frm 1 hlz

11 Canuvert. F =|r ameters
tCircul OrMance
S Eunnected Twn Fort=

4
Out.put Tgpe g

TYFE OF USE £+t4 + [ENTER] OF [ESC] TYFE OF USE £+t4 + [ENTER] OF [ESC] Choose: Input Fararm. TYre
Pop up menu in Pop up menu for Input Type Input Screen for data entry
Two-Port Networks

Input Type z The right arrow indicates that there are choices to be
made for input type. Pressing ® or displaysa
pop up menu showing the choices for Input Type. To
select h parameters for input, press(3) or use the ® to
move the highlight bar to h and press [ENTER].
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Prm 1: z11 Parameter Z11_; when h parameter is selected this

changesto h11_.
Prm 2: z12 Parameter Z12_; when h parameter is selected this
changesto h12_.
Prm 3: z21 Parameter z21_; when h parameter is selected this
changesto h21_.
Prm 4: z22 Parameter z22_; when h parameter is selected this
changesto h22_.
Output Type VY » Theright arrow P indicates additional choices for this parameter.

Select this using the cursor bar. Pressing ®) or displays a pop up
menu showing the choices for Output Type the screen display shown.
To select say z parameters for output, press(1] or use the ® to move
the highlight bar to z and press [ENTER].

The input screen for Convert Parameters has severa characteristics common to various portions of the EEsPro
software.

The status line contains helpful information prompting the user for action.

Input Type z> Choose: Input parameter type

Prm1: z11 Enter: P1 Impedance V1/11 (12=0)

Prm 2: z12_ Enter: P1 Impedance V1/12 (11=0)

Prm 3 z21_ Enter: P2 Impedance V2/11 (12=0)

Prm 4: z22_ Enter: P2 Impedance V2/12 (11=0)

Output Type Y Choose: Output parameter type
The status line contents change if h parameters were chosen for Input Type:

Prm 1: h11 Enter: P1 Impedance V1/11 (V2=0)

Prm 2: h12_ Enter: P1 Parameter V1/V2 (11=0)

Prm3 h21_ Enter: P2 Parameter 12/11 (V2=0)

Prm 4: h22_ Enter: P2 Admittance 12/V2 (11=0)

2.3 Solving a Problem in Analysis

Continuing the example of Parameter Conversion, h parameters are to be converted to y parameters.
At the input screen choose h for Input Type and Y for Output type. Move the highlight bar to h11_and
typein avalue of 125.35 and press [ENTER].
Repeat the above step entering avalue of for h12_=.000028, h21_=-200 and h22_= 2.3E-6. The
entered data can be real or complex or a variable name that is acceptable to the operating system.
Press(F2] to solve the problem.
The results of the computation are displayed in the result screen shown below.

Eragn sibaes | i |oakae |
Conuckt Faramebers Conuckt Faramebers

Input TlilPE-= e FPrm 1 hizZ_: Q2022 T

Prm 1 hIl_: 125.35 Frm 1 hZl_: -2@0.

Frrm 1 hizZ_: Q@022 Frrm 1 h22_: 000002

Frm 1 R21_: -200, Qut.put. TlilF'E-= H-}

Prrm 1 hZ2_: .Q@oQaz Prm 0 gll_: .0G@7975

Output. Tupe: IR Frm O glZ_& -.Q00Q00022
Prm O g2l_f -1.59553
Prm 0 g22_:

Cheose: DUEFUE Faram. TEFe Fesult: Fe admitbance l2/%e (1L=00

Inputs entered, ready to solve. Calculated results.
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Note: If the calculator isturned off automatically or manually while a results screen is being displayed, when
EE*Pro is accessed again viathe key, the software automatically bypasses the home screen of EE*Pro and
returns to the screen result display.

2.4 Special Function Keys in Analysis Routines

When Analysis functions are selected, the function keysin the tool bar access or activate features which are
specific to the context of the section. They are listed in Table 2-1:

Table 2-1 Description of the Function keys

Function Key Description
Labeled " Tools™ - contains all the functions available on the T1-89 at the Home screen level.
These functions are;
1: Open
2: (save as)
3: New
4: Cut
5: Copy
6: Paste
7: Delete
8: Clear
9: (format)
A: About
Labeled ""Solve™ - Isthe primary key in various input screens. Pressing this key enables the
software to begin solving a selected problem and display any resulting output to the user.
Labeled "Graph™ - Thisfeatureis available in input screens where the solution can be
represented in graphical form. A plot can be viewed in the full screen or a split screen mode.
This can be performed by pressing the (MODE] followed by [F2]. Use(2nd] and totoggle
between the data entry screen and graph window.
Normally labeled as **View" - This enables the information content highlighted by the cursor to
be displayed using the entire screen in Pretty Print format. An example of such ascreenis
shown in the screen displays shown. This function is also duplicated by pressing the ®) key. If
there is no contents to be viewed, then pressing the key has no effect.
In some cases[F4] is labeled as ""Mode", "Split Screen”, "*Pict™, *'Cash"".
*  "Mode" isused in Computer Engineering Applications that displays an input screen
to select binary parameters such word size, octal, binary, decimal or hexadecimal data.
» "Split Screen" is displayed when a graphing solution is being set up. It allows the user
to use theright half or the bottom half of the screen to display the graphical
representations.
* "Pict" isavailable when the Polyphase Circuits is selected, giving the user a quick
glimpse of a picture of the circuit configuration.
» "Cash" isused in Capital Budgeting section of the software
Labeled "Opts" - This key displays a pop up menu listing the options:
1: View - alows the highlighted item to be viewed using Pretty Print.
2: (type) - Not active
3: Units - Not active
4: (conv) - Not active
5: lIcons - presents a dialog box identifying certain Icons used by the software
to display content and context of the information.
EE Pro for Tl - 89, 92 Plus 4
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6: (know)- Not active
7: Want - Not active

“Edit” - Brings in adata entry line for the highlighted parameter.

[Fe] - “Choose” in Capital Budgeting enabling the user to select from one of nine projects.
“OCheck” requesting the user to press this key to select a highlighted parameter for usein
an Analysis computation.

Appears only when solving problemsin the Ladder Network section and is labeled "Add"; this

[F7] displays the input screen alowing the user to add new elements to a ladder network.
Appears only when solving problems in the Ladder Network Section and is labeled "Del".
[Fe] Pressing [F4] will delete an element from the ladder network.

2.5 Data Fields Analysis Functions and Sample Problems

The Data Fields avail able to the user in the Analysis functions falls into four convenient categories.

AC Circuits, Polyphase Circuits, Filter Design sections provide the first type of user interface. In these sections,

a pop up menu presents the types of analysis available. Once the user has chosen a specific analysis topic, an input
form is presented to the user. For example, choosing AC Circuits section followed by Circuit Performance as a
topic displays a screen that has all the inputs and output variables.

ciean b
Circuik Ferformancs
Load Type: Admittances
I=_:N

Circuik Ferformancs
Load Tupe: RETEREREEG
Us_:

£5_"1 Ye 1

Lt ML

UL_: L _:

IL_: IL_:=

P: P: P:

[2H 4 [2H i PH i

Choose: [me. oF Admit. HMAld ERD AUTO FUHC Enter: RMS source current CAY

Input screen for circuit. Press [ENTER] to display a Input variables change when

Impedance for Load Type. Pop-up menu for Load Type. Admittance is selected for
Load Type.

Use the cursor bar to highlight Load Type, press [ENTER] to display a pop up menu for Impedance or Admittance as
aload type. Selecting a different load type will automatically update the variable list in the input screen as shown
above.

Ladder networks presents a second type of user input interface. A ladder network consists of aload, and a series
of ideal circuit elements (16 in variety) that can be added to the load as arung or the side of aladder. Circuit
elements are added to the ladder network viathe "Add" key (or [F7]). After selecting the proper element, enter the
value for the element and press[F2]. This produces a description of the ladder as shown in the screen display.
Ladder elements can be added at any location by moving the highlight bar to the element just prior to where the
new element is needed and pressing [F7]. Any element can be removed from the list by pressing [F8]. The circuit
elements are listed in order of appearance moving from the load (output) to the input.

Fi
Tonlss

y il 3
B G TRAT [Edit Resistar Ladder Hebwark
tCapacitaor Cont ig! IEERSEES Freguencal jycioialo]
tFL Rz Load: SE0Q
1: Capacitar
28 Current Controlled I
TRLC 3i _Rezisztor
LGeneral Impedance 4: IETES AT
TWFE OF USE €314 + [EMTER] OF [E51C] Choose: Cikcuik Confiduration Enter: Ladder Element
Pop up menu of elements Edit Screen for Resistor in Updated component list for the
for Ladder Network Ladder Network Ladder Network
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The Gain and Frequencysection under thAnalysis menu offers an example where a problem is set up in one topic
area Transfer Function) and graphed under another topic headBagdé Diagram). A Transfer Function is set

up as in the screen shown below. It is important to note that datarfiesandPolesis entered as a list, e.g.,

numbers entered within curly brackets separated by commas. @ridatisfer Function has been determined, it

can be graphed by switching to tRede Diagramtopic by pressin{ESC] followed by(2]. The software takes full
advantage of the graphing engine portion of the operating system of the calculator. Thus when the graphing function
is executed using tHEs] key, the tool bar reflects the functions available during a graphing operation.

FL_|_FE FL | _FE - [ Fi I w I F: | F4 I _Tj"rs F&
dwe k| Wicw | Oekse | Edik Vigw | Drkse Toolse) vz | GFArh | Full | Oets= | Edit
Transfir Funckien Transfer Function Eods Digdram -js ) ? 3 ' |
Inputs: Eootss Inputs: Rootss S H=l | -
Constant: loQ@og Constant: 100000, Indept =
ceros listis L-100% feros Lists {-10% Graph Tupe.. | Gain CdB>
Paoles list : EESHTEEPESE Y] EE'L?? 'Ié%fﬁamic_l??éﬁ??ﬂi w—-Hin: .1 4
FPE | IR R RNl Atascals” |¢e9te Posa
A-Mins -11..4 112,634
Enker: poles EL ... End nxm [RCIL] FAD ALUTO FLUML |Enter: Transfer Funckion
Input Screen for Graphing Parameters for Split Screen Display of Bode
Transfer Function Transfer Function Diagram of Gain Function (Hs)

The Computer Engineering section, under th&nalysis menu, performs calculations involving numbers

represented in binary, decimal, octal or hexadecimal formats within the constraints of parameters defined by the user.
In any topic of th&Computer Engineering section, the function kdg4] opens a dialog box allowing the user to

specify parameters such as the base of a number system, its word size, arithmetic using unsigned, 1's or 2's
complement methods, setting Carry and Range Flags. Examples of these screens are shown below:

EINREY MODES EINARY MODES

Eass..... ... Hexadecingl+ -1 11— Hexadecimal+
Hardsize: Hardsize:
o] . Unsidned » 2N,

1:lnsigned
it0neTs Comp.

I:Two's Comp.
UZE < AMWD 3 TO OFEW CHOICES TYFE OF UZE £%+4 + [EMTER] OF [EZC]
Press [F4] to access EE+*Pro's Highlight Sign and press ®
MODE screen. to display a pop-up menu for

available options.

Capital Budgeting represents a fourth category of an input interface where the user can compare relative financial
performance of several projects with relevant data ssitfieaest rate or discount rate (k), IRR, NPV, Payback
period. Screen displays shown here illustrate the basic user interface.

[rilrzlrs IruIrsIrs r FL | FE | F= FE
Towlsw] folus | Grarh | Cash | Opks- | Chooss Toolsw|Zolue|Grarh|cs.:.
[Carital Buddetind |II-uPitu1 Budﬁttinﬂ
Froject: IEEEEERSE Hame: Projectl
J:2 jAcH -lElElEligl
Paﬁbacm t1l: ZOoo
HE: L2 AR
E_?R pSE] IS
“Multiple Graphs
Full Screen Graph
Choose: oF Edit Frodect Enter: Cash Flow CE=00
Input Screen for Capital Budgeting Press [F4] to display Cash Flow

for ‘Project 1’
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Example 2.1 (Numeric Results)
Find the electrical Circuit Performance of an AC circuit consisting of a voltage source 110+15*i volts and an
impedance of 25-12*i ohms. The load for the example is a capacitive impedance 70-89*i.

|‘F1]' Fz '[ Fz ] Fu Irs'[‘l i ;
Toolsr|Analesis- |Equationsr|ReFerencer|info 53 2 4 25
. . Circuik Ferformancs Circuik Ferformancs
AC-Cik cuits Load Tlflpe .ﬂﬂm IL ! (. 454735+ 65198242 T
12 Impedance Calcs Us_t ¢110.+13.#4 F: 44.8741
Zilloltage Divider Fe_1 (25.-12.#i) n: -57.0342
3 I:ur*r*ent Oiwider ZL_t (V0. —-E9, %0 UI_: FZ2.587
= L. Pertormance UL _: g -, 904331
IL_: PF: .&61821Z2
F: Prax: .25
[#H 4 ZlLopt._:
TYFE OF USE €314 + [EMTER] OF [ESC] Cheose: IMF. oF RO, FieSUTE: Load iMFedence. FOr Mk, Fower

Pop up menu in AC Circuits Input entry complete Computed output

1. From the home screen of EE#*Pro press the [F2] key labeled Analysis to display the pull down menu listing all
the sections available under Analysis.

Press[1] to access AC Circuits section to view a pop up menu of all topics available.

Press[4] to enter to the input screen of Circuit Performance.

Enter the value of 110+15*i for Vs_, 25-12*i ohmsfor Zs_and 70-89*i for load impedance ZL _.
Pressthe Solve key [F2).

The results of the calculations are displayed in the data screen as shown.

OO0 hAWDN

Example 2.2 (Symbolic Results)
Find the parameters of a transmission line given the open circuit impedanceis Z0_, the short circuit impedanceis
Z1 _, distanceis dl, and frequency of measurement isf1.

1 Fz E F4 FE |‘F1 ]’ Fz '[ Fz ] Fu Irs'[‘l F1 B T
T ARA1¥Eis | Tools=|Analvsise|[Equations=|Referencer|infe [x Yigw | Optse | Edit
ZTFoluphaze Circuits. [Ling Patameters]
3k Ladger* Hetuwork A THAHIT AT Zoc_: z@
4:Filter Design.. 1: Llne F'r"D erties Z=c_t =zl
SiGain and Fr‘equencg... 28 = =|r =|r|-- T di dl
EiFourier Transforms.. H =timate 12 I
TiTwo—Fort Hetworks.. L Stub Imped Mat.ching
2:Transformer Calcs..
Al Transmission
TYFE OF USE €314 + [EMTER] OF [ESC] HAIN FRD AOTO FUHL Enker: Fredusncy (HZ)

Pull down menu for Analysis Menu for Transmission Lines  Input for Line Parameters

1. From the home screen of EE*Pro press the [F2] key labeled Analysis to display the pull down menu listing all
the sections available under Analysis.

Press[9] to access the Transmission Lines section to view a pop up menu of the all available topics.

Press[2] to open the input screen for Line parameters.

Enter the value of z0 for Zoc_, z1 of Zsc_, d1 for d and f1 for f.

Pressthe Solve key [F2).

The results of the calculations are displayed in the data screen as shown below.

O hAWDN
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Input entered symbolically

Example 2.3 (Graphical Results)

Construct a Bode diagram for a system with pole locations at 1000, 10000, 50000, a zero at 5000, and a

proportionality constant of 1000000.

1. From the home screen of EE*Pro, press the [F2] key to display the pull down menu listing all the sections

available under Analysis.

w N

Poles List.
5. Pressthe Solve key [F2].

Fesult: Fhase uglocity (lends)

Calculated Output also symbolic

Press[5] to access the Gain and Frequency section to view a pop up menu of available topics.
Press[1] to open the input screen for Transfer Functions.
4. Choose Roots for Inputs, enter 1000000 for Constant, {5000} for Zeroes List and { 1000, 10000, 50000} for

6. Theresults of the calculations are displayed in the data screen as shown.

7. Press(ESC] key to revert to the pop up display for Gain and Frequency, and press (2] to access Bode Diagram

input screen.

8. Begin entering parameters for graphing the Gain of the Transfer Function. The minimum and maximum

values for the horizontal axis show the default settings. Note that log (w) is the horizontal axis.

9. Maovethe highlight bar to set w-Min to 1, and w-Max to 200000.

10. Move the highlight bar to Auto Scale and press [F6] to select this option.
11. Press(F3]to graph the function.

Examples of the screen display for this problem are shown here:

=5 c\ur‘ler‘ St OrmMs..

ElL}
FETwo—Fort Netwnrks
B4 Transformer Calcs..

TYFE OF U3E £3%t4 + [EMTER] OF [E5C]
Pull down menu of

F3 F4
GFarh | 3Rt

FE Fa
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1 [ F Fh FE |‘ Fi ]’ [ '[ [ ] Fii Irs '[ ‘l FE FE
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1:AC Circuits=s.. Transfer Funckion]
Z2iFPolyphasze ClPGultS Input=:
Siladder Hetperk Salang REUSHEEE Constant: 1.E
4'F11ter De=ign.. 1:Transter Function Zetos List: {500
rn'uwn-4 tEB FPole= List: {1000, 10000, .

Fi 2L F3 F4
Taolse| d~ida | GFArh | 5RTiE

TYFE OF USE €314 + [EMTER] OF [ESC]

Choose: InFuk TYReS

Pop up menu for Gain and
Frequency

FE Fa
Ortse | Edit

Eode Diadram
aferMaEE
Indeps: _=_ X
Graph Tupe! Gain®
w—Ming .
w—Maxi 1000,
“Autoscale
A-Min: -10.
A-Max: 10@. 4
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Eode Diadram
e I.E

=] S_

Tupe: Gain+

Ma: 1geooo.
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Enter: Transfer Funckion

Enter: Transfer Funckion

Graphing parameters
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2.6 Session Folders, Variable Names

EE-Pro automatically storesits variablesin the current folder specified by the user in or the HOME screens.
The current folder name is displayed in the lower left corner of the screen (default is“Main”). To create a new
folder to store values for a particular session of EE*Pro, press(F1]:/TOOLS, [3]:/NEW and type the name of the
new folder (see Chapter 5 of the T1-89 Guidebook for the complete details of creating and managing folders).
There are several waysto display or recall avalue:

»  The contents of variablesin any folder can be displayed using the [VAR-LINK], moving the cursor to the

variable name and pressing [Fé] to display the contents of a particular variable.
* Variablesin acurrent folder can be recalled in the HOME screen by typing the variable name.

e Finally, values and units can be copied and recalled using the [F1)/Tools 5:COPY and 6:PASTE
feature.

All inputs and calculated results from Analysis and Equations section are saved as variable names. Previously
calculated, or entered values for variables in afolder are replaced when equations are solved using new values for
inputs.

Overwriting of variable values in graphing

When an equation or analysis function is graphed, EEsPro creates afunction for the Tl grapher which expresses
the dependent variable in terms of the independent variable. Thisfunction is stored under the variable name
pro(x). When the EE<Pro’s equation grapher is executed, values are inserted into the independent variable for
pro(x) and values for the dependent value are calculated. Whatever values which previously existed in either of
the dependent and independent variables in the current folder are cleared. To preserve data under variable
names which may conflict with EEsPro’s variables, run EE*Pro in a separate folder.

Reserved Variables

Thereisalist of reserved variable names used by the Tl operating system which cannot be used as user variable
names or entries. These reserved variables are listed in Appendix F.
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Chapter 3 AC Circuits

This chapter describes the software inAlzCircuits sectionand is organized under four topics. These topics form
the backbone of AC circuit calculations.

Impedance Calculations « Current Divider
Voltage Divider ¢+ Circuit Performance

o,
£
KD
£

3.1 Impedance Calculations

Thelmpedance Calculationstopic computes the impedance and admittance of a circuit consisting of a resistor,
capacitor and inductor connected in Series or Parallel. The impedance and admittance values are displayed to the
user in symbolic, numeric, real or complex form. As stated in Chapter 2, due to the variety of computation methods
used in each topic in @nalysis the unit management feature is not present. All entered values are assumed to be in
common Sl units (F, A, nQ, s, etc.). Symbolic computation is limited to single undefined terms for each entry

(such as ‘a’ or ‘X’ where ‘a’ and ‘x’ are undefined ) or an algebraic expression of previously defined terms which can
be simplified to a numerical result upon entry (such as 1.5*x-3/y, where xFan@*y=4).

Field Descriptions

Config : (Circuit Configuration)
Press[ENTER] and selecBeriesor Parallel configuration by using.) After choosing press
to display the input screen updated for the new configuration..

Elements : (Element Combinatign
PressingF2] displays the following circuit elements: R, L, C, RL, RC, LC and RLC.
The choice of elements determines which of the input fields are available.

fr: (Frequency in Hg
Enter a real number or algebraic expression of defined terms.

R: (Resistance in ohmsonly appears ifR, RL, RCor RLC s chosen ifElements field)
Enter a real number or algebraic expression of defined terms.

L: (Inductance in Henry-only appears ifL, RL, LC or RLCis chosen irfElements field)
Enter a real number or algebraic expression of defined terms.

C: (Capacitance in Faradsonly appears ifC, LC, RCor RLC s chosen irElements field)
Enter a real number or algebraic expression of defined terms.

77 (Impedance in ohmis
Returns a real or complex number.

YY_: (Admittance in Siemens

Returns a real or complex number.

EE Pro for TI-89, 92 Plus 10
Analysis - AC Circuits



Example 3.1

Compute the impedance of a series RLC circuit consisting of a 10 ohm resistor, a 1.5 Henry inductor and a 4.7 Farad
capacitor at a frequency of 100 Hertz.

ImEedance £a1cs Impedance Calcs

Contig! Series+ Contig! Series+
Elements: ELC+ Elerments: ELC+
Freg: 100, H .
Rio 10,
L: 1.5
i
i .
Fiesulk: Impedance () Fiesulk: Impedance (52
Input Screen Output Screen
1. Choose Series f@onfig and RLC forElements using the procedure described above.
2. Enter 100 foFreq.
3. Enter 10 foR, 1.5 forL, and 4.7 foC.
4. Pres§2jto calculateZzZ  andYY .
5. The output screen shows the results of computation. z

H < -

3.2 Voltage Divider

Z2

M.

This section demonstrates how to calculate the voltage drop across a load Vs (,;
connected to an ideal voltage source. The load consists of impedances or

admittances in series. The software computes the current through the load andlthe
voltage across each impedance/admittance.

Z3

-1=

Field Descriptions
Impedance/Admittance loads in series

Load Type: (Type of Load) PresdENTER] to display the choices; Impedan@ or Admittancg(Y).

The choice made determines whether the third fiek¥is (impedance
chain) orYY_ (admittance chain) is displayed .

Vs_: (Source Voltage inV  Enter a real or complex number, variable name, or algebraic expression
of defined terms.

ZZ_: (Impedances in Series Enter a list of real or complex numbers, or algebraic expression of
defined terms.

YY_: (Admittances in Serigs Enter a list of real or complex numbers, or algebraic expression
of defined terms.

IL_: (Load Currentin A Returns a real or complex number, variable name or algebraic
expression.

V_: (Element Voltages in)V Returns a list of real or complex numbers, variable names, or algebraic

expressions.
Example 3.2

Calculate the voltage drop across a series of loads connected to a voltage source of ijMd@ts25Fhe load
consists of a 50 ohm resistor, and impedances of (7bt22md (125-408) ohms.

raaise] same | siaes | vhow |obfie |7 raaise] shmme | sbee s | vhow [obfee [
Woltade Divider Woltade Divider
Ln:uad Tlilpe- Impedance+ Load Tupe: Impedance+
Us_o ¢110.+15.#%i)
%E_ .{SEI ?5+22*1, 125—d4.. %E_: 55+22*1125 40k

Eesult: Load currenk CAY Eesulk: Load current (AY

Input Screen Output Screen

EE Pro for TI-89.,92Plus 11
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agrwdhpE

Choose Impedance for Load Type
Enter the value 110 + 25*i for Vs _.
Enter {50, 75 + 22*i, 125 - 40*i} for ZZ_.
Press(F2) to calculate IL_and V_.
The results of the computation are shown in the screen display above.

3.3 Current Divider

This section demonstrates how to calculate individual branch currentsin aload defined by a set of impedances or

admittances connected in parallel.

T

Current Divider - Impedances

Field Descriptions

Load Type:
Is_:

Z7Z

YY_:

VL_:
I .

Example 3.3

(Type of Load)

(Source Current in A)
(Impedance in ohms)
(Admittances in Siemens)

(Load Voltage in V)
(Currents in A)

In addition, the voltage across the load is cal cul ated.

T

Current Divider - Admittances

Press to select Impedance or Admittance. This sets the third
field to be ZZ_ (Impedances) or YY_ (Admittances).

Enter areal or complex number, variable name or algebraic expression
of defined terms.

Enter alist of real or complex numbers, or algebraic expression of
defined terms.

Enter alist of real or complex numbers or algebraic expressions of
defined terms.

Returns areal, complex number or algebraic expression.

Returns alist of real or complex numbers or algebraic expressions.

Calculate the voltage drop across impedances connected in parallel to a current source of (50 + 25*i). The load
consists of 50, 75+22*i, 125-40*| Q.

turr-znt Divider turr-znt D:u:d-zr'

UL_ [ |
I_:

turr-znt Divider

Lnad T%EE Impedance+ Load T%EE Impedance+
Is_: i
ZZ 50, ?5+22*1,125 40, 221 L5l

75+22*1 125-40+.. £24.95%96 + 1345174  17.68

I_

Figsult: Load Yolbads )

Figsult: Load Yolbads ) Nigw: ETerment Currents (AY k

Input Screen

agrwbdpE

Output Screen Partial Pretty Print of |_

Choose Impedance for Load Type
Enter the value 50 + 25*%i for Is_.

Enter the value { 50, 75+22*i, 125-40*i } for ZZ_.
Press(F2)to calculate VL_and | .
The results of the computation are displayed in the screen shown above along with a Pretty Print display of the

expression for |_.

EE Pro for TI-89.,92Plus
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3.4 Circuit Performance

This section shows how to compute the circuit performance of a simple load connected to a voltage or current
source. Performance parameters computed include load voltage and current, complex power delivered, power
factor, maximum power available to the load, and the load impedance required to deliver the maximum power.

Field Descriptions - Input Screen

Load Type:

Vs :
VA
ZL
Is_:

Ys :

YL _:

(Type of Load)

Press to select load impedance (Z) or admittance (Y). Thiswill determine whether the
remaining fieldsVs_,Zs ,andZL_ or Is_, Ys_, and YL_ aredisplayed, respectively.

(RMS Source Voltage in V)
(Source Impedance in Q)

(Load Impedance in Q)

(RMS Source Current in A)
(Source Admittance in Siemens)

(Load Admittance in Siemens)

Field Descriptions - Output Screen

VL_:
IL_:

PF:
Pmax:
ZlLopt_:

YLopt_:

Example 3.4

(Load Voltage in V)
(Load Current in A)

(Real Power in W)

(Reactive Power in W)
(Apparent Power in W)

(pf Angle in degrees or radians.
determined by the setting)
(Load Power Factor)

(Maximum Power Available in W)
(Load Impedance for Maximum
Power in Q - if Impedance is
chosen for Load Type at the
input screen).

(Load Admittance for Maximum
Power in Siemens - if Admittance,
is chosen for Load Type at

the input screen)

A real or complex number, variable name, or algebraic
expression of defined terms.

A real or complex number, variable name or algebraic
expression of user-defined terms.

A real or complex number, variable name, or algebraic
expression of defined terms.

A real or complex number, variable name, or algebraic
expression of defined terms.

Enter areal or complex number, variable name, or algebraic
expression of defined terms.

Enter areal or complex number, variable name or algebraic
expression of defined terms.

Returns areal, complex number or algebraic expression.
Returns areal, complex number or algebraic expression.

Returns a real number or algebraic expression.

Returns a real number or algebraic expression.
Returns a complex number or algebraic expression.

Returns a real number or algebraic expression.
Returns a real number or algebraic expression.

Returns a real number or algebraic expression.
Returns areal, complex number or algebraic expression.

Returns areal, complex number, or algebraic expression.

Calculate the performance parameters of a circuit consisting of a current source (10 - 5*i) with a source admittance
of .0025 - .0012*i and aload of .0012 + .0034*i.

EE Pro for TI-89.,92Plus

Analysis - AC Circuits
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Wigl | Opkse

Circuik Ferformancs
Lnad}' =t

Circuik Ferformancs
Load Tupe:

Circuik Ferformancs

IL_: ¢13,.7534+42.9034%i> T
I=_1 Rt i I=_1 Rt i Pz ZEZ2375.
Ye_t 0L BE25—. Q1244 ) Ye_t 0L BE25—. Q1244 ) GE -SFIE94,
YLt €, 0012+, 005444 ) YLt €, 0012+, QEF44d ) UT_: GR2AEE
UL _: UL_: 12952, 944,414 B -1.231
3 ( Ea IL_: C18.7334+42. 90354 PF: 33282
F: Pz ZEZ2375.
[EH GE -SFEE94.
Choose: [me. oF Admit. Choose: [me. oF Admit.

Input Screen

abrwdNPpE

EE Pro for TI-89.,92Plus
Analysis - AC Circuits

. Choose Admittance for Load Type.
. Enter thevalue 10 - 5*i for Is_.
. Enter the value .0025 - .0012*i for Ys_, and .0012 + .0034*i for aload of YL .
. Press[F2] to calculate the performance parameters.
. The input and results of computation are shown above.

Output: Upper Half

14

Fesult: Load admitkance For mdx. Fowgt

Output: Lower Half



Chapter 4

< Wye ~ A Conversion

Polyphase Circuits

This chapter describes Wye afhdrrangements iRolyphase Circuits.

+ Balanced Wye Load

4.1 Wye ~ A Conversion

o
°»

BalancedA Load

The Wye -~ A Conversiorconverts three impedances connected in Wyeform
to its corresponding or Wye form, i.e., . Wye- A or A o Wye

Input Fields -
Input Type :

ZZA_: (Almpedanck
ZZB : (Almpedanck
ZZC_: (A lmpedanck
Z7Z1 : (Y Impedance
ZZ2 : (Y Impedance
ZZ3_: (Y Impedance

Result Fields
ZZA_: (Almpedanck

ZZB_: (A lmpedanck
ZZC_: (A lmpedanck
ZZ1_: (Y Impedance
Z72 _: (Y Impedance

ZZ3 : (Y Impedance

EE Pro for TI-89, 92 Plus
Analysis - Polyphase Circuits

Selection choices arA - Wye or Wye- A. This

determines whether the next 3 fields (input fields)

acceptA or Wye Impedances.

Real or complex number, variable name, or algebraic

expression of defined terms.

&

Real or complex number, variable name, or algebraic

expression of defined terms.

Real or complex number, variable name, or algelffaic4.1 Wye Network

expression of defined terms.

Real or complex number, variable name, or algebraic expression of defined terms.
Real or complex number, variable name, or algebraic expression of defined terms.
Real or complex number, variable name, or algebraic expression of defined terms.

Real or complex number, or algebraic
expression.
Real or complex number, or algebraic
expression.
Real or complex number, or algebraic
expression.
Real or complex number, or algebraic
expression.
Real or complex number or algebraic
expression.
Real or complex number or algebraic
expression.

15
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Example 4.1- Compute the Wye impedance equivalent Afreetwork with impedances 75+12*75-124, and
125 ohms

1. SelecA - Y for Input Type.
2. Enter the values 75+1i2%75 -121, 125 forZZA , ZZB_andzZzZC .
3. Pres§2] to calculatezZl , ZZ2 andZZ3 .

H F4 FE ¢
siaid | Fick [ Orkse

e £33 l:-:-nl.ler:i-:-n| HP'&“{".}; COnUEkSion

Input Tupe: o34+ Input. Type: o343

2R ?E H1E ki) Z2R ?E +13. %)
goR-1 sfartisiy Z2B_: (r5.-13.#i)
20l 125, Pojhar
221 By
i Hoair -
223l 5557 0. arae
Fesult: ¥ Impedancs (e Fiwsult: ¥ Impgdancs ()
Input Parameters Calculated Output

The computation results are:  ZZ1 : 34.0909 - 5.45455[1
ZZ2 : 34.0909 + 5.45455[1
ZZ3_:20.9782

4.2 Balanced Wye Load

A balanced Wye load refers to three identical impedance loads connected in a Wye configuration. Théldltage
represents the line voltage from line 1 to line 2 and is used as the reference voltage throughout this Wye network.
The voltages across lines 2 and 3, and across 3 and 1 have the same magwit2detag are out of phase by -

120° and 120° respectively. The software computes the cuftent® , andl3_ in each leg of the Wye network,

the line to neutral voltage in each ph&déN , V2N _, andV3N_, the power dissipated in each ph&seand the
wattmeter reading$/12 andW13 connected to the circuit as shown in the Fig 4-3.

Input Fields

Input Type:

V12 : (Reference Voltage in V across lines 1 ahd 2 Enter a real or complex number, variable
name, or algebraic expression of defined
terms.

ZZ_: (Phase Impedance i2) Enter a real or complex number, variable
name, or algebraic expression of defined
terms.

Result Fields

V23_: (Voltage in V across lines 2 anjl 3 A real, complex number, or variable name.

V31 _: (Voltage in V across lines 3 anjl 1 A real, complex number, or variable name.

VIN : (Voltage in V across IN A real, complex number, or variable name.

V2N_: (Voltage in V across 2N A real, complex number, or variable name.

V3N _: (Voltage in V across 3N A real, complex number, or variable name.

11 : (Line Current 1 in A A real, complex number, or variable name.

12_: (Line Current 2 in A A real, complex number, or variable name.

13 : (Line Current 3in A A real, complex number, or variable name.

P: (Phase Power in \V A real number or variable name.

W12: (Wattmeter reading in W across lines 1 and 2 A real number.

W13: (Wattmeter reading in W across lines 1 agpd 3 A real number.

Example 4.2 -A Wye network consists of three impedances of 50 + 2fth a line voltage of 110 volts across
line 1 and 2. Find the line current and power measured in a two-wattmeter measurement system.

EE Pro for TI-89, 92 Plus 16
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|
1. Select Balanced Wye Load. —> *—o
2. Enter the value 50 + 25for ZZ_.
3. Pres$?] to calculate performance characteristics$
of the circuit.
G . 3 OISy
Ealanced kg Lead ) ‘
Yiz_: 1i@, .
FPT (SH. +E5.#LD v N
Wik ] | 23
LI 2
v e 120V
LIZHZ
i1 !
Fesult: Yoltads gcross 23 (0
Input Screen

Fig. 4.3 Balanced Wye network with 2 wattmeters

Fi Fe FY4 FE = Fi F& i [&] FE "=
Fict | Oeksr etk | Fick | Opks-

bvs Load Bu'i;m;:-zd bvs Load
gy p o } L2H_: ¢ -55.-31.75d43+i) T
S CSM.+25. 10 LUIH_2 (53.5085+4 1
H%?_: C-o5, =95, PEPE+e . .

—: = = e T S L
H_t 055, -31. 754340
U2H_8 ¢ -55.-31. Fod3+i )
LEH_: C65. SEE5+E )

I1_: (. 623966—. 94B068+i) |
Fet Uk Varlbade across 3 000 FiatUTE: Atk meter Fedding across 13 ()

Output Screen (upper half) Output Screen (lower half)

The results of computation are listed below:

V23_: -55-95.2628* 12_: -1.13403 - .068068*
V31_: -55+ 95.2628* 13_: .508068 + 1.01614*
VIN_: 55 -31.7543¢ P: 64.533

V2N_: -55-31.7543¢ W12: 124.744

V3N_: 63.5085F W13: 68.8562

11_: .625966 - .948068*

4.3 Balanced A Load

A balanced Delta load refers to three identical impedance loads connected in a Delta configuration. The voltage
VAB_ represents the line voltage from line A to line B and is used as the reference voltage throughout this Delta
network. The voltages across lines B and C, and C and A have the same maghithBe dsut are out of phase

by -120° and 120° respectively. The software computes the cu&kentB _, andIC_ in each leg of the Delta

network, power dissipated in each phRs&vattmeter readingd/AB andWAC connected as shown in the Fig 4-4 .

Input Fields

Input Type:
VAB_: (Reference Voltage in V across lines 1 apd 2

Enter a real or complex number, variable name, or algebraic expression of defined terms.
ZZ . (Phase Impedance i2)

Enter a real or complex number, variable name, or algebraic expression of defined terms.

Result Fields
VBC_: (Voltage in V across lines B ang C A real or complex number, or algebraic exp.

EE Pro for TI-89, 92 Plus 17
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VCA _: (Voltage in V across lines C and A A real or complex number, or algebraic exp.

IA_: (Line Current Ain A A real or complex number, or algebraic exp.
IB_: (Line Current B in A A real or complex number, or algebraic exp.
IC _: (Line Current C in A A real or complex number, or algebraic exp.
P: (Phase Power in W A real number or algebraic expression.
WAB: (Wattmeter reading in across lines A and B A real number or algebraic expression.
WAC: (Wattmeter reading in W across lines A and C A real number or algebraic expression.

Example 4.3 -A Delta network consists of three impedances of 50 2th a line voltage of 110 volts across
line A and B. Find the line current and power measured in a two-wattmeter measurement system.

todtee] shiue | win e | Fibe [ontes [ rootee] semme [sin e | Fibe [oetes [
Ealanced & Load IBICI'lICII'll:t & Logd

UAE_: 1id, UBC_: ¢ -55.-95. 26781 T
ZZ_F (50,25, w0 UEAZ: ¢ -55,+35, ZE20wi )
UEC_:H IA-T (3,4021°, 284205+1 )
UEAZ: IBC: (-i.greo-zZ.gddzein
TA_: 16 : f-1.52a3+3 04541#i0
IE_: P 193.6
IC_t WAEE ~EhE., S5
Pr 1 WA : MRS
Fisulk: Wolkadg across BC VY Fiesulk: Wakkmsker Feadind across AC ()
Input Parameters Calculated Output

1. SelecBalanced Delta Load.

2. Enter the values 50 - 25fbr ZZ and 110 Vfor VAB .

3. Pres§2] to calculate performance characteristics of the circuit.

I A

Fig. 4.4 Wattmeter Measurement in a Delta Circuit

The results of computation are listed below:

VBC : -55-95.2628*f IC -1.5242 + 3.04841%*|
VCA : -55+ 95.2628%| P: 193.6
1A_: 3.4021 - .204205%| WAB: 206.569
IB_: -1.8779 — 2.8442%| WAC: 374.231
EE Pro for TI-89, 92 Plus 18
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Chapter 5 Ladder Network

This chapter describes ladder network analysis - a circuit reduction method by which branches of the circuit are
treated as sides (series connection) or rungs (parallel or shunt connection) of a ladder.

5.1 Elements of a Ladder Network

In the examples that follow, the left end of the ladder is the input end and the right end of the ladder is the output
end, where the load is connected. The elements of the ladder (from 1 to N) are entered from right to left, going
from output to input. The input impedance Zin__is calculated asif you were “looking in” to the left end of the
ladder.

Field Descriptions - Input Screen

Frequency: (Frequency) Enter areal number, or algebraic expression of defined terms.
Load_: (Initial Load) Enter areal or complex number, variable name, or algebraic expression of defined terms.

1: (Element 1 - closest to the load or output)

N: (Element N - furthest from the load or output)

Field Descriptions - Element Screen

Sixteen different element types are available to build the ladder network. These elements can be inserted in series
or parallel configuration.

R

Resistor
A resistor can be added as arung (parallel) or side (series). Choose )
Series or Parallel for Config, and enter avalue for R in ohms.

Series R Parallel R
Inductor - (ideal inductor) L
An inductor can be added as arung (parallel) or side (series)). Choose
Series or Parallel for Config, and enter avalue for L in henrys. L

Series L Par'allel L

EE Pro for TI-89.92 Plus 19
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Capacitor - (ideal capacitor)
A capacitor can be added as arung (parallel) or side (series). Choose
Series or Parallel for Config, and enter avalue for C in Farads.

RL

An RL series circuit can be added as arung (parallel) or asan RL
parallel circuit as aside (series). Choose Series or Parallel for Config,
and enter avalue for R in ohmsand L in henrys.

LC

An LC seriescircuit can be added as arung (parallel) or asan LC
parallel circuit as aside (series). Choose Series or Parallel for Config,
and enter avaluefor L in henrysand C in farads.

RC

An RC series circuit can be added as arung (parallel) or asan RC
parallel circuit as aside (series). Choose Series or Parallel for Config,
and enter avalue for R in ohmsand C in farads.

RLC

An RLC series circuit can be added as arung (parallel) or asan RLC
parallel circuit as aside (series). Choose Series or Parallel for Config,
and enter avalue for R in ohms, L in henrys, and C in farads.

General Impedance
An impedance can be added as arung (parallel) or side (series). Choose
Series or Parallel for Config, and enter avalue for Z_ in ohms.

Transformer - (ideal transformer)
A transformer can be added only in cascade connection. Specify turns
ratio by entering avalue for n.

Gyrator- (synthetic inductance filter)
A gyrator can be added only in cascade connection. Specify gyrator

parameter by entering avalue for O.

EE Pro for TI-89.92 Plus 20
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Voltage-Controlled | o o
A controlled voltage can be added only in cascade connection. Specify
base resistance and transconductance by entering values for rb in ohms

and gm in siemens. ves

|
Current-Controlled | 5
A controlled current can be added only in cascade connection. Specify "
base resistance and common base current gain by entering values for rb (hie) (hfe)

in ohms and (3. Icis
Transmission Line
A transmission line can be added only in cascade connection. Specify
characteristic impedance and electrical length by entering values for Z0
in ohms and 60 in radians. The variation of 60 with frequency is not
taken into account in the ladder network calculation. Caution-be sureto
enter avalue for the electrical length 80 which is consistent with the
chosen frequency.
N

Open Circuited Stub

Can be added only in cascade connection. Specify characteristic

impedance and electrical length by entering values for Z0 in ohms and ~
00 inradians. Caution-be sure to enter a value for the electrical length

00 which is consistent with the chosen frequency.

Short Circuited Stub
Can be added only in cascade connection. Specify characteristic
impedance and electrical length by entering values for Z0 in ohms and

00 inradians. Caution-be sure to enter a value for the electrical length
00 which is consistent with the chosen frequency.

Two-Port Network
Can be added only in cascade connection. Choose z, Y, h, g, a, or b ) .
for Input Parameters, and enter valuesfor ..11, ..12, .21, and ..22. — —

Field Descriptions - Output Screen

Zin_: (Input Impedance in ohms) Returns areal or complex number, variable name or algebraic
expression.
12/V1_: (Forward Transfer Admittance Returns areal or complex number, variable name or algebraic
in Siemens) expression.
12/11_: (Current Transfer Ratio) Returns areal or complex number, variable name or algebraic
expression.
Pout/Pin: (Real Power Gain) Returns areal or complex number, variable name or algebraic
expression.
V2/V1_: (Forward Voltage Transfer Ratio) Returnsareal or complex number, variable name or algebraic
expression.
V2/11_: (Forward Transfer Impedance Returns areal or complex number, variable name or algebraic
in ohms) expression.
EE Pro for TI-89.92 Plus 21
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5.2 Using the Ladder Network

General instructions for entering the elements and computing the parameters of aladder network.

1. Theinitia screen prompts the user for entry of values for Frequency and Load.

2. Build the ladder by adding elementstoit. Press[F7] to insert the first element. Choose an element type and
press (ENTER]. Enter the appropriate values. Press(F2] to update the ladder with the new element just added. A
second press of the [F2] key computes the electrical performance of the circuit.

3. New elements can be added or inserted by moving the highlight bar to the location desired and pressing [F7].
The new element will appear after the a highlighted element.

4. A circuit element can be deleted from the ladder by moving the highlight bar to the element and pressing [Fg].[]

5. Press(F2] to compute the overall ladder network parameters.

6. Previously calculated results are not automatically updated for new element entries; the user must press [F2] to
re-solve for the circuit parameters for a new circuit configuration.

Example 5.1

What is the input impedance of the circuit shown below in Fig. 5.1 at 1 MHz and 10 MHZz?

50 Q 10E-6 H

Load

100 pF T 50 pFJ,: 50 Q

Element 4 Element 3 Element 2 Element 1

el

Fig. 5.1 Ladder Network Example

T shuel s : EhoLors Je 2o LB LEE R [P
[Cadier Hekuork] wesistor
Freguencg= 1.E6 e
Load: =
heral Impedance
Enter: inikial Load ) TYFE OF USE £+t4 + [ENTER] OF [ESC]
Entering Load and Frequency Partial list of Element Choices

:M;“ Vigw | Opkse | Edit T-:-Fn:-j:l:v 5 Siver B
Edit Caracitor Ladder Mebwork
CFE:P l1el+ F t 1.E6
C?h 1 ara e ngglglegau El
1: Capacitor
%: énductgr
H SpaclLor
i mEaa
Enker: Capacikance (F) Enker: Ladder Element
Typical Edit Screen for an Element List of all the Ladder Components

Zin_ M Zin_t

T2/01-% T2/018

I2-T1_1 I2-11_=

Fout-Fint 513544 Fout-Fint . 102966

L2011 (L 355140, 23046 V201 f (- B23127-.AF322.

WZ-117: (51.9333-5.51436. VZ-117: (-16.9184+.554430

Fesult: Ineuk impgdance (52 Fesult: Ineuk impgdance (52

Output Screen at 1 MHz Output Screen at 10 MHz
EE Pro for TI-89.92 Plus 22
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=

Enter 1E6 for Frequency.

Enter 50 for Load.

3. Press [F7] to add the first element and move the highlight bar in the pull down menu to Capacitor and press

to display the input screen for the Capacitor. Select Parallel for Configuration of the capacitor and

enter the value 50E-12 for C. Press to accept the element data and press(F2] to return alisting of the

Ladder Network.

Move the highlight bar to 1: Capacitor and press[F7] to enter the second element in this circuit.

5. Move the highlight bar to Inductor to display the input screen for the new element. Choose Series for
Config and enter the value 10E-6 for L. Press(ENTER] to accept the value and press to update the ladder.
Enter the remaining two elements: a 100 pF (100E-12) capacitor in parallel and a 50 ohm resistor in series.

6. Press to calculate the results displayed in the output screen as shown above.

7. Todelete an element from the network, highlight it and press[Fg], the delete key.

N

e

To calculate the ladder network parameters at a second frequency of 10 MHz:

1. Press to return to the input screen.

2. Inthe Frequency field, type 10E6.

3. Press(F2] to calculate the results, as displayed in the output screen shown above.

Example 5.2
A transistor amplifier is shown in the figure below. The transistor is characterized by a base resistance of 2500
ohms, a current gain of 100 and is operating at a frequency of 10,000 Hertz. Figure 5.2 and 5.3 show the circuit

and its simplified form.
VCC

1L
IX

0.638 HF — 318 pF

Vs

Fig. 5.2 Transistor Amplifier Example

This schematic can be reduced to the ladder network that appearsin Fig. 5.3

I :
1\

I s “ J
0.638 pF l Load
6/9 1MQ 2500 Q 100! ~~ 318 pF 5K

Capacitor Resistor Current-controlled | Capécitor

b X F
el By i L;dd-zr Hekwork
Laddsr Mekwork i e WL
Fr*eguenca: 1 QEEE IZ2-01 8 ¢ A9 d—, DA S+
Loa Eaggc'-;' o IZ2-11 1 (98, FEda-9. 96687,
£i Lurrent Controlled I Bes i 138 5017, son.
3 TECEATE UE-110: ¢ -4538340+49334. 0
Enker: Ladder Element Fesult: Ineuk impgdance (52
Input Screen Output Screen
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1. Enter the frequency and load values:
Frequency: 10,000 Hz.
Load: 5000 ohms.
2. Enter the ladder elements in the following order:
Capacitor: Parallel, 318E-12.
Current-Controlled I: Enter 2500 ohms for RB and 100 for 3.
Resistor: Paralel, 1E6 ohms.
Capacitor: Series, 0.638E-6 farads.
3. Press[F2] to compute the results, which are displayed in the output screen above.
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Chapter 6 Filter Design

This chapter covers a description of the software under the heading Filter Design. Three filter designs are included
in this section. Design computations result in the value of component elements comprising the filter.

Chebyshev Filter s Active Filter
Butterworth Filter

7
0‘0
7
0‘0

6.1 Chebyshev Filters

This section of the software computes component values for Chebyshev filters between equal terminations. Inputs
are termination resistance, pass band characteristics, attenuation at some out-of-band frequency, and allowable
passband ripple as shown in Fig. 6.1. The Chebyshev circuit elements are assumed to beideal, and are illustrated
below.

Odd Elements Even Elements
—|—
LowPass & LTI
High Pass R —
g LY. i¢

Ln

LN,
—
Band Pass Lsn Csn
ﬂ (%

Cpn
ST,
——
Band Lsn Csn

Elimination (

Cpn
Fig. 6.1 Chebyshev Filter Elements

Field Descriptions - Input Screen

Char: (Bandpass Characteristic) Press[ENTER] to select Low Pass, High Pass,
Band Pass, or Band Elimination.
R: (Termination Resistance in ohms) Enter areal number, or algebraic expression
of defined terms.
fO: (Cutoff Frequency in Hz - for Low Pass and High Pass) Enter areal number.
(Center Frequency in Hz - for Band Pass and Band Elimination) Enter areal number.
f1: (Attenuation Frequency in Hz) Enter areal number.
AdB: (Attenuation in dB) Enter areal number.
Bandwidth:  (Bandwidth in Hz - only appears for Band Pass or Band Elimination) Enter area number.
Ripple: (Pass Band Ripple in dB) Enter areal number.
EE Pro for TI-89, 92 Plus 25
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Field Descriptions - Output Screen

Elementl: (First element in parallel) Returns areal
number.

Element2: (Second element in series) Returns areal number.
ElementN: (nth element in series because N is always odd) Returns areal number.
Example 6.1

Design alow-pass Chebyshev filter with a cutoff at 500 Hz, a termination resistance of 50 ohm, 3 dB pass band
ripple, and a 30 dB attenuation at 600 Hz.

Fi Fz i F4 FE F&
Tanlsr ivard | Wigl | Oekse | Edik
|l:h-zlwshtu Filkgr
Cbaga Low FPass -
01 500 121553575
fi: &o@ Ld:1.2733E"2
adBr 30 o2, 95327e-S
Eipple:IE LE: 1. 228992
Craz.239%5e-5
Enker: Fass band rieels (4B Eesult: Filkgk elemenk
Input Screen Output Screen

1. Enter 50 for R, 500 for fO, and 600 for f1.
2. Enter 30 for AdB and 3 for Ripple.
3. Press(F2] to calculate the results displayed in the output screen above.

6.2 Butterworth Filter

This section computes the component values for Butterworth filters between equal terminations. Inputs are
termination resistance, pass band characteristics, and attenuation at some out-of-band frequency. The basic form
of the filter uses elements shown In Fig. 6.2 below:

R Element 2 Element 4
»o L 2
L1 M
Vs Element 1 Element 3 Element R
Odd Elements Even Elements

e (BT
Low Pass cn
Ln
HonPes (YT,

Ln
Lsn Csn
ST
—
Band i Lsn Csn
Elimination (
Cpn

Fig. 6.2 Elements for Butterworth Filter, basic design
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Field Descriptions - Input Screen

Char: (Bandpass Characteristic) Press[ENTER] to select Low Pass, High Pass, Band Pass, or
Band Elimination.

R: (Termination Resistance in Ohms) Enter areal number.

fO: (Cutoff Frequency in Hz - for Low Pass and High Pass) Enter areal number.
(Center Frequency in Hz - for Band Pass and Band Elimination) Enter areal number.
(Center Frequency in Hz - for Band Pass and Band Elimination) Enter areal number.

f1: (Attenuation Frequency in Hz) Enter areal number.

AdB: (Attenuation in dB) Enter areal number.

Bandwidth:  (Band width in Hz - for Band Pass or Band Elimination) Enter areal number.

Field Descriptions - Output Screen

Elementl: (First element in parallel) Returns areal number.
Element2: (Second element in series) Returns areal number.
Element3: (Third element in parallel) Returns areal number.
Element4: (Fourth element in series) Returns areal
number.

ElementN: nth element in series (if nisodd) or parallel (if N is even) Returns areal number.
Example 6.2

Design a 100 Hz wide Butterworth band pass filter centered at 800 Hz with a 30 dB attenuation at 900 Hz. The
termination and source resistance is 50 ohms.

¥

ae v | view | oetee | Edit
Eukterworth Filter
Char: Band Fass+
E: 5

adB: 3A
Eanchsidth: EELEE

Ld4:1.5
C4l2, 57452 -7
Enter: Eandwidth (HZ1 Fesult: Filtet glement

Input Screen Output Screen

Choose Band Pass for Char.

Enter 50 for R and 800 for fO, and 900 for f1.

Enter 30 for AdB and 100 for Bandwidth.

Press(F2] to calculate the results, which are displayed in the output screen above.

el

6.3 Active Filter

This topic covers computation of element values for the standard active filter circuits shown below. In each case,
five different elements are calcul ated.

)|
]
O
N
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PAl

Ca

. . c C.
High Pass Filter - |(1 + & —i>—
%RZ
CA'::' Rg
Band Pass Filter AV 53 —i>_
LAY o

Fig. 6.3 Active Filter Configurations

Field Descriptions - Input Screen

Type: (Filter Type) Press[ENTER] to select Low Pass, High Pass, or Band Pass.
fO: (Band Cutoff in Hz) Enter areal number or algebraic expression of defined terms.
A: (Midband Gain in dB) Enter areal number or algebraic expression of defined terms.
1
Q: (Quality Factor: Q =— = ﬁ where a is the peaking factor and  is the damping factor)
a

Enter areal number or algebraic expression of defined terms.

C: (Capacitor in F) Enter areal number or algebraic expression of defined terms.

Field Descriptions - Output Screen

Elementl: (First element) Returns areal number.
Element2: (Second element) Returns areal number.
Element3: (Third element) Returns areal number.
Element4: (Fourth element) Returns areal number.
Element5: (Fifth element) Returns areal number.
Example 6.3

Design a High Pass active filter with a cutoff at 10 Hz, amidband gain of 10 dB, a quality factor of 1 and a

capacitor of 1 pF.

Choose High

AwWdE

,f:\ View |Ortse | Edit ,f:\ View | optse |
Active Filker Active Filker
THpEd High Pasz+ At 10
fl: 1o Geo1
A: 10 c: 1.6
Ei}- Frsi +1578a1es
H . E "5 : . E
CC3: 1. &
CC4: 1.7
RRS: IEARE R
Enkgr: Capacikor F) Fesult: Fgsiskor & 0600

Input Screen

Pass for Type.

Enter 10 for fO and 10 for A.
Enter 1 for Q and 1E-6 for C.
Press[F2] to calculate the results are displayed on the screen above.

EE Pro for TI-89, 92 Plus
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Chapter 7 Gain and Frequency

This chapter covers the basic principles of circuit analysis using a transfer function model and plots the resulting
equations using the classical graphical representation often referred to as a Bode diagram for gain or phase:

Transfer Function
Bode Diagrams

7
0‘0
7
0‘0

7.1 Transfer Function

A transfer function is defined as the ratio of an output to its input signal and is generally modified by a network
between the two. In the classic sense, the transfer function is dependent upon the output and input definitions and
is represented by aratio of two polynomials of the complex frequency, s_. The roots of the numerator and
denominator polynomials are referred to as zeros and poles, respectively. Transfer functions can be defined by the
poles and zeros or by the coefficients of the numerator and denominator polynomials. The results computed
include symbolic expressions for the transfer function and its partial fraction expansion.

Field Descriptions

Inputs: (Type of Input) Press[ENTER] to select Roots or Coefficients. Determines whether
the third and fourth fields are Zeros and Poles or Numer and
Denom.

Constant: (Constant Multiplier) Enter areal number. Defaultis 1.

Zeros: (Numerator Roots - if Roots is chosen for input type)

Enter an array or list of real numbers. The number of
zeros must be less than the number of poles.

Poles: (Denominator Roots - if Roots is chosen for input type)
Enter an array or list of real numbers. The number of
poles must be greater than the number of zeros.

Numer list: (Numerator Coefficients - if Coefficients is chosen for input type)
Enter an array or list of real numbers. The number of
numerator coefficients must be less than the number of denominator
coefficients.

Denom list: (Denominator Coefficients - if Coefficients is chosen for input type)
Enter an array or list of real numbers. The number of
denominator coefficients must be greater than the number of
numerator coefficients.

H(s)_: (Transfer Function) Returns a symbolic expression in the following form:

EE Pro for TI-89, 92 Plus 29
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ab-at

PFE_: (Partial Fraction ExpansionReturns a symbolic expression of the form:
K1l K2 K3

+ +
1-5) [1-5] (1-%=
pl p2 p3
Example 7.1

Find the transfer function and its partial fraction expansion for a circuit with a zero located at -10 r/s and three poles
located at -100 r/s, -1000 r/s and -5000 r/s. Assume that the multiplier constant is 100000.

+... Eq. 7.1.2

HE F4 FE Fi Fi Fz :
direi i | Wigw | Oets- | Edit fived k| Migw | Oetse | Edit

L
Transfer Funckion TrEansFer Funckion TransFer Functil:ll'll

) FYy FE Fa

B I':E;"":i?‘: oo | e

Input=: Footss Inputsi Rootss

Constant: 1ogoan Constant: 160000, -25.4592 | 27.5  _ 2.04¢

Poles list: EPEE e s+ 3000 0 s_+ 1000 s_+1

FFE-

Enker: Foles £R1 ... Bnd nixm Enter: Foles {Ris. . RnZ nxm Nigta: Farkial Frackion cxpansisn k

Input Screen Output screen Partial view of Partial Fraction
Expansion form for H(s)

1. Choose Roots fdnputs .

2. Enter 100000 fo€onstant , {-10} for Zeros, and {-100 -1000 -5000} foPoles .

3. Pres$2] to calculateH(s) andPFE_.

4. To viewH(s) in Pretty Print format, pre§] andENTER]. Alternatively, the&p)key can be pressed to achieve

the same result.

Now you are ready to go on to the next example. BE&Hg0 return to thesain and Frequency screen and
selectBode Diagrams

7.2 Bode Diagrams

The behavior of the transfer function, as the frequency of a sinusoidal source varies, is of great interest to engineers.
A very effective way to grasp the relationship between transfer function and frequency is to plot the magnitude and
the argument of the transfer function on two separate graphs. These plots are often called Bode gain and phase plots.
A gain plot shows the magnitude of the transfer function expressed in decibels (dB) as 20*LOG(Magnitude of
Transfer Function) as a function of the logarithm of the radian frequencythe horizontal scale. The phase plot

shows the argument of the transfer function expressed as the phase angle (i.e., ARG (Transfer Function) ) plotted as
a function of the logarithm of the radian frequency on the horizontal scale.

Field Descriptions

Xfer: (Transfer Functiop Enter a symbolic expression.
Indep: (Independent Variable Enter a global name. Default & .
Graph Type:  (Bode Gain or Bode Phase Pres$ENTER] and select Gain or Phase.

Determines whether the y axis range fields appear as
A-Min andA-Max (for Gain) orB-Min and@-Max
(for Phase).

EE Pro for TI-89, 92 Plus 30
Analysis - Gain and Frequency



w-Max: (Maximum Frequency in r/s - X axis) Enter areal number.

Autoscale: (Scales the plot: hides A-min and A-max fields)
Press[F6] to select.
Label Graph Attaches |abels to the graph.
Full Screen Select to graph the results in afull screen display.
A-Min: (Minimum amplitude in dB (Y axis) - if Gain is chosen for Plot Type)

Enter area number.

A-Max: (Maximum amplitude in dB (Y axis) - if Gain is chosen for Plot Type)

Enter area number.

0-Min: (Minimum amplitude in dB (Y axis) - if Phase is chosen for Plot Type)

Enter areal number, which will be interpreted as
degrees or radians, depending on the current setting
in the Custom Settings screen.

Example 7.2
Graph the gain and phase plots for the transfer function just computed in the previous example.

F1 R F= Fi_ | _F5 | FB FL [ 7% Fu_| FE FE
Toalse| $~ivz | Grarh | £plit | Orfs- | Edit jiva | Grarh | SRTit | Opkse | < Check
Eode Diadram Eode Diadram
“fersEE Graph Tupe! Gain® T

IndeE= =_ X a—fin: .1

Graph Tupei! Gains w—Max: 100000,

w—Mind .1 “Autoscale

a—Max: 100006, A-Min: -103F. 045
“Autoscale A-Maxi -34. 8645
A-Min: -81.0019 | ahel Graph

FMaw: -di: ' PFOIT Screcn Braph
Entgr: TransFer Funckion | Z&1ect: Graph on Full oF selit screen?

Graph Dialogue (Upper and Lower displays)

-
Phase (r»
+

Gain (dBX
+

i—LDj( W oFSEE

i—LDjﬁm [
-1 . 04 -3, }9EI49

HMAlW ERD AUTO FUHC HMAld ERD AUTO FUHC
Bode Gain Diagram Bode Phase Diagram

Graph the Bode Gain vs. Radian frequency

1

Complete the entire example for the Transfer Function section.

In the Bode Diagram screen, the Xfer field contains the Transfer Function H(s) _ calculated in the
previous example. A choiceisavailable to the user for Graph Type (Gain or Phase).

Chooses_ for Indep. (Thedefaultiss_ and should rarely be changed, because the Transfer Functions
screen always generates transfer functions as functions of lowercase s_).

Enter 0.1 for w-Min as the start of the radian frequency plot.

Enter 50000 for w»-Max as the endpoint of the radian frequency plot.

Put a check mark in the Autoscale field. Press[Fe] if necessary

Put a check mark in the Label Plot field. Press[Fé] if necessary.

Put a check mark on Full Screen graphing mode. If thisfield is not checked, the graph will default to the
right half of the screen.

Press[F3] to graph the transfer function.

Press followed by [APPS]to toggle between the input screen and the graph window when split-mode is
active.

Graph the Bode Phase vs. Radian frequency

1

In order to graph the phase of the transfer function, select Phase for Graph Type.

Follow graphing sequence as defined in the section above.
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Chapter 8 Fourier Transforms

This section contains software computing discrete “ Fast” Fourier transforms and its inverse.

% FFT % Inverse FFT

8.1 FFT

A physical process can be monitored in two significantly different ways. First, the process can be monitored in
time domain in analog or digital form. Second, the data can be collected in the frequency domain in analog or
digital form. In avariety of measurement and digital storage devices, datais gathered at regular, discrete time
intervals. This data can be converted to its equivalent set in the frequency domain by the use of the so-called FFT
algorithm. This algorithm maps a data array of N items to the corresponding array in the frequency domain using
the following equation.

N-1

— -21j(RM/N
Hy Z h, [ Eq.8.1.1
n=0

The variable hy, is the nth element in the time domain and Hy, is the kth element in the frequency domain. The

FFT algorithm treats the data block provided as though it is one of a periodic sequence. If the underlying datais
not periodic, the resulting FFT-created wave is subject to substantial harmonic distortion. This section does not
pad the input array with 0's when the number of data pointsis not a power of 2.

Field Descriptions

Time: (Time Signal) Enter an array or list of real or complex numbers.
Freq: (Frequency Spectrum) Returns spectral coefficients.
Example 8.1

Find spectral coefficients for the periodic time signal [1 2 3 4].

1. Enter[1234]for Time.

2. Press(F2] to calculate and display resultsin the frequency domain Freq.
3. The screen display of the output and the input are shown below.

Fi F& ] ] FE |+ Fi F& ] ] FE |+
Toolse| Zolug | ixar i | Wiew | Opkse Toolse| Zolug | ixar i | Wiew | Opkse
FFT —Input Screen

Time: {1,2,3,42 Time: £1,2,3.43

Freqil Fres : EEESUISIrPES VI

Output of Computation -

Fesulk: Freauency Seeckrum Fesulk: Freauency Seeckrum
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8.2 Inverse FFT

This section focuses on transforming data from the frequency domain to the time domain. The inverse transform

Eq.8.2.1

1 N-1 /
h. = — H ®2njmm N
n N l; k

algorithm uses the relationship displayed in the above equation, where Hy is the kth element in the frequency
domain and hy, is the nth element in the time domain.

Field Descriptions

Freq: (Frequency Spectrum) Enter an array or list of real or complex numbers.
Time: (Time Signal) Returns time signal.
Example 8.2

Find spectral coefficients for the periodic time signal [12 32 1].

1. Enter[12321]for Freq.
2. Press to calculate and display results in the time domain Time.
3. The screen display shows the computed results.

B F4 FE

) F4 FE .
Siver® | Vigw | Orkse

e b | Wiew |Opkie |
Inuerse FFT
?r_‘eq:.{l 22, 3,2, 1

Fesudt: Tire Sidnal Fesult: Tirg sidnal

Input Screen Output Screen
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Chapter 9 Two-Port Networks

This chapter covers the basic properties of two-port network analysis under three topical headings.

<+ Parameter Conversion «+ Interconnected Two-Ports
% Circuit Performance

9.1 Parameter Conversion

Many electrical or electronic systems are often modeled as two-port

input output | networks with four variables, namely input voltagg, input
by < currentl 1, output voltagd/,, and output curreriy. The two-port
| network is a black-box approach to solving simple to sophisticated
Vv z,y.h g Vv problems of electrical and electronic circuits. The schematic
! aorb 2 representation (Fig. 9.1) shows a two-port network where all four
J variables are identified. For instance, a two-port network
—_)————— — = characterized bg parameters is defined by the following pair of
equations:
Fig. 9.1 Two- Port Network Model
V1= 11[Z11+| 2Z 12 Eq.9.1.1
V2=11Z21+ 1| 2ZZ 22 Eq.9.1.2

The four components & parameters are defined as follows:

Z,=Vy/l;  with 1,=0 Zn=V,/l;  with 1,=0

The table below lists the independent variables for two-port circuits, followed by the dependent variables and two-
port parameters associated with each set of independent variables. Conversion of parameters from one type to
another is covered in this section.

Independent Variables | Dependent Variables| Two-Port Parameter Typd

I, 12 Vi, V2 y4
V1, V2 I1,12 y

11, V2 V12 h

12, V1 I3, V2 g

Vo, 12 Vilp b

Vl, 1 VZ, o a
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Field Descriptions - Input Screen

The software is configured for the entry of two-port parameters; an input of one type and an output of another type.
Input Type : Selecting this item (highlighting and pressiEIER] ) displays a menu of input types available to the

user. Selectingz, VY, h, 0, q or b automatically updates the names of the remaining parameter to reflect the choice
of input type. Thus iZ were selected, the inputs would have the labels listed below:

Z11 : Enter areal or complex number, variable name, or algebraic expression of defined terms.
Z12_: Enter a real or complex number, variable name, or algebraic expression of defined terms.
Z21_: Enter a real or complex number, variable name, or algebraic expression of defined terms.
Z22 : Enter a real or complex number, variable name, or algebraic expression of defined terms.

Output Type : Pres$ENTER] to displayz, Y, h, g, &, or b, use® to move the highlight bar to select the choice
and pres§ENTER].

Note: The help text (e.g., “Enter P1 Impedance V1/I1 (12=0)") shows whether the ratio is an impedance,
admittance or dimensionless ratio, which port is being described, and whether it is the current or the voltage
that is open.

Field Descriptions - Output Screen
..11 : Returns a real or complex number, variable name, or algebraic expression.
..12_: Returns a real or complex number, variable name, or algebraic expression.
..21_: Returns a real or complex number, variable name, or algebraic expression.
..22_: Returns a real or complex number, variable name, or algebraic expression.

Conuert Faramgbers
Input T?pe rtd

Out.put. Tgpe | i

TYVFE OF UZE £+14 + [ENTER] OK [EZC] Choose: Dukpuk Faram. T¥es
Menu of available Input screen updates
Input types for choice of input type

Example 9.1
Convert a resistive two-port network withq = 10,2152 =7.5,2p1 =7.5,z2 =9.375 into its equivalemnt

values.
1. Choose for Input Type .
2. Enter 10forll , 7.5forz12 , 7.5 forz21 , and 9.375 for22_.
3. Choosé for Output Type .
4. Pres$2] to calculate the results which are displayed in the output screen shown below.

Conuett Faramekcrs

Input. T?pe= il Prm 1 zlZ2_: 7.5 T
Prm 1 zIl_: 1@, :

Prm 1 zld_: F.5

Prm 1 221_= =

Prm 1 =22 9,375

Output Tgpe =

i
[{F ST

B

Choose: Outeut Faram. Teee Fesult: F2 udm:ttunct (R

Input Screen Output Screen
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9.2 Circuit Performance

This section computes the circuit performance of a two-port network.
Given a voltage source with a finite impedance and a finite load, the
software will compute the input and output impedances, the current
and voltage gains, the voltage gain with reference to source, the zL
current gain to the source, the power gain, the power available to t
load, the maximum power available to the load, and the load
impedance for maximum power deliverable to the load. @~  =——f—e—e—e——o

Field Descriptions - Input Screen
Parameter Type : Pres$ENTER] to selecg, Y, h, g, & orb.

B - Enter a real or complex number, variable name, or algebraic expression
of defined terms.

W12 Enter a real or complex number, variable name, or algebraic expression
of defined terms.

.21 Enter a real or complex number, variable name, or algebraic expression
of defined terms.

.22 Enter a real or complex number, variable hame, or algebraic expression
of defined terms.

Vs_: (Source Voltage inV Enter a real or complex number, variable name, or algebraic expression

of defined terms.

Zs_: (Source Impedance i) Enter a real or complex number, variable name, or algebraic expression
of defined terms.

ZL_: (Load Impedance i) Enter a real or complex number, variable name, or algebraic expression
of defined terms.

Field Descriptions - Output Screen

Zin_: (Input Impedance if2) Returns a real or complex number or algebraic expression.
lout_: (Output Current in A Returns a real or complex number or algebraic expression.
Vout_: (Thevenin Voltage in)V Returns a real or complex number or algebraic expression.
Zout_: (Thevenin Impedance @) Returns a real or complex number or algebraic expression.
Igain_: (Current Gain Returns a real or complex number or algebraic expression.
Vgain_: (Voltage Gai Returns a real or complex number or algebraic expression.
VgainAbs_: (Absolute Voltage Gajn Returns a real or complex number or algebraic expression.
GP: (Power Gair) Returns a real or complex number or algebraic expression.

Pmax: (Maximum Power at ZLopt in )V Returns a real number or algebraic expression.
ZLopt_: (Optimum Load Impedance {®) Returns a real or complex number or algebraic expression.

Example 9.2

A transistor has the following-parameter$i11__ =10 ohmsh12_ = 1.2,h21_=-200,h22_= .000035_siemens.
The source driving this transistor is a 2 volt source with a source impedance of 25 ohms. The output port is
connected to a 50 ohm load. Find the performance characteristics of the circuit.

1. Selech parameters to prepare the input screen to receive input.
2. Entethll_=10,h12_=1.2,h21_=-200,h22_=.000035

3. Entervs_ =2 volts,Zs_ = 25 ohms, andL_= 50 ohms.

4. Pres§2] to solve for the characteristics.

5. The result of the calculations is presented below:
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. tirf:E:i::F:::-zr'F:ri'T:;ncTu' tin‘:.uilz F::zriorm-unc-z

Eeroncisy Torg Fioe f e e '
Frm 1 hlz Hout—: 1;EEEEE Toaim_t -139,851
Frm 1 h2l_: -2E0, Zout_r 145833 Ugain_: 833
Frm 1 _h@37: DE0O35 Tgain_! -199,E51 UoainAbsi . 2090
Us_: 2z, gain_: 532838 5P Bed.
£5_% 25, UgainAbs: 830905 Prax: 4.761
ZL_: 5a. + G 47 + ZLopt._t
Choose: Farameter Ters FiesuTt: Ineut impedance Fesult: Ortiraur Toad imeedance
Input Screen Results: Upper Half Results: Lower Half

Zin_ (Input Impedance 11989.03667 ohms

lout_ (Output Curreny -.033236 amps

Vout_ (Thevenin Voltage 1.66666 volts

Zout_ (Thevenin Impedange .145833 ohms

Igain_ (Current Gair) -199.651

Vgain_ (Voltage Gain .832638

VgainAbs (Absolute Voltage Gajn .830906

GP_ (Power Gain 664.947

Pmax: (Maximum Power at ZLopt 4.76188 watts

ZLopt_ (Optimum Load Impedange .145833 ohms

9.3 Connected Two-Ports

Two-port networks constitute basic building blocks of linear electrical or electronic systems. In the design of large,
complex systems, it is easier to synthesize the system by first designing subsections. Large and complex systems can
be built using simpler two-port building blocks. Assuming that Brune’s criteria is valid for these networks, the two-

port subsections can be interconnected in five ways:

Network 1 Network 2

1. CascadeThe output of network 1 is connected directly to the input

of network 2. Cascade
2. Series-SeriesThe inputs and outputs of the two networks are both o
connected in series. |: :l

Network 2

Series-Series

3. Parallel-Parallel: The inputs and outputs of the two networks are o |
both connected in parallel. |
Network 2
Parallel-Parallel
Network 1 P
4. Series-Parallel:The inputs of the two networks are connected in B
series, while the outputs are connected in parallel. I: | |

Network 2

Series-Parallel

Network 1

5. Parallel-Series:The inputs of the two networks are connected in
parallel, while the outputs are connected in series. :I

Network 2

Parallel-Series

This section accepts parameters for either netwolk wsh, g, a, orb and yields the output in any form based on
the choice made.
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Field Descriptions - Input Screen
Connection :  (Type of Connectign Pres$ENTER] to select Cascade, Series Series, Parallel Parallel, Series
Parallel, or Parallel Series.
First Input Type : Pres$ENTER] to select parameter ty@e Y, h, g, @, orb for entry.
..111 : Enter a real or complex number, variable name, or algebraic expression of defined terms.
..112 : Enter a real or complex number, variable name, or algebraic expression of defined terms.

..121 : Enter a real or complex number, variable name, or algebraic expression of defined terms.
..122_: Enter a real or complex number, variable name, or algebraic expression of defined terms.

Second Input Type : Pres$ENTER] to select parameter typg, Y, h, g, a, or b for entry.

..211 : Enter areal or complex number, variable name, or algebraic expression of defined terms.
..212_: Enter a real or complex number, variable name, or algebraic expression of defined terms.
..221 : Enter areal or complex number, variable name, or algebraic expression of defined terms.
..222_: Enter a real or complex number, variable name, or algebraic expression of defined terms.

Output Type : Pres$ENTER] to selecz, Y, h, g, a, or b.

..11 : Returns a real or complex number, variable name, or algebraic expression of defined terms.
..12_: Returns a real or complex number, variable name, or algebraic expression of defined terms.
..21_: Returns a real or complex number, variable name, or algebraic expression of defined terms.
..22_: Returns a real or complex number, variable name, or algebraic expression of defined terms.

Example 9.3

The 2 two-port networks are defined in terms of tdeindh parameters. Theparameters are 10, 7.5, 7.5, 9.375
respectively while thé parameters are 25, .001, 100, .0025. If the two-ports are connected in a cascade
configuration, compute thy parameters for the resulting equivalent two-port. To solve this problem:

1. Choose Cascade fGonnection .
2. Choose for First Input Type .
3. Enter10fozll , 7.5forz12_, 7.5 forz21 , and 9.375 foz22_.
4. Choosé for Second Input Type .
5. Enter 25fohll ,.001 forh12_, 100 forh21 , and .0025 foh22_.
6. Choosgy for Output Type .
7. Pres§?] to complete the computation. The resulting data is shown in the screen displays shown.
o i '.E:w DE?ST l:hF\?lEMtl S ﬂE?ﬁflEhF\?lEMt
Tuo-Forks| [Cennected Twa-Forts|
C t Frm 1 z21_f 7.5 T Frm 2 hlZ_i , 001 T
F?pgiclnwmpu pei z3 Frm 1 z22°: 5 375 Frm 2 h7i_: 1od,
Frm 1 zll_: 106, Second Input Tupe: h+ Frm Z hZz_: QO0Z5
Frm 1 zl2 @ 7.5 Frm 2 hil_® 25. Output. Tlfpe= ?-}
Prm 1 =21 : .5 Prm 2 h127: [BO1 Frm 0 giI 1 119565
Prm 1 =z22_: 9,375 Prm 2 h21_: 100, Prm O gl2_:
Second Input Tupe: h+ Frm 2 h2z2_: Q023 Frm O gz2l_:
Frm 2 hil_s 25. + Output. Tupe: IR + Frm 0 J22_: CIES
Choose: Conneckion Choose: Qukrut Faram. Tere Fesult: P& admitbance [2/WE (M=)
Input screen showing Input screen showing h Output screen showing y
z parameters for the parameters for the parameters of the combined
first two-port. Second two-port. Two-port.
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Chapter 10 Transformer Calculations

This chapter covers the software features used to perform to calculations for electrical transformers. This section is
organized under three categories:

%+ Open Circuit Test +«+ Chain parameters
+« Short Circuit Test

10.1 Open Circuit Test

An open circuit test described here is usually performed at rated conditions of the primary or secondary side of a
transformer. It is common practice to apply a voltage to the primary side. The measured parameters which include
primary and secondary voltages, current, and power determine the core parameters of the transformer.

Field Descriptions - Input Screen

V1 (Primary RMS Voltage inV Magnitude only. A real number, variable name, or algebraic
expression of defined terms.

V2: (Secondary RMS Voltage in V  Magnitude only. A real number, variable name, or algebraic
expression of defined terms.

11: (Primary RMS Current in A Magnitude only. A real number, variable name, or algebraic
expression of defined terms.

PP1: (Primary Real Power in W A real number, variable name, or algebraic expression of defined
terms.

Field Descriptions - Output Screen

n: (Primary to secondary turns rafioReturns a real number or algebraic expression.
Q1: (Reactivepower in W Returns a real number or algebraic expression.
Gc: (Primary core conductance in S) Returns a real number or algebraic expression.
Bc: (Primary core susceptance in S) Returns a real number or algebraic expression.
Example 10.1

Perform an open circuit test on the primary side of a transformer using the following data: The input to the primary
coils with the secondary side open is 110 volts, and a current of 1 ampere and a power of 45 watts. The secondary
open circuit voltage is 440 volts. Find the circuit parameters of the transformer
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17100, 374
Goi JEEEF1D
Boci -.0A5E9S

Enter: Frimary Feal Fowcr (R Soluind now...

Input Screen Output Screen

1. Enter the values 110 fotl and 440 fov2.

2. Enter 1 foll and 45 foPP1.
3. Pres§2] to calculate and display the results, as shown above.

10.2 Short Circuit Test

Short circuit tests are often a quick method used to determine the winding impedance of a transformer and are
usually reported at rated kVA values. This test consists of placing a short circuit across the secondary windings and
applying a small primary voltage to measure the secondary current, and power supplied to the transformer. The
calculated circuit parameters (i.e., resistance and reactance of primary and secondary coils) are based on the
assumption that the heat dissipation in the primary and secondary windings are equal.

Field Descriptions - Input Screen

V1: (Primary RMS Voltage in)V Magnitude only. A real number, variable name, or algebraic
expression of defined terms.

12: (Secondary RMS Currentin A Magnitude only. A real number, variable name, or algebraic
expression of defined terms.

PP1: (Primary Real Power in W A real number, variable name, or algebraic expression of defined
terms.

kVA: (kVA rating in kVA) A real number, variable name, or algebraic expression of defined
terms.

V1R: (Primary Voltage Ratingin) A real number, variable name, or algebraic expression of defined
terms.

Field Descriptions - Output Screen

n: (Primary to secondaryurns ratio Returns a real number or algebraic expression.
QP1: (Primary Reactive Power in )W Returns a real number or algebraic expression.
RR1: (Primary Resistance i) Returns a real number or algebraic expression.
RR2: (Secondary Resistance @) Returns a real number or algebraic expression.
XX1:  (Primary Reactance i) Returns a real number or algebraic expression.
XX2:  (Secondary Reactance §p) Returns a real number or algebraic expression.
Example 10.2

Short circuit test data is taken on a transformer. A primary input voltage of 5 volts forces 18 amperes of current into
the secondary winding under short circuit conditions. The power supplied for the test is 5 watts. The transformer has
a kVA rating of 30 and a primary voltage rating of 110 volts. Find the parameters of the of the transformer.

T-:u:-1s- So1u-z ;'.ﬁ #| Mg | Orkse Ed:t T-:-F-:-:‘:Ih S:‘Fu-z -ZEE..= i
h-:-rl: Citcuik Test
Ui %
I2:
PR1: 5.
kWA 30,
Uik: 116,
Entgr: primary KMS woaltads (F) Fsulk: :-z-cndur'y Feackance (6
Input Screen Output Screen
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1. Enter the values 5 ff1 and 18 for2.
2. Enter 5 folPP1, 30kVA rating and 110 fov1R.
3. Pres§2] to calculate the results, which are displayed in the output screen.

10.3 Chain Parameters

Chain parameters (or the so-called ABCD parameters) are convenient problem-solving tools used in solving
transmission and distribution problems. The parameters are expressed essentially as two-port type parameters by the
use of the following pair of linear equations:

z1 n2.z2

Vin = A Wout — BOout Eg. 10.3.1

Be Ge lin = C Wout — DOout Eq. 10.3.2

whereVin andlin are input voltage and current, avidut andlout are output voltage and current. (All quantities
in the diagram refer to the primary winding.) This approach is useful as cascaded transformers follow two-port
network rules.

Field Descriptions - Input Screen

ZZ1 : (Primary impedance i) A real or complex number, variable name or algebraic expression of
defined terms.

ZZ2_: (Secondary impedance {®) A real or complex number, variable name, or algebraic expression of
defined terms.

n: (Primary to secondarjurns ratio Returns a real number, variable name, or algebraic expression.

Gc: (Primary core conductance i S A real number, or algebraic expression of defined teor0.

Bc: (Primary core susceptance in S A real number, or algebraic expression of defined t&o.

Field Descriptions - Output Screen

Param A_: (A Parametey Returns a real or complex number, or algebraic expression.
Param B_: (B Parametey Returns a real or complex number, or algebraic expression.
Param C_: (C Parameter Returns a real or complex number, or algebraic expression.
Param D_: (D Parametey Returns a real or complex number, or algebraic expression.
Example 10.3

A transformer has a primary and secondary impedance of 250 +a28*50 + 10 and a turns ratio of 0.2. The
conductance and susceptance of the primary coil is .001 and -.005 respectively. Rir, l8andD parameters.

|’F1'[F2 ]'__5'3 ]‘_rn]rs ]‘rq'”
Todlse| foling |4 [ Wiew |Opfs- | Edit FL | FE | .FF F B
[Ehain Farameters] Toutis c;*fﬁ: "'-*:“ OF ts

ZZ1_% (250,423, %0 [Chain Fararmkers]

2223 (SO.+10.%i) 2e2-1 (OU.+10.x) T

ni .2 Gei . EE1

pet il Eci “.OE5

Bic : A Faram A_f (.227+, 2546 )
Param B_f (1258,8+130. %40
Faram C_: . 0002+, 001§
Faram D : =P EEER

Enter: Frimary corg suscerk. 021 Reiult: D Faramsker

Input Screen Output Screen

1. Enter the values of 250 + 23and 50 + 10#for ZZ1 and ZZ2_.
2. Enter.2fon, .001 and -.005 fo&¢c andBc respectively.
3. Pres$2] to calculate the results, displayed in the output screen above.
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Chapter 11 Transmission Lines

This chapter covers the basic principles of transmission line analysis covered under four categories of topics:

o,

< Line Properties < Fault Location Estimate
« Line Parameters + Stub Impedance Matching

11.1 Line Properties

This portion of the software computes the characteristic parameters of a transmission line from fundamental
properties of the wires forming the transmission line. A variable name can consist of a single undefined variable
(such as ‘a’ or ‘x’) or an algebraic expression of defined terms of defined variables which can be simplified into a
numerical result (such as ‘x+3*y’, where x=-3 and y=2). All entered values are assumed to be common Sl units (F,
A, kg, m, s, Q) or units arbitrarily chosen by the user (such as sugngthwhich can be in m, km, miles pm).

Field Descriptions - Input Screen

L: (Series Inductance in H/unit Length A real number, variable name or algebraic expression of
defined terms, BO.

R: (Series Resistance ®unit Length A real number, variable name or algebraic expression of
defined terms ,R0.

G: (Shunt Conductance in Siemens/unit Ley@jtreal number, variable name or algebraic expression of
defined terms, 0.

C: (Shunt Capacitance in F/unit Length A real number, variable name or algebraic expression of
defined terms, £0.

ZL_: (Load Impedance i) A real or complex number, variable name or algebraic
expression of defined terms, Z0.

d: (Distance to Load - unit length A real number, variable name or algebraic expression of
defined terms, d>0.

f: (Frequency in He A real number, variable name or algebraic expression of

defined terms, >0.

Field Descriptions - Output Screen

ZZ0 _: (Characteristic Impedance i) Returns a real or complex number, variable name, or
algebraic expression.

YYO_: (Characteristic Admittance in Siemgns Returns a real or complex number, variable name, or
algebraic expression.

a. (Neper Constant in 1/unit length Returns a real number, algebraic expression.
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B: (Phase Constant in degrees or radians/unit lehgth
Returns a real number, or algebraic expression.

A: (Wavelength in unit leng}h Returns a real number or algebraic expression.
vp: (Phase Velocity in unit length/s Returns a real number or algebraic expression.
Zoc_: (Open Circuit Impedance if?) Returns a real or complex number, or

algebraic expression.
Zsc_: (Short Circuit Impedance i) Returns a real or complex number, or

algebraic expression.
P_: (Reflection Coefficiet Returns a real or complex number, or

algebraic expression.
SWR: (Standing Wave Ratfio Returns a real number, or algebraic expression.
Example 11.1

A transmission line has a series inductance of 1 mH/mile, a line resistance of 85.8 ohm/mile, a conductance of .0015

x 106 Siemens/mile, and a shunt capacitance of 62 R EOnile. For a load impedance of 75 ohms and a
frequency of 2000 Hz, compute the line characteristics 3 miles away from the load.

Note: Since the unit length is the mile, all entered and calculated values are with respect to miles.

PE
direi | Wiew | Orks= | Edit

a 3115
? [ ZEICIG i 63?32'3182 418, 71244 )
: o . - N 1
Fsc_: (P55.857-15.5235%i1 4

Enter: Frequency (Hxd Fesult: Characksristic impedance (580 Fesult: Standind waus Fakio

Input Screen Output Screen (upper half) Output Screen (lower half)

Enter the values 0.001, 85.8, and .0015E-& f&, andG, respectively.

Enter the values 62E-9, 75, and 3@oZL_, andd, respectively.

Enter 2000 fof.

Pres§2] to calculate the results. The input and output screen displays are shown above.

POdPE

11.2 Line Parameters

This topic computes fundamental parameters of a transmission line from measured data. The algorithm used in this
section solves foy in the equatiori1.2.1 wherey=a + jB. In generay, Zsc_, andZoc_ have complex values. In

solving fory, there is a principal value and a set of equivalent values because of the cyclical nature of the equation.
Recognizing the fact that physical parameters suéh s G, C, andvp are all real and positive numbers, extreme

caution should be exercised when entering input data. In partiduaguld be less than one wavelength.

Z
tan(y [d )= % Eg. 11.2.1

Field Descriptions - Input Screen

Zoc_: (Open Circuit Impedance if?) Enter a real or complex number, variable or algebraic
expression of defined terms.
Zsc_: (Short Circuit Impedance if®) Enter a real or complex number, variable or algebraic

expression of defined terms.
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d: (Distance to Load Location/ unit length) Enter a real number or algebraic expression of
defined terms or variable.

f: (Frequency in Heriz Enter a real number or variable or algebraic
expression of defined terms.

Field Descriptions - Output Screen

R: (Series Resistance ®unit length Returns a real number or algebraic expression.
L: (Series Inductance in H/unit length Returns a real number or algebraic expression.
G: (Shunt Conductance in Siemens/unit lepgth Returns a real number or algebraic expression.
C: (Shunt Capacitance in F/unit length Returns a real number or algebraic expression.
ZZ0: (Characteristic Impedance i) Returns a real or complex number or algebraic
expression.
YYO: (Characteristic Admittance i®) Returns a real or complex number or an algebraic
expression. .
a (Neper Constant in 1/unit length Returns a real number or algebraic expression.
B: (Phase Constant in degrees or radians/unit lepgth
Returns a real number or algebraic expression.
vp: (Phase Velocity in unit length/s Returns a real number or algebraic expression.
Example 11.2

A transmission line is measured to have an open circuit impedance of 103.6255 i, 25@%h impedance under
short circuit conditions of 34.6977 + 1.78964t a distance 1 unit length from the load location. All measurements
are conducted at 10 MHz. Compute all the line parameters.

toatse] sifie [ e | vich [0fee [l Taitse| sitie |52 | wle | 0rte. | €l raitse] sitie | s | i [ortse [
Lini Farameters Line Faramekers Lini Faramekers

ot (103, 626—2, D20HE ) (1LLS, B =2 Tl ok ) L: 4.00542e-8 T

5_55T= 3 BT YL TETEERE D Fi LC1O935

T 1. ds 1.
1 I A
L: 3. 0BEd2e-
g: 010995
C: E.3vivde-1z 1 a0 E
Enker: Freauency (Hx) Enker: DEeh CikcUik impedancs (5 Fesulk: Phase uglociky (1enls)
Input Screen Output Screen (upper half) Output Screen (lower half)
1. Enter 103.6255 - 2.52bfor Zoc__.
2. Enter 34.6977 + 1.7896%or Zsc_.
3. Enter 1 and 10E6 far andf, respectively.
4. Pres$?2] to calculate the results and display them as shown above.

11.3 Fault Location Estimate

In this section, the equation set estimates the distance to the location of a fault condition in a transmission line. The
calculation is made from a few measurements and is based on the underlying assumption that the transmission line is
ideal.

Field Descriptions

Xin: (Input Reactance i) A real number, variable name, or algebraic expression of
defined terms.

RRO: (Characteristic Resistance @) A real number, variable name, or algebraic expression of
defined terms.

B: (Phase Constant - degrees or radians /unit lenpgth
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A real number, variable name, or algebraic expression of
defined terms.

docmin : (Minimum distance to an open circuit fault in unit lengths
Returns a real number, variable name, or algebraic expression.
dscmin : (Minimum distance to short circuit fault in unit lengths

Returns a real number, variable name, or algebraic expression.
Example 11.3

A transmission line measures a capacitive reactance of -275 ohms. The characteristic line impedance is 75 ohms,
and has a phase constant of 0.025 r/length. Estimate the location of the fault.

rf | Migw | Orks+ | Edik rf | Migw | Orkse | Edit
|F-:|u1l: Lac Eskipaake |qu'|l: Loc Estipaake
Wini-275. Hini—27S.
RREO: 75, RRO: 75,
docmin: 115,014
dscmin: 32.1212
Enker: Fhase Conskank 2/ Tend Solvind now...
Input Screen Output Screen

1. Enter the values -275, 75, and 0.025%or, RRO, and, respectively.
2. Pres$?] to calculate the results as shown in the screen display above.

11.4 Stub Impedance Matching

This topic calculates the parameters for a single-stub impedance-matching device. The location display and the
electrical length of an open and short-circuit stub can be computed from the input data. Because the solution is
circular in nature, there are two possible stub-locatitdinsndd2.

Field Descriptions - Input Screen

ZL_: (Load Impedance i) A real or complex number, variable name, or algebraic
expression of defined terms.

RRO: (Characteristic Resistance @) A real number , variable name, or algebraic expression of

defined terms.

Field Descriptions - Output Screen

Bxd1: (Electrical length from a stub at location d1 to the load in degrees or radians
Returns a real or algebraic expression.

Bxd1-sc: (Electrical length of a short-circuited shunt stub at distance d1 from load in degrees or jadians
Returns a real or algebraic expression.

Bxd1-oc: (Electrical length of an open-circuited shunt stub at distance d1 from load in degrees or yadians
Returns a real or algebraic expression of defined terms.

Bxd2: (Electrical length from a stub at location d2 to the load in degrees or radians
Returns a real or algebraic expression.

Bxd2-sc: (Electrical length of a short-circuited shunt stub at distance d2 from load in degrees or jadians
Returns a real or algebraic expression.

3+d2-oc: (Electrical length of an open-circuited shunt stub at distance d2 from load in degrees or yadians

Returns a real or algebraic expression.
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Example 11.4

A transmission line has a characteristic impedance of 50 ohms and a load of 75 ohms. Estimate the shorting stub
location for matching purposes.

F4 FE F&
Wit | Orts- | Edit

Skub Imesd Matchind

ZL-:@ 2L_*
RRO: . RRO:

i

F4 FE F&
Vigw | Orks- | Edik

Skub Imieed Matchind

.2
BdZ-zci 1,95839
BadZ-oct 387597

Entsr: Load impgdancs (500

Output Screen

Entsr: Load impgdancs (50

Input Screen

1. Enter the values 50 and 75 RIRO, andZL_ respectively.
2. Pres$?] to calculate the results as shown in the screen displays above.
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Chapter 12 Computer Engineering

This chapter covers functions of interest in the design of logic systems and circuits. The modules include binary
arithmetic, bit operations, comparisons and a form of logic minimization using the Quine-McCluskey algorithm:

< Binary Arithmetic < Binary Conversions
+ Register Operations + Binary Comparisons
+ Bit Operations « Karnaugh Map

Read This!

The format of integers ithe Computer Engineerirggction of EB®ro is (p)nnnn..., wherep is the letter prefidb,

0, d, orh indicating binary, octal, decimal, and hexadecimal, number systenmsrapdesents the legal digits for
the number base. If a number does not begin with a letter prefix in parenthesis, then it is assumed to be in the
number base set in tfi@)/Modes dialog. With the exception dginary Conversionno numbers with fraction

components are allowed to be entered. The TI-89 built-in binary conversion feature supports 32 bit word lengths.
EE<Pro has extended this feature to allow the user to modify the word size between 1 and 128 bits.

12.1 Special Mode Settings, the Key

The screen allows the user to set the parameters for solving binary problems. Hrékkekeo display a user

interface dialog box prompting the user to clarify and specify the foundation for digital arithmetic. Digital
arithmetic operations are allowed in binary, octal, decimal and hexadecimal number systems. As shown in the
screen display below, user input is needed in the following areas:

Base: Binary, Octal, Decimal and Hexadecimal.
Word size: Up to 128 bits.
Sign: Unsigned, 1's complement and 2's complement techniques.

The software allows three conventions for representing numbers.

1. Unsigned mode 4n the unsigned mode, the most significant bit adds magnitude and not the sign to the
number.

2. 1's Complement mode One's complement accommodates an equal number of positive and negative
numbers, but has two representations for zero; 0 and -0.

3. 2's complement mode There is just one representation for zero, but there is always one more
negative number than a positive number represented.

Leading O's are used for internal representation, but are not displayed as such.
Thus a number entered as 000110011 will be displayed as 110011
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Carry and Range Conditions -The shifting, rotating, arithmetic and bit manipulation operations can result in

Carry andRange Flagsbeing modified. The specific condition for the flags to be set depend upon the operation
being performed. Range flag is set if the correct result of the operation cannot be represented in the current word
size and the complement mode. When the result is out of range, the lower order bits that fit the word size are
displayed.

In Table 12-1 below, we have used an example for a binary word size of 5 bits to convey the conventions and its
decimal interpretation.

Table 12.1 Decimal Interpretation of a 5 bit Binary

1's Complement 2's Complement Unsigned

Binary Mode Mode Mode
01111 15 15 15
01110 14 14 14
01101 13 13 13
01100 12 12 12
01011 11 11 11
01010 10 10 10
01001 9 9 9

01000 8 8 8

00111 7 7 7

00110 6 6 6

00101 5 5 5

00100 4 4 4

00011 3 3 3

00010 2 2 2

00001 1 1 1

00000 0 0 0

11111 -0 -1 31
11110 -1 -2 30
11101 -2 -3 29
11100 -3 -4 28
11011 -4 -5 27
11010 -5 -6 26
11001 -6 -7 25
11000 -7 -8 24
10111 -8 -9 23
10110 -9 -10 22
10101 -10 -11 21
10100 -11 -12 20
10011 -12 -13 19
10010 -13 -14 18
10001 -14 -15 17
10000 -15 -16 16

Note: The EE- Pro introduces a new convention for entering the binary integers. Binary integers start
with (b), octal numbers start with (0), decimal numbers with (d) and hexadecimal numbers by (h). This
convention is introduced to ensure that the machine convention of using 0d would be interpreted
properly when in hexadecimal mode.
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AArAN

[Binary Arithretic]
Binarg 1:
Ei nar‘g 2
Operator: AOO+
Result:
Flags:
Enter: A number USE  AWD ¥ T0 OFEM CHOICES
Binary Arithmetic Screen Display activates mode dialog box.

Once the parameters have been set in the binary mode screen, pi888R)@ccepts the entries, while pressing
cancels the entries made. If an incorrect choice is made in the data entry, a dialog box pops up to alert the user
that an error has been detected in the data entered.

12.2 Binary Arithmetic

This section demonstrates how to add, subtract, multiply, and divide binary numbers, as well as negate or find the
absolute value of a binary integer.

Field Descriptions

Binary 1: (Input Field Enter an integer in the number base designatéd/Binary Mode or
an integer preceded by the number base in parenthesis (b, d, o, or h).
Binary 2 : (Input Field Enter an integer in the number base designatéd/iBinary Mode or
an integer preceded by the number base in parenthesis (b, d, o, or h).
Operator : (Binary Operation Press$ENTER] to select.
ADD Adds binary or real integer. Affects the range and carry flags.
SUB Subtracts the second binary or real integer from the first. Affects both the range
And carry flags.
MULT Multiply the two binary or real numbers. Affects both the range and the carry
flags.
DIV Divide the first binary integer by the second and returns the quotient. Affects
carry flag only.
RMD Divides the first binary integer by the second binary integer and returns the
remainder. Does not affect the range or the carry flags.
NEG Negate a binary integer. Affects the range flag only.
ABS Find the absolute value of a binary integer. Affects the range flag only.
Result: (Binary Function Valug Returns an integer result using the number base set in
(F4)/Binary Mode .
Flags: (State of Carry and Range FlggsReturns Carry if the carry flag is set.

Returns Range if the range flag is set.

Example 12.2
Multiply two real hexadecimal numbers 25a6 and 128d.
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,,f | Mode [oetse | ,,f : [ Mode [Drfse | Edit
[Binary Arithretic] [Einary Arithretic
Binarg 1@ th325AEG Binarg 1: Ch2Z5AG
Binarg 2: thalZ80 Binarg 2t
Operator: MULT= Operator: +
Resultil Result! ChiZBASSEE
Flags: Flags:
Fxsulk: Einary function valus Enktsr: i number
Input Screen Output Screen

1. PresqF4] to select hexadecimal f@ase:for data, 128 bits fowordsize, Unsignednumber system and press
to accept the choice.

Enter 25a6 for the fir@inary 1 number.

Enter 128d for the secoBihary 2 number.

ChooseMULT for Operator; presgF2] to compute the result. The screen displays above show the input

PowDd

screen and the resulting output.

Note: When a binary operation results in a quantity which exceeds the word size selected by the user, the range and
carry flags are automatically set, and the right-most digits of the result (i.e., the least significant portion of the

answer) will be displayed in the word size allocated. For example, if the word size is set to 32 bits (corresponding to
an 8 digit hexadecimal number), and two hexadecimal numbers, 87654321 and FEDCBA98 are added, the result is a
9 digit hexadecimal number 18641FDB9 which exceeds the 32 hit (8 digit) word size allocated for the result.

87654321
+ FEDCBA98
18641FDB9

The carry flag is set and the least significant eight digits of the actual result are displayed (i.e., 8641FDB9).
Retention of the least significant digits mimics the usual operation of microprocessors.

12.3 Register Operations

This section allows the user to perform operations on any bit of a binary integer. Such operations include shifting
bits to the left or right, rotating bits to the left or right, and shifting or rotating bits through the carry flag.

The input screen is updated to reflect the choice of operator. For instance, if weSlIhd®ReRR, RL, ASR no
additional input lines are displayed. On the other han8LN, SRN, RLN, RRN are chosen, a new line appears at
the input wanting an entry for the “no. of bitd!. WhenCarry is an integral part of the operation in cases such as
RLC, RRC, RLCN andRRCN, then input screen updates to inclu@asry andN as needed.

Field Descriptions

Binary : (Input Field Enter an integer in the number base
designated iff4)/Binary Mode or an
integer preceded by the number base in
parenthesis (b, d, o, or h).

N: (Number of places for shifting or rotating - Enter a real number.

appears only when SRN, RLN, RLN, RRN,
RLCN, or RRCN are seleched
Operator: (Binary Operation
Pres$ENTER] or (» to view options. Us&® key to move the highlight bar to the desired operator

and presfNTER] to select.

Note: Register operations set the carry flag if a 1 is rotated or shifted off the end,;
otherwise they carry flag is cleared.
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SL
SR
RL
RR
RLC
RRC
ASR
SLN
SRN
RLN
RRN
RLCN
RRCN

Result:

Example 12.3rorab

(Binary Function Valug

Fi H H
i b | Mode | Opkse

Shifts the input to the left by one bit and shifts a 0 into the right-most position.

Shifts the input to the right by one bit and shifts a 0 into the left-most position.

Rotates the input to the left by one bit. The left-most bit wraps around to the right-most
position.

Rotates the input to the right by one bit. The right-most bit wraps around to the
left-most position.

Rotates bits left by one bit through carry. Loads the left-most bit into the carry and
moves the carry bit into the right-most position.

Rotates bits right by one bit through carry. Loads the right-most bit into the carry and
moves the carry bit into the left-most position.

Arithmetic shift right: For 1's Complement and 2's Complement, it shifts bits to the right,
but keeps the left-most bit (and the sign bit) the same. For Unsigned mode, there is no
sign bit, a 0 is shifted into the left-most position.

Shifts left by N bits.

Shifts right by N bits.

Rotate left by N bits.

Rotate right by N bits.

Rotate left by N bits through the carry.

Rotate right by N bits through the carry.

Returns an integer result using the number base set in
(F4)/Binary Mode .

inary word 16 bits long, shift left by 6 bits, the octal number 2275.

¥ Fu FE ¥ F FE

Fi H i
sk | Mode | OFkse

Fedisker OFcrakiens Fedisker Orcrakions

ﬁ}haru= LolZ22FS

Operator: SLH+
Result:l
Flags:

Fssult: Einary function valus

ﬁ}haru= LolZ2EFS

Operator: SLHs
Besult:

Flags: Carry

Fssult: Einary fun<kion walus

Input Screen

Output Screen

1. Use thgF4] key to access the pop up screerBimary Mode and select octal fdase:and 16 bits fokVord
size; presqENTER] to accept the settings.

Hwn

12.4 Bit Operations

Enter 2275 for thBinary number.
Enter 6 foN, and choos&LN for the binary operation.
Pres$r2] to compute the result. The screen display above shows the input and the resulting output screens.

This section allows you
number of bits in a set.

Field Descriptions
Binary :
Bit #:

EE Pro for TI-89, 92 Plus
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(Input Field

(Bit Position - not active i£B is selected

to perform bit-specific operations. You can set a bit, clear a bit, test a bit or find the total

Enter an integer in the number base
designated iff4)/Binary Mode oran
integer preceded by the number base in
parenthesis (b, d, o, or h).

Enter a binary integer.
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Operator : (Binary Operatioi Pres$ENTER] or ® to select.

Note: All bit operations affect the carry flag only.

SB Sets the bit in the specified position.
CB Clears the bit in the specified position.

B? Tests the bit in the specified position.
2B Returns the number of bits set.
Result: (Binary Function Valug Returns an integer result using the number base set in
(F4)/Binary Mode .
Example 12.4

Find the bit sum of the a hexadecimal number AE34578F which is 32 bits wide.

T 4 FE |f T i FE |f
St | Mode | Dekse Gty | Mode | Dpkse
Eik I:Iper-uti-:-ns| Eit Operations
Binar*%: (h)REZ457EF Binar%: (h)REZ457EF
Operator: ZB+ Operator: ZH*
Result:l Result:
Fxsulk: BEinary Funcion ualus Fxsulk: BEinary Function nalus
Input Screen Output Screen

1. Us€F4] key to select hexadecimal fBase: for data type and 32 bits f@vord size ; pres4ENTER] to accept

the choices made.
2. Enter AE34578F for the Binary number.
3. ChooseB for theOperator. Presgr2] to compute the result. The screen displays above show the input and

the resulting output.

12.5 Binary Conversions

This topic demonstrates the process of converting real numbers to binary numbers and vice versa. The software
allows for the conversion of real numbers to the IEEE format. In 1985, the Institute of Electrical and Electronic
Engineers (IEEE), a professional association, developed standards for Binary Floating Point Arithmetic. This
Standard (referred to Standard 754), specifies two basic forms of floating-point formats: single and double precision.
The single precision format has 23 bits (23-bit significands), and 32 bits overalle BidgEe computed output is

in the single floating-point format. Binary entries in IEEE format are justified to the right with the last binary entry
appearing in the 0 bit.

31 3029 28 27 26 25 24 23 2221201918171615141312111098765432
sign (1 bit[31]) | base 2 exponent (8 bit [23-30])] mantissa (23 bit floating point [0-22]) |

Field Descriptions

Binary : (Input Field for B~ R16C and IEEE>) Enter an integer in the number base
designated iff4)/Binary Mode or an

integer preceded by the number base in
parenthesis (b, d, o, or h).
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Real: (Input Field for R~ B16C and- IEEE) Enter a real number.

Function : (Binary Functiorn) Pres$ENTER] to display choices available.
Real to Binary Converts a real number to a binary number (binary, octal, decimal or

hexadecimal). If a number with a fractional part is entered, the value is rounded
to the nearest integer. Affects the range flag only.

Binary to Real Converts a binary number (decimal, binary, hexadecimal or octal) to a real
number.

Real to IEEE Converts a real number to the IEEE 32 bit format. The word size is
automatically set to 32 bits. Affects the range flag only.

IEEE to Real Converts a IEEE number to a real number. The word size is automatically set

to 32 bits. Affects the carry and range flags.

Result: (Binary Function Valug Returns an integer result using the number base set in
(F4)/Binary Mode .
Example 12.5

Convert a real decimal number 42355 to its IEEE standard. View the number in binary (base two) mode.

Taotie] shive | Srash | Hote | nbis- | Chawse Fee| some [ b o | ihome | mefee | Bait s ani T:m; % I A3 [
Einary Conugrsions Einary Conughsions Einary l:-:-nu-zrsi-:-ns|
Eealtt‘lum- B 42355 EealtNum' : IEEE
IS ATY Hesl to JTEEES unction: Kea o *
Result: Rezult! C(hyioEniii@Eidnt.. b-iloogillaaiooiolallloal 1o]
Result
Choose: A Funckion Enkcr: A Feal nurbsr Migwe: Conugkbed value k
Input Screen Output Screen Result in Pretty Print (p.

1. Us€F4] key to select Binary faBase: and 32 bits fokWordsize . Pres$ENTER] to accept the choices made

2. Enter 42355 for thReal Num.
3. ChooseReal to IEEHor theFunction: presdF2] to compute the result. The screen display above shows the

input screen and the resulting output.

12.6 Binary Comparisons

This feature conducts a comparison of two binary numbers to determine if they are the same value, unequal, greater
than, less than, etc. These functions are commonly needed for software developers.

Field Descriptions

Binary 1 : (Input Field Enter an integer in the number base
designated ifF4)/Binary Mode or an

integer preceded by the number base in
parenthesis (b, d, o, or h).

Binary 2 : (Input Field Enter an integer in the number base
designated ifF4)/Binary Mode or an

integer preceded by the number base in
parenthesis (b, d, o, or h).
Operator : (Binary Operatiof Pres4ENTER] to select.

Note: All binary comparison commands affect the carry flag only.
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Compares two binary or real numbers. The result field shows a 1 if they are equal, otherwise 0.

LS|

Compares two binary or real numbers. The result field shows a 1 if they are NOT equal, otherwise
0.
< Compares two binary or real numbers. If the number in the first field is less than the number in

the second field, then the result field displays a 1, otherwise O.
> Compares two binary or real numbers. If the number in the first field is greater than the number
in the second field, then the result field displays a 1, otherwise 0.

< Compares two binary or real numbers. If the number in the first field is less than or equal to the
number in the second field, then the result field displays a 1, otherwise 0.
> Compares two binary or real numbers. If the number in the first field is greater than or equal to
the number in the second field, then the result field displays a 1, otherwise 0.
Result : (Binary Function Valug Returns 1 (True) or O (False).
Example 12.6
Determine whether the octal value 11215 and the hexadecimal value 128D are unequal.
T-:-F-:-:‘:Ih i'fé:.i-t 'I.w; i :E-'-::= - i “Ead i
Einary Cormpariiens Einary Cormparisens
Binary 1! (b lEOLEIAEELL. Binary 1 (b)10010100011..
Binary 2: BB EN Binarg 2! ¢bY1001EIA08117
Dpera%nr: * Dpera%nr:
Fesult: Fesult: false
Th)1Z5d
MAIN READ AUTO FUNC Choose: An Orekation
Input Screen Output Screen

1. This test can be performed, regardless of the settiigpf®: in the(F4]/Binary mode input screen, by

directly entering the number base prefix (b, o, d, or h) in parenthesis before the entered value. The software will

immediately convert the number to the base setting (binary, in this case).

Enter (0)11215 and (h)128D fBmary 1 andBinary 2 , respectively.

3. Choose th& Operator , andpresdF2] to compute the result. The screen display above shows the input and the
resulting output.

N

12.7 Karnaugh Map

The program provides a symbolic representation of a minimization method in a “sum of products form.” The
variable name is restricted to one character per variable and is case-sensitive. The output is an algebraic expression
for the prime implicants. In this representation, a logic variable £&.gepresents its true value, whi¢ is used to
represent its logical negation.The algorithm uses a form of minimization developed by W.V. Quine and E.J.
McCluskey. An exact minimum is usually not possible to obtain because of the amount of computation involved

(the problem is not np complete; Ref. Logic Design principles by E. J. McCluskey, Prentice Hall, 1986, p. 246).

Field Descriptions

Minterms: (List if Mintermg A list of real positive integers representing the decimal
number of the inputs for a true output. Thus if we
have 4 inputs, the minterms would be a list such as
{2,3,4,6,7,8,15} for which the output is a logical 1.

Don't Care: (List of Don't Care Ternjs A list of real positive integers representing the decimal
number of the inputs for which the logical system does not
care if the output is true or false. Thus if we have 4 inputs,
the Don't Care terms would be a list such as
{0,9,10} for which the output can be a 0 or 1.
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Vars: l(ist of Variable¥

Prime Impl: Prime Implicant Expressign

Example 12.7

Minimize a five input function with minterms at 0, 2, 4, 6, 8, 10, 11, 12, 13, 14, 16, 19, 29, 30 where minterms 4 and

A character string consisting of one letter variable

names such as ABCD with no spaces between variable names.

form.

Returns a logical algebraic expression in Sum of Products

6 are Don’t Cares. The input variables are V, W, X, Y and Z. Find the prime implicant expression.

PR Fu FE FB

g i | Miew | ovker | Edit

HE Fu FE F&
2ivei k| Wiew | Oets- | Edit

Earnaudh Mar Earnaudh Mar
Hinpirgsl .2, 2,10, 11,1, Hintirgywm
=3} ar*e:ﬂﬁ =2} ETa=H a Wy tal Vsl 1t |
Vars: wwxuz Vars: wuwx R R

: 'le
Prime Impl.: ww'x'uz + w.

Frime Impl.

Enter: Don't cares £d....d43

Enter: MinksFms Lmo...mi

Wigwt: Frimie imETicant ¢xpression

Input Screen

Enter variable names VWXYZ.

wN e

Output Screen

prime ( ) indicates a logical inversion.

EE Pro for TI-89, 92 Plus
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Partial view of the
Prime Implicant Expression

Enter {0, 2, 8, 10, 11, 12, 13, 14, 16, 19, 29, 30Maorterms and {4, 6} forDon't Care .

Pres§2] to compute the result. The screen displays above show the input screen and the resulting output. A
Pretty Printform of the resultinggum of Productexpression is shown. Variables that are associated with a



Chapter 13 Error Functions

This topic demonstrates the procedure for computing numeric solutions for the Error Function and the
Complementary Error Function.

«» Error Functions

13.1 Using Error Functions

The definitions of the Error Function and Complementary Error Function are:

2
erf (x) = —f e’ dt Eq. 13.1.1
Vg
2 % e
erfo(X) =1~ erf(§ =—=[ € dt Eq. 13.1.2
Vs

Field Descriptions
X: (Value Enter a real number, global name, or algebraic expression.
Func: (Error Function typg Pres$ENTER] to selecerf or erfc.
Result : (Error Function valu@¢  Returns a real number or algebraic expression
Example 13.1

What is the value of erf(.25)?

T-:-Foi:lsv Sﬁut E\.s '.E:w I:IE?:-- throﬁos-zﬂ TOF\?-::IS' Sﬁut E\.s '.'E:w I:Iﬁs‘- throﬁos-zﬂ
EFFoF Funckions EFFoF Funckions

ML 25 Hro.25

Func: Furnc:

Resulti Resulti A7E326

Chogse: EFFoF Funckion S0TUind now...

Input Screen Output Screen

1. Enter .25 foX.
2. Choose ERF iRunc.
3. Pres$r?] to calculateResult .
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Chapter 14 Capital Budgeting

This chapter covers the four basic measures of capital budgeting:

o

< Payback Period + Internal Rate of Return
+ Net Present Value < Profitability Index

14.1 Using Capital Budgeting

This section performs analysis of capital expenditure for a project and compares projects against one another. Four
measures of capital budgeting are included in this section: Payback frayddick ), Net Present ValueNPV),

Internal Rate of ReturiRR), and Profitability IndexRI). This module provides the capability of entering, storing

and editing capital expenditures for nine different projects. The following equations are used in calculations:

NPy=S _Ch_
£ (1+K)! =0 Eq. 14.1.1
- CF _
tZl (1+ IRR)' CR, =0 Eq. 14.1.2
n CI:t
PI = t=1 (1+ k)t
CFE., Eq. 14.1.3

CFy: Cash Flow at time t (usually years).

Payback: The number of time periods (usually years) it takes a firm to recover its original investment.

NPV: The present values of all future cash flows, discounted at the selected rate, minus the cost of the investment.
IRR: The discount rate that equates the present value of expected cash flows to the initial cost of the project.

Pl: The present value of the future cash flows, discounted at the selected rate, over the initial cash outlay.

Field Descriptions - Input Screen

Project : (Project Pres$ENTER] to select one of nine unique projects or edit the
current name of the project by presdiagfor Cash option.
k: (Discount Rate per Period inP6 Enter a real number.
Payback : (Payback Perioyl Returns a real number.
NPV: (Net Present Valye Returns a real number.
IRR: (Internal Rate of Retudn Returns a real number (%).
Pl (Profitability Index Returns a real number.
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Multiple Graphs

Full Screen Graph

Activation of this feature enables the overlay of
each successive graph (projects) on the same axis.
PresgENTER] to activate.

Pres4ENTER] to activate.

Field Descriptions - Project Edit Screen

Name: (Project Namg

t0: (Investment at t=
tl: (Cash flow at t=]
tn: (Cash flow at t=i

Cash Flow Diagram

CF

1
Cash

Flows
2

CF,

Enter the name of the project.
Enter a real number.
Enter a positive or negative real number.

Enter a positive or negative real number.

CF
n

CF

Example 14.1

t=1 t=

CF,
¢ CF3
2 t=3

(From Investors Viewpoint)

Investment
Amount

The following projects have been proposed by ACME Consolidated Inc. What is the Payback period, Net Present
Value, Internal Rate of Return, and Profitability Index of each project? Which is the more viable project?

Table 14-1 Cash Flow for two projects

Name of Project: Plant 1 Plant 2
Investment Outlay: $75,000(at t=0) $75,000(at t=0)
Cost of Capital: 12% 12%
Year Net Cash Flow ($) Net Cash Flow ($)
0 -75,000 -75,000
1 40,000 10,000
2 30,000 20,000
3 20,000 30,000
4 10,000 40,000

EE Pro for TI - 89, 92 Plus
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Fi Fz Fz F4 FE FB
Toolsw| Salug | Grarh | Cash | Ortse | Edit

Carital Bud3ctind
rojecti plantl+
";Eack: 2,35

B 2. 239

© 1L A6981
ultiple Graphs
Full Screen Grarph

Choose: Frodeck Enker: Discounk Fate o period GI) Enter: Discounk rake # period (2

Cash Flow Input: plant1 Cash Flow Input: plant2 Output Screen

1. With the highlight bar on theroject field, pres$ENTER] to select a project to edit. Select a project that has
not been used (this example uses projects 1 and 2). [fRI@BR$to return to theCapital Budgeting screen.
Pres$r4] to selectCash option enter the project edit screen and edit the cash flows.

Enter “plantl” in théName field (Note: Cash flow data for this project will be stored in a variable of this
name, therefore the entered name must begin with a letter, be no more than 8 characters in length, and contain
no embedded spaces).

4. Pres§7] 5 times to add 5 time points and enter the cash flows at each time point from the table on the

previous page. When finished, your screen should look like the project edit screen above. Be sure to enter
75,000 as a negative number tor Pres$ESC] to save your changes and return toGlagital Budgeting

screen.
Enter 12 fok.
Pres§?] to calculatePayback , NPV, IRR, andPl.

Move the highlight bar thlultiple Graphs and presfNTER] to enable overlaying of successive graphs of

each project.
8. Pres#3] to graph the curvilinear relationship betweenNet Present Value and theDiscount Rate .

Pres$nd] followed by[APPS] to enable the graph editing toolbar.

o o

The curve indicates where k=0, tNet Present Value is simply cash inflows minus cash outflows. The IRR %

is shown at the point where NPV=0. Using the built-in graphing capabilities of the Tl 89, you can trace the graph
to find the values of these two points. The TI 89 will give you the exact coordinates of any point along the graph.
PresgESC]to return to theCapital Budgeting screen.

Repeating steps 1 through 9 for the second project, underdjest field, “plant2” and input the values in Table
14-1. Activating theMultiple Graph feature enables a simultaneous plot of the two projects. This will overlay a
second graph on top of a previously plotted function. Firstpbdottl. After graphing, ploplant2 The first

curve to appear iglantl, the second iplant2 The most viable project in terms of discounted cash flows, in this
example, is the one with the highest curve.

PressindMODE ® (1] [ENTER] resets the display to full screen.

Fi Fz FYy _EE Fi Fz [X] H
\-‘k('f.)-} LT
1 1
HPL

HPU
ulille] KAD AUTO FUMC HMAlN FAD AUTO FUMC
Plot of Project 1 Overlay of Project 2
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Chapter 15 Introduction to Equations

The Equationssection of EEPro contains over 700 equations organized into 16 topic and 105 sub-topic menus.

* The user can select several equation sets from a particular sub-topic, display all the variables used in the set of
equations, enter the values for the known variables and solve for the unknown variables.

e The equations in each sub-topic can be solved individually, collectively or as a sub-set.

« A unit management feature allows easy entry and display of results.

e Variables in selected equation sets can be graphed to examine the relationship between each other.

« Multiple and patrtial solutions are possible using techniques developed«BrdE

* More information on a particular input can be displayed by highlighting the variable[Fpressl (2]/Type:

to show a brief description of a variable and its entry parameters.

15.1 Solving a Set of Equations

+ Equationsare accessed from the main level of the I&6 by pressing function keff3] labeled Equations.”
This displays a pull-down menu listing all the topics as shown in the screen display below.
« An arrow to the left of the bottom topi¢‘indicates more items are listed. Presgingl @ jumps to the

bottom of the menu.
«  Scroll the highlight bar to an item using the arrow &&and presgENTER], or type the subject number

appearing next to subject headiigsistive Circuitss selected for this example).

« A second menu will appear listing more subjects (sub-topics) under the topic heading.

e Selecting a sub-topic displays a list of equations under the subject headints Law and Powes selected
below).

+ Use the arrow ke to move the highlighter and prgBSTER] to select an equation or series of equations

which are applicable to a specific problem (presgzjgelects all of the equations).
« PresgF2] to display all of the variables in the selected equations. As the cursor bar is moved, a brief

description of each variable will appear in the status line at the bottom of the screen.

« Enter values for the known parameters, selecting appropriate units for each value using the toolbar menu
which appear at the top of the screen.

*  PresgF2] to compute values for the unknown parameters.

* Entered and calculated values are distinguished in the displdgr ‘entered values ande*for computed
results.

EE Pro for Tl - 89, 92 Plus 1
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F F4 FE Fi Fz Fz | F4 FE | Fi Fz Fz F4 FE F&
" Equations Tools~|AnaTvsisw|[Equations-|Referencer|Info Toolse| Zolue | Grarh | Vigw | Opkse | ' Check
1:R =iy n- Circ Hl‘f =... Fehiskite LiFCUES Ohra's Law and Fews
H e BT =TT TR — —" —
P ductnr*s Magnet 1iResistance Formulas .ﬁg:ﬁf
g:ﬁlictr‘ng gnténn < T E=6*%i¢§
Hleters rlages.. F1Fan Power Transiar =\
EIEL and RC Ci t F=l) Fwia
ol RLC Circgifa o= St I Source Eguiy R=1-G
ol okAC Circuits..
EEFEREMCE b hands Tookur bgbleg,
TYFE OF UZE €314 + [EMTER] OF [EZC] TYFE OF USE £#14 + [EMTER] OF [EZC] Seleck: Ohm's Law
1. Pressing (F3] displays the 2. Press(1] to display the 3. Press [2] to display the
‘Equations’ menu. menu in ‘Resistive Circuits’ equations for ‘Ohm'’s Law’.
Fi Fz Fz | F4 FE FB Fi Fz [ Fz F4 FE |Fa | F7 Fi [ | Fz F4 FE Fi
Toolsw] Solug [ Graph | Yigw | Opkse | <'Check Toolse) W | mk | kW | MW | he | GH Toolsw| Solug | Grarh | Wicw | Orkse | Edit
Ohra's Law and Fowsr Ohra's Law and Fower Ohra's Law and Fower
- * IE_: 1._mA LI
= [ 15H S. [
p=1~Z#R ki
P=ii~% g U
P~ kE
R=1-G
N
Seleck: Ohra's Law AN RAD AUTO FUNC One complebe useabls soTukich Found.
4. Select equations by high- 5. Press [F2] to display the 6. Press|Fé] to compute the
lighting and pressing [ENTER]. variables in the selected unknown variables. Note:
equations. Enter the known Computed results ‘e’ are
variable values. Use the unit  distinguished from entered
toolbar to select units. values ‘=",

Note: Only values designated sown'=* will be used in a computation. A result displayed from an

earlier calculation will not be used unless the user specifically designates the value by selecting the
variable and pressifENTER]. Pres$§2] to compute a new result for any input that is changed.

15.2 Viewing an Equation or Resultin  Pretty Print

Sometimes equations and calculated results exceed the display room of the calculator. The TI-89 and Tl 92 plus
include a built-in equation display feature calRrtty Print which is available in many areas ofslPfo and can
be activated by highlighting a variable or equation and pressing the right arr@vdepressing thg4] function

key when it is designated ®¥&ew. The object can be scrolled using the arrow keé@s PressindeSC) or[Fe]
reverts to the previous screen.

Fi Ft Fz F4 F& Fi
Toolsr| ZoTus | Grarh | Yisw | Orts | ~Check
Ohr's Law and Fawlgr

U=T+R
P=ll ]
P=1"24R

= *
R=1-G

Seleck:

1. To view an equation in, 2. Scroll features, using the
Pretty Print , highlight arrow keys ©®, enable a

and press [F4] or (. complete view of a large object.

15.3 Viewing a Result in different units

To view a calculated result in units which are different from what is displayed. Highlight the variable, press
[F5)/Options and[4]/Conv to display the unit tool bar at the top of the screen. Press the function key to convert

the result to the desired units.
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[riIFzIF;IrulrsIrqn FL |FZ|F=z | F4 [FE [F& | F7._ | FA [Fi'[Fz]B'[_FHIFS Irq'”
Tools| Zolug | GFaph | View | Opkse | Edit Toolse) £ | ke | MG | G5 | ke | millist | Exit Toolse| Zolug | Grarh | Wicw | Orkse | Edit
@m': Law and Fouwg | Ohr's Law and Fouwg Ohra's Law and Fauwe
H Orts = .
%:¥ieu :
2R s
= lCONS
&5 Ko
7= blant.
HAlN EADb AUTO FUHC Ong complekbe useable soTukion Found. One complete uscabls solukion Found.
1. Highlight the result to be 2. The unit menu tool bar 3. Press to convert the.
converted (R). Press [F5] to is now displayed at the top of  result of ‘R’ from Q to MQ.
display the Options menu, the screen.
press [4]/Conv.

15.4 Viewing Multiple Solutions

The math engine used by 8&o is able to manage complex values for variables (where they are permitted) and
calculate more than one solution in cases where multiple answers exist for an entered problem. When a multiple
solution exists, the user is prompted to select the number of a series of computed answers to be displayed. To
view additional solutions, pre§g] to repeat the calculation and enter another solution nunither user will

need to determine which result is most useful to the application.

[riIrz'[rs lfu'[rs{rsﬂ [riIerrsIthrsqul] [riIFzIFsIrulrsIrs_H
Tools| Zolue | Grarh | Yiew | Oekse | < Check Toolsw| Solue | Grarh | Yicw | Orks= | Edik Tools~| Zolug | Grarh | Vicw | Orks- | Edi
Ohra's Law and Fowey Ohra's Law and Fower Ir}p' e e S 1
U=T#R aF: 5. 1 EE-FRD Equation 52t e
P=L%I af: 25._0 ¥ 2 useable solutions.
F=1"2#R ['H | VY pesived oy [
= #*| =
RE=61 xeg E
Zeleck: Enter: Yolkads MAIN EAD AUTO FUHC
1. Select an equation by 2. Enter known values for 3. If multiple solution exists,
highlighting and pressing each variable using the tool a dialogue box will appear
ENTER]. Press (F2] to display bar to designate units. Press requesting the user to enter
variables. to compute the results. the number of a solution to view.
1 she [Fn ol [orf [ 8 [ | 1 she [Fn ol [orf [ 8 [ |
sfP: 5.l sfP: 5. _l
sRr 557 g sRr 557 g
+Li: RS = iz

Multiple cormplebs usedabls salns Found. Multiple cormplebs usedabls salns Found.

Solution 1: To view another Solution 2: Enter a new number
solution, press to re for each solve to display a series of.
calculation and enter the number. multiple solutions.

of another solution to be viewed.

15.5 Partial Solutions

"One partial useable solution found."” or "Multiple partial solutions foumdll'be displayed in the status line if
values for one or more variables in the selected equation set cannot be computed. This situation can occur if there
are more unknowns than equations in the selected set, the entered values do not form consistent relationships with
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the selected equations, or if the selected equations do not establish a closed form relationship between all of the
entered values and the unknowns. In such a case, only the calculated variables will be displayed.

Fi Fe Fz | (5] FE Fa Fi Fz Fz F4 FE Fi Fi Fz | Fz F4 FE Fi

Tools~| alug | Graph | Fick | Opkse | ~'Check Toolse| Zolug | Graeh | Fick | Oetse | Edil Toolsw| Zolug | Graerh | Fict | Oeks= | Edil
Egsiskancs Formulas Figsistance Formulas Fesiskance Formulas
.;maw; A: H:
=g+H- 1 en EH #5I L OQZ_siemens
G=1-F len: len:
a=1-p |5= '5:
u = ey Rz SE0._%
[ H |

Seleck: Fesiskance Enter: Fgsiskance On Farkial useable solution Found.
Press to select all of the If there are more unknowns ...a partial solution will be
equations in Resistive than selected equations or displayed if one or more of
Formulas . relationships between the unknown variables are

variables are not established  able to be computed from
from the selected equations... the entered inputs.

15.6 Copy/Paste

A computed result and it's expressed units can be copied and pasted to the HOME screen or any other location of
EE+Pro using[Fi]:Tools -5:Copy key sequence to copy a value & Tools-6:Paste to paste the item in any

appropriate context of the Tl system.

15.7 Graphing a Function

The relationship between two variables in an equation can be graphed on a real number scale if the other variables
in the equation are defined.

«  After solving an equation, or entering values forrtbax,y variables in the equation to be plotted, pr€Ss

/Graph to display the graph settings.
« Highlight Eq: and presgNTER] to select the equation from the list to graph.

« Use the same steps as above to select the independent and dependent ViadigypleandDepnd: ) from
the equation.Note: all pre-existing values stored in the variables used féndep: and Depnd: will be
cleared when the graphing function is executed.

« The graphing unit scale for each variable reflect the settings Eqirationssection of EEPro.

< Scrolling down the list, specify the graphing ranges for the x and y variables, whether to graph in full or split
screen modes, automatically scale the graph to fit the viewing area, and label the graph.

*  PresgF3] to graph the function.

e Once the graph command has been executed?f®kvill open a second window to display the plot. All of
the Tl graphing features are available and are displayed in the toolbar, indlodim{F2], Trace(F3], Math
(F5], etc. TheMath feature is extremely useful for determining critical function values such as intercepts,
inflections, derivatives, integrals, etc. Peak performance, damped resonance and decay functions are able to
be evaluated using this tool.

< If the split-screen graphing mode is activated, the user can toggle between Bne giaph dialogue display
and the TI graph by pressifagd] (APPS]. If the full-screen graphing mode is activated, the user can switch
between EEPro and the graph by pressifi@ps] 4:Graph or A:EEPro.

*Before graphing an equation, be sure to specify values for variables in an equation which are not
going to be used as x and y variables.
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Tn:-Fn:-j:ISr Eﬁu-z Gﬁph SFPI"Iit I:IEE:v Chrosn:-s-z EI T-:-Fn:-j:lh 5:%.!'2 |G:§Ph SE:I‘it I:I:lzss' s:El
Ohra's Law and Fowgr Ohra's Law and Fowgr
: : e S Eqf U=I#R+
ThderiME Ees Trdep: 13
ﬁ Hnlts IE ﬁ—Hr_‘ut,E:
—Mins - N —Min: - .
M-Maki 10, 50 H-Ma: 10,
Oepnd: R+ Oepnd: R+
nits Y=Units: Q W=lUnits: @
YoRind -18. 48 Y—Rind -10. 48 w—Hind 10,48
TYFE OF USE £#14 + [EMTER] OF [ESC] TYFE OF USE £#14 + [EMTER] OF [EZC] FissuTt:
1* Graph an equation by 2. Select variables for Variable units reflect settings
pressing [F3]. Press [ENTER Independent (x) and in EE*Pro.
to choose an equation. Dependent (y) variables.
@EI Fu [ ets- | el
.
H-MawT ID
Oepnd: E+
Y-Units: 0 T kx__ﬁﬁ
Y=Min: -10.48 =
Y=Maxi 10,48 : 10, 1 il
5E§E3?°Ei§ lul B t L5
FFGT Tefecn Braph nit= xct.586076 | wet -5.3158e6
|Eelect: |Cheess: AN RAD AUT FLUHC
4. Select graphing options 5. Split Screen Mode: Toggle 6: Full Screen Mode: Press
by pressing [ENTER between graph and settings APPS], and[A] to return
by pressing [2nd] and [APPS]. to EE«Pro.

Note: If an error is generated when attempting to graph, be sure that all of the variables in the graphed
equation which are not specified as the independent and dependent variables have entered values. In the
EE+Pro window, pres$ESc] to view the equations in the sub-topic, select the equation to be graphed by
highlighting and pressingENTER], presgF2] to display the list of variables in the equation and enter

values. Only the dependent (y) and independent (x) variables do not have to contain specified values.
PresgF3]to display the graph dialogue and repeat the above steps to graph the function.

15.8 Storing and recalling variable values in EE < Pro-creation of session folders

EE<Pro automatically stores its variables in the current folder specified by the (igebEhor the HOME screens.

The current folder name is displayed in the lower left corner of the screen (default is “Main”). To create a new
folder to store values for a particular session offE&espresgri]:/TOOLS, [3]:/NEW and type the name of the

new folder (see Chapter 5 of the TI-89 Guidebook for the complete details of creating and managing folders).
There are several ways to display or recall a value:
« The contents of variables in any folder can be displayed usifighRENK], moving the cursor to the

variable name and pressilfig] to display the contents of a particular variable.

e Variables in a current folder can be recalled in the HOME screen by typing the variable name.
» Finally, values and units can be copied and recalled usifgi}fimols 5:COPY and6:PASTE

feature.

All inputs and calculated results frofmalysisandEquationssection are saved as variable names. Previously
calculated, or entered values for variables in a folder are replaced when equations are solved using new values
for inputs.

Overwriting of variable values in graphing

When an equation or analysis function is graphedPEiereates a function for the Tl grapher which expresses

the dependent variable in terms of the independent variable. This function is stored under the variable name
pro(x). When the EBRro's equation grapher is executed, values are inserted into the independent variable for
pro(x) and values for the dependent value are calculated. Whatever values which previously existed in either of
the dependent and independent variables in the current folder are cleared. To preserve data under variable
names which may conflict with EEs0’s variables, run EBro in a separate folder.
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15.9 solve, nsolve, and csolve and user-defined functions (UDF)

When a set of equations is solved ire BEb, three different functions in the Tl operating system (solve, numeric

solve, and complex solve) are used to find the most appropriate solution. In a majority of cases, the entered values
are adequate to find numeric solutions using eithesdhaor csolvefunctions. However, there are a few

instances when functions external to the equation set (user-defined functions) are incorporated into the solving
process andsolvemust be used. User defined functions which appear in some of the equation se®rofdt&

erfc(x) erf(x), eeGALV(RR2, ....)andni(TT).

In most cases, when all the inputs to a UDF are knsaeor csolvecan just pass a computed result to the

equation. On the other hand if one is solving for a variable that is an input to thed\&#®y csolveare unable

to isolate the variable in an explicit form, and the operating system resorts tasdivey nsolveinitiates a

series of trial and error iterations for the unknown variable until the solution converges. It should be noted that the
solution generated hysolve is noguaranteed to be unique (i.e. this solving process cannot determine if multiple
solutions exist.).

Table 15-1 User Defined Functions

User-defined Function Topic Sub-topic

erf(ts,tp) Solid State PN Junction Current

erfc (x,D,t) Solid State Semiconductor Basics

eegalv (Rx, RR2, RR3, RR4, Rg, Rs, {s) Meters and Bridges Wheatstone Bridge

ni(TT) Solid State Semiconductor Basics, PN Junctions| PN
Junction Current, MOS Transistor |

15.10 Entering a guessed value for the unknown using nsolve

To accelerate thesolveconverging process and, if multiple solutions exist, enhance the possibility that nsolve
resolves the correct solution, the user can enter a guessed value for the unknown which nsolve will use as an initial
value in the first iteration of its solving process.

« Enter guessed a value for the variable in the input dialogue.
% PresgF5]/Opts,[7]/Want.
% PresgF2)/ to compute a solution for the variable.

*,

[ I ]‘ '[ 1 I ﬂ [F:I. F2 Fx Fu FE |FE ]
T¢F¢11=v sﬁue Gﬁph '.'E-?l.-.l uﬁsr v'l:FhE-zck Taoler| Folue | Grarh | Wiew |Orkse | Edit

[Exmiconductor Easic [Zemiconductor Easicl
pr=1 e w0 l.e-14_cm™2rs=
Elp=1/l:-:1*lig|§-*Ha} mpii 1.el5_1lscm™3

n=kT .- 1} IEEH 1.52e19_1-m"3
=10 [k PR REITT= H

1=EF+i k& T#]lniHa nicTT.. By 4.
EF=Ei+{k#TT#1lhCHd<ni{TT..

Ei={Ec+Eur-2+Z 4 k+TT ..
L HeHO=erf o (2 (O 3 00

Seleck: Enter: Depbh From surFacs
erfe(x,D,t) is a user defined function Only one input to a user defined
that appears in the Semiconductor function can be specified as
Basics section of Solid State . an unknown.
Fi Fz F3 F4 F& Fh Fi F2 F3 F4 F& Fh
Tmﬂs'l Solue | Grarh | Yigw |I:Ipts- Edit | Tmﬂhl Solue | Grarh | Yigw | Orksr | Edit |
i EE-Fra Aduisary "y [Eemicenducter Easic ]
g The nsetus command witt be used. u[: 1.5 '14-:.['122"!’&
The exiskind waluc FoF the URknotin. a1 E1S_lsem™3[ 1illiew
iF anss will be used a5 an initial wHEE 1. 5el9_1-scm| 2 Tupe
Ausss, :E- m E:thts“
. - PLony
\ . a3t lcons
52 Ko
EE-FFe ¢quakion sek SoTugr Werkind.., FMAIN RAD AUTO FUMC
EE- Pro displays a notice if the The user can enter a value for
nsolve routine is used. for the unknown and designate

it as a guessed value to accelerate
the nsolve convergence process.
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15.11 Why can't | compute a solution?

If a solution is unable to be computed for an entered problem, you might check the following:

1. Are there at least as many equations selected as there are unknown parameters?

2. Are the entered values or units for the known parameters reasonable for a specific case?

3. Are the selected equations consistent in describing a particular case (for example, the choice of certain
equations used in the calculation of diode properties depends on whether the donor density of the doping
substancéd, exceeds the acceptor densiyg in the Semiconductorsection ofSolid Statg

15.12 Care in choosing a consistent set of equations

The success of the equation solver in generating a useful solution, or a solution at all, is strongly dependent on the
user's insight into the problem and care in choosing equations which describe consistent relationships between the
parameters.

The following steps are suggested:

« Read the description of each set of equations in a topic to determine which subset of equations in a series are
compatible and consistent in describing a particular case.

» Select the equations from a subset which describe the relationships between all of the known and unknown
parameters.

< Asarule of thumb, select as many equations from the subset as there are unknowns to avoid redundancy or
over-specification. The equations have been researched from a variety of sources and use slightly different
approximation techniques. Over-specification (selecting too many equations) may lead to an inability of the
equation solver to resolve slight numerical differences in different empirical methods of calculating values for
the same variable.

15.13 Notes for the advanced user in troubleshooting calculations

When there are no solutions possibles Bi6 provides important clues via key variablesinput, eeprob, eeans,
andeeanstyp These variables are defined during the equation setup process by the built-in multiple equation
solver. EEPro saves a copy of the problem, its inputs, its outputs, and a characterization of the type of solution in
the user variableseproh, eeinput, eeans andeeanstyp For the developer who is curious to know exactly how

the problem was entered into the multiple equation solver, or about what the multiple equation solver returned, and
to examine relevant strings. The contents of these variables may be viewed by using VAR-LINK and examining
these variables in the current session. PvesgINK] followed by(-]), scroll to the variable name in the

current folder and predss] to view the contents of the variable. The string may be recalled to the author line of
the home screen, modified and re-executed, if desired.

Table 15.2 Topics and Sub-topics List

1: Resistive Circuits 2: Capacitors, E-Fields 3: Inductors and Magnetism
1: Resistance Formulas 1: Point Charge 1: Long Line
2: Ohm's Law and Power 2: Long Charged Line 2: Long Strip
3: Temperature Effect 3: Charged Disk 3: Parallel Wires
4: Max. Power Transfer 4: Parallel Plates 4: Loop
5:V, | Source 5: Parallel Wires 5: Coaxial Cable
6: Coaxial Cable 6: Skin Effect
7: Sphere
4: Electron Motion 5: Meters and Bridge Circuits 6: RL and RC Circuits
1: Beam Deflection 1: AV, Q Meters 1: RL Natural Response
2: Thermionic Emission 2: Wheatstone Bridge 2: RC Natural Response
3: Photoemission 3: Wien Bridge 3: RL Step response
4: Maxwell Bridge 4: RC Step Response
5: Attenuators - Symmetric R 5: RL Series to Parallel
6: Attenuators - Unsym R 6: RC Series to Parallel
7: RLC Circuits 8: AC Circuits 9: Polyphase Circuits
1: Series Impedance 1: RL Series Impedance 1: Balanced\ Network
EE Pro for Tl - 89, 92 Plus 7
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2: Parallel Admittance
3: RLC Natural Response
4: Under-damped case
5: Critical Damping
6: Over-damped Case
10: Electrical Resonance
. Parallel Resonance |
: Parallel Resonance I
: Lossy Inductor
: Series Resonance

A WNPE

[EnY
w

Linear Amplifiers
: BJT (CB)
: BJT (CE)
: BJT (CC)
: FET (Common Gate)
: FET (Common Source)
: FET (Common Drain)
: Darlington (CC-CC)
: Darlington (CC-CE)
: EC Amplifier
: Differential Amplifier
: Source Coupled JFET
16: Motors, Generators
: Energy Conversion
: DC Generator
: Sep. Excited DC Gen.
: DC Shunt Generator
: DC Series Generator
: Sep Excite DC Motor
: DC Shunt Motor
: DC Series Motor
: Perm Magnet Motor
: Induction Motor |
: Induction Motor Il
: 1@ Induction Motor
: Synchronous Machines

TOWD>OO~N®UTAWNR

2: RC Series Impedance
3: Impedance - Admittance
4: 2 Z's in Series

5:2 Z's in Parallel

11: Op. Amp Circuits

: Basic Inverter

: Non-Inverting Amplifier

: Current Amplifier

: Transconductance Amplifier
: Lvl. Detector Invert

: Lvl. Detector Non-Invert

: Differentiator

: Diff. Amplifier

O~NO OIS WNE

14: Class A, B, C Amps
1: Class A Amplifier
2: Power Transistor
3: Push-Pull Principle
4: Class B Amplifier
5: Class C Amplifier

2: Balance Wye Network
3: Power Measurements

12: Solid State Devices
: Semiconductor Basics
: PN Junctions

: PN Junction Currents

: Transistor Currents

: Ebers-Moll Equations
: Ideal Currents - pnp

: Switching Transients

: MOS Transistor |

: MOS Transistor Il

: MOS Inverter R Load
: MOS Inverter Sat Load
: MOS Inverter Depl. Ld
: CMOS Transistor Pair
: Junction FET

15: Transformers

1. Ideal Transformer

2: Linear Equiv. Circuit

MOUOW>OONDUTDNWNBR
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Chapter 16 Resistive Circuits

This software section performs routine calculations of resistive circuits. The software is organized in a number of
topics listed below.

«+» Resistance and Conductance <  Maximum Power Theorem
% Ohm’s Law and Power ¢ V and | Source Equivalence
< Temperature Effects

Variables

A complete list of all the variables used, a brief description and applicable base unit is given below.

Variable Description Unit
A Area e
G Conductance S
| Current A

Il Load current A
Is Current source A
len Length m
P Power W
Pmax Maximum power in load W
R Resistance Q
RI Load resistance Q
Rlm Match load resistance Q
RR1 Resistance, T1 Q
RR2 Resistance, T2 Q
Rs Source resistance Q
T1 Temperature 1 K
T2 Temperature 2 K
Y, Voltage Y
\Y Load voltage \%
Vs Source voltage \%
a Temperature coefficient I
p Resistivity Q*m
o Conductivity S/m
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16.1 Resistance Formulas

Four equations in this topic represent the basic relationship
between resistance and conductance. The first equation links
resistanc& of a bar with a lengtten and a uniform cross-
sectional ared& with a resistivityp. The second equation define ¥ A
the conductanc& of the same bar in terms of conductiuitylen —LEH—
andA. The third and fourth equations show the reciprocity of
conductancé resistancd, resistivityp and conductivityo. EESISTAMCE AMD COMDUCTAMCE
pllen
= Eqg. 16.1.1
A
oA
G=—— Eqg. 16.1.2
len
1
=— Eqg. 16.1.3
R
1
=— Eq. 16.1.4
P

Example 16.1 - A copper wire 1500_m long has a resistivity of 6.5_ohm*cm and a cross sectional area of
.45_cm7-. Compute the its resistance and conductance.

Solution - Upon examining the problem, two choices are noted. Equdtfohsl, 16.1.2nd16.1.4or
16.1.1and16.1.3can be used to solve the problem. The second choice was made herdE2) Boess
display the input screen, enter all the known variables and(fEsssolve the selected equation set.
The computed results are shown in the screen display shown here.

FL | _Fz F> | F4 | FE | FE FL | _Fz F> | F4 | FE | FE
Todlse| Soive | Grarh | Pick | Orfse | Edit Todlse| Soive | Grarh | Pick | Orfse | Edit
Figsistance Formulas Figsistance Formulas
IE= AS_cm™?

mlen: 1500, _m
.IE E.o_flom

Enker: Conduckance Ons comiflebe useable solukion Found.

Entered Values Computed results

Known Variables: len = 1500 m, p=6.5_ohm*cm, A=.45_cm?

Computed Results: R=2.16667E6_ohm, G=.461538E-7 siemens

16.2 Ohm'’s Law and Power

The fundamental relationships between voltage, current and power are presented in this section. The first equation
is the classic Ohm's Law, computes the voltdge terms of the current and the resistand®. The next four

equations describe the relationship between power dissiggtimitageV, currentl, resistanc® and

conductancés in a variety of alternate forms. The final equation represents the reciprocity between reBistance

and conductanc8é.
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V=I1[R Eq. 16.2.1

P=v0O Eq. 16.2.2

P=1%[R Eq. 16.2.3
VZ

== Eq. 16.2.4

P=V?[G Eq. 16.2.5
1

s Eq. 16.2.6

Example 16.2 -A 4.7_kohm load carries a current of 275_ma. Calculate the voltage across the load, power
dissipated and load conductance.

Fi Fz Fz F4 FE F&
Toolsw| Solus | Grarh | Yicw | Orks- | Edik |

Fi Fz Fz F4 FE F&
Toolse| Solus | Grarh | Yicw [ Orkse |Edil: |

5
IIE 2¥5. _mA
wRi 4.7_ki
™

Ohra's Law and Fewsr

Ohra's Law and Fowgr
+G! LOEOZ13 _=siemens
ml! ZF5._m
+P: 355.435_1
s 4 i
+Lj: P

Entir: Wolkads

Entered Values

Ong complebs useabls seTukien Feund,

Computed results

Solution - Upon examining the problem, several choices are noted. Either Equdiaris 16.2.2

and 16.2.60r 16.2.2, 16.2.&nd16.2.50r 16.2.2, 16.2.&nd16.2.60r 16.2.1, 16.2.2nd16.2.50r all the
equations. Choose the last option, pfE$so open the input screen, enter all the known variables and
presdF?] to solve.

Known Variables: 1 = 275 ma, R=4.7 kQ.

Computed Results: V = 1292.5 V, P=355.438 W, G=.000213_siemens

16.3 Temperature Effect

This equation models the effect of temperature on resistance. Electrical resistance chargB4 imRR2
when the temperature change frdthto T2 is modulated by the temperature coefficient of resistace

RR2= RR[1+a [ 2- T) Eq. 16.3.1

Example 16.3 -A 145 Q resistor at 75°F reads 152.42 at 125 _°C. Find the temperature coefficient of
resistance.

Solution - Since there is only one equation in this topic, there is no need to make a choice of equation.
Press(F2] to display the input screen. Enter the variable values and [52&&s solve for the unknown
variable.
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[riIerr:IthrsIrqI] [riIerr:Ithrsqul]
Toolsr| Solue | Grarh | Yicw | Orkse | Edik Toolsr| Solue | Grarh | Yicw | Orkse | Edik
Termperature EFFect Termperature EFFect

ol #0i L OEDDSOS_1-K

sRER1: 145._0 sRER1: 145,
mRERZ:_152.4 0 mRERZ:_152.4 0

mTi: F5._"F mTi: F5._"F

u T2 IR aTZ

Enter: Tempsraturs & One cormplebs useable solubion Found.
User entered Variables Computed results

Known Variables: RR2 = 152.4 Q, RR1=145 Q, T1=75 °F T2=125 °C

Computed Results: o= .000505_1/°K

16.4 Maximum DC Power Transfer

The equations under this topic are organized to compute load volt3 F=
VI, load currentl, power dissipation in the lod® maximum power
available in the loa®max, and load impedand®im needed for

maximum power deliverable to the load. The first equation finds e FL
the load voltag&/| of circuit with a voltage sourcés, source
resistancdRs, and a load resistan&. The next equation defines =

=
the load currenll in terms ofVs, RsandRI. The power dissipation  [DC Voltage source with load
in the load is defined by the equation relatihgith Il andVIl. The
next equation linkPmax toVsandRs The last equation represents load resistance needed for a maximum
power.

Vs[RI
VI=——— Eq. 16.4.1
Rs+ RI
Vs
[=—>2 Eq. 16.4.2
Rs+ RI
P=IlW Eq. 16.4.3
Vs
Pmax=—— Eq. 16.4.4
4[Rs
RIm= Rs Eq. 16.4.5

Example 16.4 -A 12_V car battery has a resistive load of .52_ohm. The battery has a source impedance of
0.078_ohm. Find the maximum power deliverable from this battery, and the power delivered to this resistive load.

Fi Fe Fz F4 FE FB Fi Fe Fz F4 FE FB
Toolsw| Solus | GRarh | Fict | Oets- | Edit Toolsw| Solus | GRarh | Fict | Oets- | Edit

Pax Fawer THII'lSFtFI Pax Fawer THII'lSFtFI
I1: +I1: 20@,0569_R
F: +P: 209, 394_1
Praxs +FPmaxs 461,538
mRl: 520 mRl: .5F_
Elm:l *+Elm:
leE GFE_i

mfzt —
H +U1: 1@,4348_U
mllz: 12, _U mllz: 12, _U

Enter: Makch Toad Fesiskance Ong completbe useable soTukion Found.

Entered Values Computed results

Solution - The second, third and fourth equations are needed to compute the solution for this problem.
Select these by highlighting and pressing(ENER] key. Presf2] to display the input screen, enter the

known variables and pre§g] to solve the unknowns.
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Known Variables: Vs = 12 V, Rs=.078 ohm RI=.52 ohm

Computed Results: Pmax = 461.538 W, P=209.394 W

16.5 V and | Source Equivalence

The two equations in this topic show the equivalence between a voltage sourgt
a current source. A voltage soukéewith an internal series resistanceRsfis k=
equivalent in all its functionality to a current soulsevith a source resistanés -
connected across it. 18
Vs Voltage and current
Is= % Eqg. 16.5.1 sources and its equivalence
Vs= IslRs Eqg. 16.5.2

Example 16.5 - Find the short circuit current equivalent for a 5_V source with a 12.5_ohm source resistance.

[Fi]’FZIFE ]’r_u]’rs{rq{‘l [Fi]’FZIFE ]'F_H]'FSIFE_I']
Toolsw) Soluse | Grarh | Fick | Orks- | Edit Toolsw) Solue | Grarh | Fick | Orks- | Edit
Wl Salrce Equiu| Wl Salrce Equiu|

I=: +Iz: .4_H
mfsi 12,5 4 mfsi 12,5 4
uliz : S, ulls: SEE
Enter: SoUFce Malkade One complekbe USedbls SoTukion Faund.
Entered Values Computed results

Solution - Either form of the equation can be used to solve the equation. [}¢sslisplay the user
interface, enter the values of all known inputs, and F8s® solve forls.

Known Variables: Vs =5 V, Rs=12.5 Q

Computed Results: Is = .4 A
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Chapter 17 Capacitors, Electric Fields

This section covers seven topics to compute electric field prope I
and capacitance of various types of structures. Eapacitors BT
l1:Foint Charge
=L0ong ar-ge
When the section is accessed, the software displays the topics i EE Ehar‘ ed Disk
tFarallel Plates
pop up menu shown above. S5:Parallel _Wires
5iCoaxial Cable
. 7 iSphere
< Point Charge
% Long Charged Line TTFE OF USE €374 + [ENTER] OF [E5CT
« Charged Disk « Coaxial Cable
« Parallel Plates s Sphere
< Parallel Wires
Variables
A complete list of all the variables used in this section is given below.
Variable Description Unit
A Area e
C Capacitance F
cl Capacitance per unit length F/m
d Separation m
E Electric field Vim
Er Radial electric field V/m
Ez Electric field along z axis V/m
F Force on plate N
Q Charge C
r Radial distance m
ra Inner radius, wire radius m
rb Outer radius m
\% Potential \%
Vz Potential along z axis \%
w Energy stored J
z z axis distance from disk m
er Relative permittivity unitless
pl Line charge C/m
ps Charge density Clfn
EE Pro for TI - 89, 92 Plus 14
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17.1 Point Charge

The two equations in this topic calculate the radial electric Eelend the potential at a point located a distance
r away from a point chand®. The first equation shows the inverse square relationship beBvesmdr, while
the second equation shows the inverse relationship between the pstentéhtistance. The equations have

been generalized to include, the relative permittivity of the medium.

' ngmz s
i ﬁ s

Example 17.1 -A point charge of 14.5E-14_coulomb is located 2.4_m away from an instrument measuring
electric field and absolute potential. The permittivity of air is 1.08. Compute the electric field and potential.

[riIererﬂIrsIrs_H [Fi]’FZIFS]’_HIFS]FE_]']
Toolse| Zalue | Grarh | Yigw | Opkse | Edik Toolse| Zalue | Grarh | Yigw | Oekse | Edik
Foint Charde] Foint Charde]
mzri 1,08 mzri 1,08
Er: +Eri L EEAZEF_LL M
mili 1.45e-13_coul mili 1.45e-13_coul
mRi Zod m mi Zod_m
['H | LI
Enker: Fokential O comipTebe usedble solukion Faund.
Entered Values Computed results

Solution - Both equations are needed to solve this problem. P2essdisplay the input screen, enter

all the known variables, and pré&g to solve for the unknown values. Note th@tthe permittivity of
free space does not appear as one of the variables that needs to be entered. It is entered automatically by

the software. Howevegl, the relative permittivity must be entered as a known value.

Known Variables: Q = 14.5E-14_coulomb, r = 2.4 m, & =1.08

Computed Results: Er = .000209 V/m, V = .000503_V

17.2 Long Charged Line

An infinite line with a linear charge densi@, (coulombs per unit length) exerts a radial electric field, a

distancea away from the line. The equation has been generalized to iraluthe relative permittivity of the
medium.

o

r=—— Eq. 17.2.1
20r200Ler [

Example 17.2 - An aluminum wire suspended in air carries a charge density of 2.75E-15_coulombs/m. Find
the electric field 50_cm away. Assume the relative permittivity of air to be 1.04.

EE Pro for Tl - 89, 92 Plus 15
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Fi F& Fz F4 FE FB
Toolse]) Solug | GFarh | Vicw | Orks= | Edit
[Lond Charded Line
mzri 1,04

Er:

(s
mi S0, _cm
mpl:

Enter: Ling chards

Entered Values

Fi Fe Fz F4 FE FB
Toolse| Solug | Grarh | Yicw | Orkse | Edit

[Lond Charded Line

mepi 1,04

+Er: L EOEE9S_Lm
mri S0, _cm

mplt

One cormplebs useable solubion Found.

Computed results

Solution - Pres¢f2] to display the input screen, enter all the known variables, andfesssolve the
selected equation set. The screen display above shows the computed results.

Known Variables: pl = 2.75E-15_coulombs/m, r = 50 cm, &r=1.04

Computed Results: Er = .000095 V/m

17.3 Charged Disk

These two equations describe the electric field and potential along the vertical axis through the center of a
uniformly charged disk. The first equation defines the electric field along the z-axis of the disk with earadius
and charge density @, a distance from the plane of the disk. The second equation computes the electrostatic
potentialVz at an arbitrary point along the z-axis.

Ez=_ P52 Eq. 17.3.1
2[£00&r \/ra2 + 72
) 2,2 _
\/Z——EEEiziEiF' ra“+z |4) Eqg. 17.3.2

Example 17.3 - A charged disc 5.5_cm in radius produces an electric field of .2_V/cm 50_cm away from the
surface of the disc. Assuming that relative permittivity of air is 1.04, what is the charge density on the surface of
the disc?

Fi F& Fz F4 FE FB Fi F& Fz F4 FE FB
Toolse]) Solug | GFarh | Vicw | Orks= | Edit Toolse] Solug | GFarh | Vicw | Orks= | Edit
Charded Disk| Charded Disk|
mrail Sad_Cn mrai
mezpi 1,04 mepd 1.
mEz: LZ_llrcm mEz:
psi TN -
mz: Sl._cm mzi
Enter: Charde densiky One complets useable solution feund.  TATERH

Entered Values Computed Results

Solution - Select the first equation by pressifiiTER] key, pres§2] to display the input screen for this
equation, enter all the known variables, and dress The computed results are shown in the screen
display above.

Known Variables: ra = 5.5 cm, &r = 1.04, Ez = .2 V/cm, z = 50_cm

Computed Results: ps = 6.14336E-8_coulomb/m*2
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17.4 Parallel Plates

The five equations listed in this topic describe the electrical and mechanical for~a<

in a parallel plate capacitor. Two plates are separated by a digtavigeh is _-" |:| o e e e ..l’
small compared to the lateral dimensions so fringing field effects can be ignore™ H——— o=
The first equation computes the electric fieldt the plate for a potential differencd Emamamann E K-
V between the plates separated by a small dis@dn€ae second equation i

calculates capacitan€ewith a dielectric given the relative permittivigt and

areaA. The third equation shows the cha€yen each parallel plate. The last two equations compute the
mechanical properties associated with this parallel plate capacitor such as tHe éothe plates and energy
stored in the capacitor.

E -V Eq.17.4.1
d

_e0Ler A

C == Eq. 17.4.2

Q=CLv Eq. 17.4.3
2

F= _1 ﬁ/_EC Eq. 17.4.4
2 d

W:%w2 [ Eq. 17.4.5

Example 17.4 -A silicon dioxide insulator forms the insulator for the gate of a MOS transistor. Calculate the

charge, electric field and mechanical force on the plates of a 5V MOS capacitor with an areauﬁ HEDa
thickness of .15u. Use a value of 3.9 for permittivity of SiO2.

Tasha-| siine | araen | Fice | nete- |ede | | Tashas] sitie | Grarh | Pt | nete | £t
Farallel Flates Farallel Flates

=1 I T #CT 2,877E1E-13_F

: md: 15
mdt 15 sEr 33333367 Um
E: mzri 3.9
mspri 3.9 #F: - BEEE24_H

F: #0f 1,433316-12_coul
o mlli 5._1)
mlll 5,1 +): ISR TSR P,
Enkel: AFgd Enker: Encr 3w skargd
Entered Values Computed results

Solution - All of the equations are needed to compute the solution to this problemFBresdisplay
the input screen, enter all the known variables and eg$s solve. The computed results are shown

above.
Known Variables: V=5Véer=39d-=.15u A=1250J,12
Computed Results: C = 2.87761E-13 F, E = 3.33333E7 V/m,

F = -.000024 N, W = 3.59701E-12 ]

17.5 Parallel Wires

The equation listed under this topic represents the calculation of capacitance per unicleafythpair of
transmission lines of radiua and center to center spaciflgn a dielectric medium with a relative permittivity of
&r.
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T&0Lér
cl=———MFMM— Eq. 17.5.1

cosh‘l()
2[fa

Example 17.5 - Compute the capacitance per unit length of a set of power lines 1_cm radius, and 1.5_m apart.
The dielectric medium separating the wires is air with a relative permittivity of 1.04.

FL | _fz B F4 | _Ft [ FB FL | _fz B Fu | _Ft [ FB

Todlse| solue | Graeh [ Wiew | oefse | Edit | Todlse| solve | Graeh | view | Optse | Edit |
Faralle] Hires Faralle] Hires

mral 1. _cm mral 1. _cm

cli +cl: 5.7FE5SE-12_Fsm
md: 1.5_m md: 1.5_m
LA 1. Ll et
Enter: FsTativg Farrikbivity One complebe useabls soTution Found.
Entered Values Calculated Output

Solution - Pres$f2) to display the input screen, enter all the known variables andesssolve the
selected equation set.

Known Variables: €r=1.04,ra=1_cm,d=1.5m

Computed Results: cl=5.77355E-12_F/m

17.6 Coaxial Cable

These three equations describe capacitive and electric field properties of a coaxial cab

The first two equations compute the voltage between the two conductors of the cable FA B eF ] R
——————

carrying a charge gl per unit length, and an insulator with a relative permittigity The e

inner conductor has a radit@ while the outer conductor has a radibls The last

equation computes the cable capacitatigeer unit length based on mechanical properties
of the cable and insulator.

CORKIAL CRELE

\Y :Lﬂh E Eq. 17.6.1
20T[(&0Lér ra
Er= Ll'b Eqg. 17.6.2
r [Ih()
ra
212 008r
cl=———— Eq. 17.6.3

()

Example 17.6 - A coaxial cable with an inner cable radius of .3_cm, and an outer conductor with an inside
radius of .5_cm has a mica filled insulator with a permittivity of 2.1. If the inner conductor carries a linear charge
of 3.67E-15_coulombs/m, find the electric field at the outer edge of the inner conductor and potential between the
two conductors. Compute the capacitance per m of the cable.
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Solution - After examining the problem, all the three equations need to be selected to solve the
problem. Pred$?2] to display the input variable screen. Enter all the known variables, andFpréss
solve the selected equation set. The computed results are shown in the screen display below.

Fi [ Fz FY FE Fa Fi Fe Fz F4 FE Fa
Tools+| Solue | Grarh | Fick | Oetse | Edib Tools+| Zolue | Grarh | Fick | Oekse | Edib

[Coaxial Cable] [Coaxial Cable]
mral L I_cm mral L I_cm
arhi LS5 cm mrhi L5_ch
H +cli 2, 28704TERE-LO_F-m
| T aH

+Er: 010471211 Uom

u

TR
'FEII 2L
Entak: Lin charde One ComPleks USeable SolUkieh FEUnd.

Input Values for the example Computed results

Known Variables: ra = .3 cm, rb = .5 cm, & = 2.1, r = .3_cm, pl =3.67E-15_coulombs/m.

Computed Results: cl = 2.28705E-10 F/m, Er =.010407 _V/m and V=.000016_V.

17.7 Sphere

The first equation in this topic computes the potential between two concentric spheres ehraddrb, with a
chargeQ, and separated by a medium with a relative permittivigr ofThe second equation computes the electric
field outside a sphere at a distandeom the center of the sphere. The last equation computes the capacitance
between the spheres.

\Y =Ltéi——lj Eq.17.7.1
AT[£00Er \ra b
r= % Eq.17.7.2
A#r[£0CEr [
A[fr[£0Cér Ma b
C= Eq. 17.7.3
rb-ra

Example 17.7 -Two concentric spheres 2_cm and 2.5_cm radius, are separated with a dielectric with a relative
permittivity of 1.25. The inner sphere has a charge of 1.45E-14_coulombs. Find the potential difference between
the two spherical plates of the capacitor as well as the capacitance.

Fi Fe Fz F4 FE Fi
Toolsw) Solug | GRArh | Yicw | Orks- | Edik
Srhers

mral Z._cm
IP?l 2.5_cmM

wirt 1,25
mili 1.45e-14_coul
[LH |

Enker: Fokential

Entered Values

FL | _Fz B Fu | FE [ FB
Todlse| Soive | Grarh [Wiew | Orfse |Edit
FEhers
mral Z._cm

mrhi 2.5 _cm

+C: 1.39081e-11_F
mzr: 1,

mili 1.45e-14_coul
+L1: IEEFECE A

Ong comiklebe usgabls solukion Found.

Computed results

Solution - Upon examining the problem, equations 17.7.1 and 17.7.3 are needed to compute a solution.
Select these by highlighting each equation and pressingNtie) key. Pres§2] to display the input
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screen. Enter all the known variables, and frebkt solve the selected equation set. The computed
results are shown in the screen display shown here.

Known Variables: ra =2 cm,rb =2.5 cm, &r = 1.25, and Q = 1.45E-14_coulombs

Computed Results: V= .001043 V, C =1.39081E-11 F

EE Pro for TI - 89, 92 Plus
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Chapter 18 Inductors and Magnetism

Topics in this section focus on electrical and magnetic properties of physical elements.

< Long Line < Loop
« Long Strip + Coaxial Cable

» Parallel Wires » Skin Effect

Variables

A complete list of all the variables used in the various topics of this section are listed below along with the
default units used for those variables.

Variable Description Unit

0 Angle radian

pr Relative permeability unitless

a Loop radius or side of a rectangular loop m

B Magnetic field T

bl Width of rectangular loop m

Bx Magnetic field, x axis T

By Magnetic field, y axis T

D Center-center wire spacing m

d Strip width m

f Frequency Hz

Fw Force between wires/unit length N/m

I Current A

11 Currentin line 1 A

12 Current in line 2 A

Is Current in strip A/m

L Inductance per unit length H/m

L12 Mutual inductance H

Ls Loop self-inductance H

r Radial distance m

ra Radius of inner conductor m

rb Radius of outer conductor m

Reff Effective resistance Q

rr0 Wire radius m

T12 Torque N*m

X x axis distance m

y y axis distance m

z Distance to loop z axis m
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0 Skin depth m
p Resistivity Q*m

18.1 Long Line

The magnetic field from a current in an infinite wire in an infinitely long line is computed at a distance
from the line.

B __poa. Eq. 18.1.1
201l

Example 18.1 - An overhead transmission line carries a current of 1200_A, 10_m away from the surface
of the earth. Find the magnetic field at the surface of the earth.

Fi Fz Fz F4 FE FB Fi Fz F2 [&] FE Fa

Tmﬂs'l Zolug [ Grarh | Wiew | Orks- | Edit | | |Too1:- Solue | Grarh | Vigw | Oeks= | Edib
|Lon3 Linel Lond Ling

B: +B: ,CooEzd4_T
ml: 120E._A ml: 1Z00._A
& [T e 10, _rd
Enker: Radial diskance Ong ComPleke USeable Selukien Feund.
Input Screen Calculated Results

Solution - Since there is only equation, pr@to display the input screen. Enter all the known
variables, and pre§&] to solve the equation. The computed results are shown in the screen display

above.
Known Variables: 1 = 1200 A, r = 10_m

Computed Results: B = 0.000024 T

18.2 Long Strip

A thin conducting ribbon strip of widtth is infinitely long and carrying a currelst amperes per meter. Tke
andy component of the magnetic fidRk andBy are dependent upon the location described by (X, y)
coordinates.

d d
— X+ — X——
szﬂ tan™ _ 2 tan? 2 Eg. 18.2.1
2 4 X+Q i
By:uoms ' 2 Eqg. 18.2.2
R N @182
y 2
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Example 18.2 -A strip transmission line 2_cm wide carries a current of 16025_A/m. Find the magnetic
field values 1_m away and 2_m from the surface of the strip.

Fi F& Fz Fu FE FB Fi [ Fz F4 FE Fa
Tmﬂ:vl Zolug [ Graeh | Wiew | Opks- | Edit | | |Too1:— Solue | GrFarh | Vigw | Oekse | Edit
Lond FEFiF Land £brir]
Bt #B:: - OEEOZE_T
Bu: +Ey:
nddi F._cm mdi L _cm
ml=i 16025, A<M ml=s: 16025, _A<M
mxi l._m mxi l._m
my: Z._m L ITHE
Enker: Madngkic fields & axis Ong Somikleke USedbls Solukion Faund.
Input Screen Calculated Results

Solution - Both equations need to be used to compute the solution. [yésslisplay the input
screen, enter all the known variables and dFek® solve the equations. The computed results are
shown in the screen display above.

Known Variables: Is = 16025 A/m, d =2 cmvx =1_m, y =2 m

Computed Results: Bx=-.000026 T, By =.000013 T

18.3 Parallel Wires

Two thin parallel wires of infinite length carrying curreitsandl2 separated by a distanDeexert a forcéd-
newtons/meter between them. The second equation computes the magndic ieteeen the two parallel
wires at a distancefrom the line carrying curremt. The final equation in this set computes the inductance
L from the two wires of diameter, with a spacing ob.

Fy = Hoo1g 2 Eq.18.3.1
207D
R, Lo IZ) Eq. 18.3.2
2t \ x D-x
L=_HO , HO Ecosh‘l(ij Eq. 18.3.3
4t 2[a

Example 18.3 -A pair of aluminum wires 1.5_cm in diameter are separated by 1_m and carry currents of
1200_A and 1600_A in opposite directions. Find the force of attraction, the magnetic field generated midway
between the wires and the inductance per unit length resulting from their proximity.

Fi F [ F4 FE F& Fi [ F [] FE Fa
Toolsw| Solug [ GFarh | Wigw | Ortse | Edib Toolsw| Solug | Grarh | Yiew | Orkse | Edik

Farallel Hik s Faralls] Kires
mg: 1.5 cm ma: 1.5 cm
=EH #Bxi OO112.T
wl: 1. _m H

Fui
mll: 1200, _A
-E?: -1600,. _A

lxi S0, _cm

Enter: Madngkic Figlds x axis One complske useabls solukion Found.
Input Screen Calculated Results
EE PRO for Tl - 89, 92 Plus 23

Equations - Inductance & Magnetism



Solution - Upon examining the problem, all the three equations are neededFBtesdisplay
the input screen. Enter all the known variables, and geéss solve the equation set. The
computed results are shown in the screen display above.

Known Variables: 11 = 1200 A, 12 =-1600 A, x =50 cm,D =1 m, a=1.5 cm

Computed Results: F = -.384 N/m, L=.000002_H/m, Bx=.00112_T

18.4 Loop

The first two equations consider the magnetic properties of wire with a re@jusent into

a circular loop of radiug, carrying a current,. The equation for the magnetic fiddds

computed at any point along the z-axis through the center of the loop at a diftante

the plane of the loop. The second equation computes the

self-inductancel s, of the loop. | -+-'+'
Circular Loop

The final two equations calculate the torqu&2 and the inductancé12, of a
rectangular loop carrying a currelf, in the proximity of an infinitely long wire '
carrying a currentl. The rectangular loop has a width, parallel to its axis of T -
rotation, and a lengtl, perpendicularto the axis of rotation. The loop axis of
rotation and the infinitely long wire intersect at a 90 degree angle. The loop’s ar 4
tilt, O, is relative to the plane containing the loop plane and the infinite wire. In tt f—b—
of the loop closest to the infinite wire, the current flows in the opposite directioRectangular Loop
when0 =0. The distance between wire and the closest edge of the of the loop is

measured along the loop axis.

_po0 @2
B=——— Eq. 18.4.1
ZEQ\/aZ + 22)
Ls=u0 Eﬁ[ﬁln(S—@) - 2) Eq. 18.4.2
rro
L12= “Oﬁ@oie) [Ih(bI +d) Eq. 18.4.3
201 d
T12= u()@—lﬁ;m(e) o210 2%(%) Eq. 18.4.4

Example 18.4 -Calculate the torque and inductance for a rectangular loop of width 7 m and length 5 m,
carrying a current of 50 A, separated by a distance of 2 m from a wire of infinite length carrying a current of
30 A. The loop angle of incidence is 5 degrees relative to the parallel plane intersecting the infinite wire.
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[Fi]F21F3 IFH]FSTFEI] |’F1]’F2]F3 ]FH]’FS]FE]’]
Toolse| Zolue | Grarh | Fict | Orks+ | Edik Toolsir| Solue | Grarh | Fick | Orkse | Edib
mail S5._m L-H

abl: V. _m uhl:

mdl 2. m nd: 2. m

mll: 3Q._A wll:

w21 S0, _R ml2: S0, _RH

|§12= *Iél oL HEEEE1 _henry

| 1=H [ 1-H I T

TIFE +T121 . OEE197_Hm

Enter: ARl One comiplekbe Useable Solukicn Found.
Input Screen Calculated Results

Solution - Upon examining the problem, the last two equations are needed. Select these using the
ENTER]| key and pregg2]to display the input screen. Enter the known variables and(petss

solve the selected equation set. The screen display of the input and calculated results are shown

below.
Known Variables: a=5..m,bl=7._m,d=2. m, 11=30._A, 12=50._A, 0=5 deg
Computed Results: L12=-.000001_henry, T12= .000197_N*m

18.5 Coaxial Cable
A coaxial transmission line with an outer radius of inn the inner conductarasfd inner w ErEr e T T
radius of the outer conductor idif is characterized by the inductance L per unit length. b

—_—
L= ”—O+“—O[[h(m) Eq. 18.5.1
8T 201 ra

Example 18.5 - A coaxial cable has an inner conductor radius of 2_mm and the outer conductor radius of
.15_in. Find its inductance per meter.

I’rilrzTn'ru]rsIrs]‘l [riIrz]n FH]’FS]FE]’]
Toolse| Zolue | Grarh | Fict | Orks+ | Edik Toolsir| Solue | Grarh | Fick | Orkse | Edib
Codxid l:l:ID'IlZI Coaxigl Cable
L: +Li L EOoDool eI _Hem
mral Fl_mm w2l _mm
ur-b: T srb YT
Enter: ODuksr Fadius One comiplike Useable Solukicn Found.
Input Screen Calculated Results

Solution - Presgf2] to display the input screen, enter all the known variables andfgsssolve
the selected equation. The computed results are shown in the screen display shown here.

Known Variables: ra =2 mm, rb=.15 in

Computed Results: L = .000000179_H/m

18.6 Skin Effect

These two equations represent the effect of high frequency on the properties of a conductor. The first
equation relates the skin deplhwith the frequency and the resistivitp, while the second equation
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computes the effect of higher frequencies on resist&ef,in ohms. Since the skin effect is a direct
consequence of internal magnetic fields in the conductor, the relative permeabilitfluences these
properties.

1
o= Eq. 18.6.1
\/n[f CLOCur
o)
Reff =/mF [uOCur Op Eq. 18.6.2

Example 18.6 - Find the effect on depth of signal penetration for a 100 MHz signal in copper with a
resistivity of 6.5E-6 _ohm*cm. The relative permeability of copper is 1.02.

Fi Fz Fz Fu4 FE& FB Fi Fz Fz Fu FE F&
|Tcu:-1s- Zolug | Grarh | View | Oets- | Edit T-:u:-1:-|$-:-1u-z Gruphl'.'i-zw Orks- | Edit

Shin EFFact] kin EFFech
& #50 L BOEDLZF1_m
nft 100, _MH=z nf: 100, _MHz
ap: 102 mpr-d “” )

"Rerr:

Ons Cormplete ussabls soTukien Feund.

Enkgr: Rgsiskivity

Input Screen Calculated Results

Solution - Presgr2) to display the input screen, enter all the known variables andfesssolve
the selected equation set. The computed results are shown in the screen display shown here.

Known Variables: p=6.5E-6_ ohm*cm, f=100 MHz, pr=1.02

Computed Results: Reff=.00511637 ohms/square, & = 12.7050601 _p
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Chapter 19 Electron Motion

This section covers equations describing the trajectories of electrons under the influence of electric and magnetic
fields. These equations are divided into three topics.

< Electron Beam Deflection < Photoemission
% Thermionic Emission

*,

Variables

The table below lists all the variables used in this chapter.

Variable Description Unit

A0 Richardson’s constant A/(%‘\K 2)
B Magnetic field T

d Deflection tube diameter, plate spacing m

f Frequency Hz
Critical frequency
Thermionic current
Deflecting plate length
Beam length to destination
Radius of circular path

Surface area
Temperature

Vertical velocity
Accelerating voltage
Deflecting voltage

Vertical deflection

Beam deflection on screen
Distance along beam axis
Work function

3 ~pra
< 3<<3x > T

eNS< <K< H®
[@X«))

19.1 Electron Beam Deflection

An electron beam that is subjected to an accelerating voliagehieves a velocity as defined by the first
equation. The second equation calculates the radius of curvasithese electrons in the beam move with a
velocity v passing through a magnetic fi@d The third equation calculates the y-deflectidrat distancéd.s from
the center of deflection plates separated by a disthaod length. making the approximation that the>>L. The
final equationcalculates the vertical displacemgrihsidethe deflection region with distanezdrom entryinto the
plate region and subject to a deflecting voltsge
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electron

yd path

Ls

Example 19.1- An electron beam in a CRT is subjected an accelerating voltage of 1250_V. The screen target is
40_cm away from the center of the deflection section. The plate separation is 0.75_cm and the horizontal path
length through the deflection region is .35 cm. The deflection region is controlled by a 100_V voltage. A magnetic
field of 0.456_T puts the electrons in the beam in a circular orbit. What is the vertical deflection distance of the

beam when it reaches the CRT screen?

AEAEACATAEN
Tools+| Zolug | Grarh | Vigw | Orks- | Edit
[Eam DeFlection |

mBI A45E_T
| ¥ ER W
mli L35 chk
ml=: 4B _cm
r‘E.
[¥H
mllgi 1250, _L
ulloll 1@0, U
Entgr: Yertical welocity

Display of Input Values

Solution - The first three equations are needed to solve this problem. Select these by highlighting and
pressindENTER]. Pres$F2] to display the input screen, enter values of all known variables andrp)éss

Eq.19.1.1

Eq. 19.1.2

Eq. 19.1.3

b Eq. 19.1.4

Fi Fe Fz Fu FE Fi
Toolsw| Zolue | Grarh | Vigw | Orks- | Edit
Ewam Deflection
LT A Wl
ml: L35 cm
ml=i 4. _cr
L L

: L2261 _m
i 2 OFERLEF _mes
Polz2sn, LU

Calculated Results

solve the equation. The computed results are shown in the screen display above.

Known Variables:
d=.75 cm

Va = 1250 V,B= .456 T, Vd = 100 V, Ls = 40 cm, L = .35 cm,

Computed Results: v = 2.09691 E7 m/s, yd = 0.07467 m, r = .000261 m
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19.2 Thermionic Emission

When certain electronic materials are heated to a high tempefatheefree electrons gain enough thermal energy,

forcing a finite fraction to escape the work function bag@nd contribute to the external curréntThe current
also depends directly on the surface &aad the so-called Richardson’s constsit
_a9
| = AOCSOT e kT Eq. 19.2.1

Example 19.2 - A cathode consists of a cesium coated tungsten with a surface area of 2.45 isreated to

1200 °K in a power vacuum tube. If the Richardson's constant is 120 24K 4 and the work function is 1.22_V,
find the current available from such the cathode.

Fi Fz Fz Fu FE Fi Fi Fz Fz F4 FE FB
Tools=| E0lug | GFArh | Wi | Orks- [ Edik Tools=| Z0lug | GFArh | Widtw | OFEs- [ Edik

Therrisnic Emission Th-zrm:omc Erission
WEEE 120, Ao CMT2ET2 D L 1:l2H . _Heoem™2lK™2
: +I: 31839519? A
l§§ 1. 22 L s 0
] e D ] =

uTi

Enker: SUFFace ared Ong cormplebe seabls solukion Feund.

Display of Input Values Calculated Results

Solution - Since there is only equation, pré@sto display the input screen, enter all the known

variables and pre§2] to solve the equation. The computed results are shown in the screen display shown
here.

Known Variables: A0 = 120 A/(m*2*K*2), S = 2.45 cm™2, T = 1200 °K, @ = 1.22 V

Computed Results: 1 = 0.3184 A

19.3 Photoemission

The two equations in this topic represent the behavior of electrons when excited by photon energy. A light beam
with a frequency generates an RMS velociyfor electrons that have to overcome a work funapofhe second
equation shows the threshold frequency for the light beam to extract electrons from the surface of a solid.

hi¥ = q@o+%ﬁneﬂ\? Eq.19.3.1
f :% Eq. 19.3.2

Example 19.3 - A red light beam with a frequency of 1.4E14_Hz, is influencing an electron beam to overcome a
barrier of 0.5_V. What is the electron velocity, and find the threshold frequency of the light.

Fi Fz Fz F4 FE FB Fi Fz Fx F4 FE
Toolse| Zolug | Grarh | Yigw | Oekse | Edit Toolse 501'.!& GFarh | Vigw | Opkse Edlt
Fhokocmission I ol Lo Acid
- EE FRO Equation F«k
af: 1.4el4_Hz i i

4=
. -y
fi: Z useabls :-:-1utu:-ns
l¢=.. S_U A pesived soln tty [ |
"H =

nd fE=1.20293417el4

wOZ

Enter: Yertical uglocity HMalH ERD AUTO FUHC

Display of Input Values EE-Pro display of Multiple Solution Sets
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Fi [ Fz Fu FE Fa Fi Fe F3 Fu FE Fi
Tools+| Zolug | Grarh | Vigw | Orks- | Edit Toolsw| Zolue | Grarh | Vigw | Orks- | Edit

Fhokacmission Fhabogmission
nfi 1.4egld_Hz nft 1.4eld_Hz
+fE: é.ZEIBBEM-l?EH_Hz *FE: é.aEIB S417eld_Hz
» i - . I':.'.I':"" LT

Mulkir1s Soraflets uSddbls 5610 Found. Mulkirle Soraflets uScdbls SoTns FoUnd.

Display of Solution 1 Display of Solution 2

Solution - Both equations are needed to solve the problem. f@ge display the input screen, enter all

the known variables and prdBg to solve the equation. EEro displays a notice that multiple solution

sets exist for the entered data, in which case the user needs to select a solution which is meaningful to the
application. When viewing one of a multiple solution set, the number of a solution should be entered (1, 2,
3...etc.) followed by pressifENTER] twice. The process of solving and choosing a solution set should be
repeated each time the user wishes to view a different solution. In this case, a positive electron velocity has
physical significance.

Known Variables: ¢ = 0.5V, f = 1.4E14 Hz

Computed Results: f0 = 1.20899417E14 Hz, v = 166694.726_m/s
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Chapter 20 Meters and Bridge Circuits

This section covers a variety of topics on meters, commonly used bridge and attenuator circuits. These equations are
organized under seven titles.

< Amp, Volt, and Ohmmeter « Owen Bridge
<  Wheatstone Bridge % Symmetrical Resistive Attenuator
+ Wien Bridge « Unsymmetrical Resistive Attenuator

B3

»  Maxwell Bridge

Variables

The following is a list of all the variables used in this section.

Variable Description Unit
a Resistance multiplier unitless
b Resistance Multiplier unitless
c Resistance Multiplier unitless
CCs3 Capacitance, arm 3 F
CC4 Capacitance, arm 4 F
Cs Series capacitor F
Cx Unknown capacitor F
DB Attenuator loss unitless
f Frequency Hz
Ig Galvanometer current A
Imax Maximum current A
Isen Current sensitivity A
Lx Unknown inductance unitless
Q Quality Factor unitless
Radj Adjustable resistor Q
Rg Galvanometer resistance Q
Rj Resistance in L pad Q
Rk Resistance in L pad Q
RI Resistance from left Q
Rm Meter resistance Q
Rr Resistance from right Q
RR1 Resistance, arm 1 Q
RR2 Resistance, arm 2 Q
RR3 Resistance, arm 3 Q
RR4 Resistance, arm 4 Q
Rs Series resistance Q
Rse Series resistance Q
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Rsh Shunt resistance A

Rx Unknown resistance Q
vVm Voltage across meter \%
Vmax Maximum voltage Vv
Vs Source voltage \%
Vsen Voltage sensitivity \%
w Radian frequency r/s

20.1 Amp, Volt, and Ohmmeter

The three equations in this section describe the use of resistors in extending the range of FM RADW
ammeters, voltmeters and ohmmeters. A shunt reftstoincreases the range of an ammeter

with a current sensitivitisen and a maximum randeax. A series resistandesecan extend R: LL
the range of a voltmeter. The third equation extends the range of a series ohmmeter with a N T

internal resistancBm and internal voltag¥'s, with an adjustable resist&adj. In a practical
setup,Radj is usually set at its midpoint to compensate for variations in the component value gzH
resulting in a systematic error in the measured result.

RmOlsen
Rsh= Eq. 20.1.1
Imax — Isen
_Vmax-Vsen Eq. 20.1.2
Isen
Vs
lsen= — Eq. 20.1.3
Rs+ le-2J

Example - 20.1
What resistance can be added to a voltmeter with a current sensitivitylf 46d a voltage sensitivity of 5 V to
read 120 V?

[FiIFE]’H ]'FH]FS]'FET] [FiIFE]’H ]'FH]FS]'FEI]
Toolsw| Zolue | Grarh | Fict | Orkse | Edit Tooliv| Solue | Grarh | Fick | Orkse | Edit
Iﬁ.l Va0 Mekers Iﬁ.l Va2 Mekers
mlzent 10._pA mlzent 10._uA
R=: +R5:-[ﬁﬁm
mllmax: 120, U mllmaxs L
nllzer: L mllzen: 5, U
Enkgr: Yolbadg sgnsitivity Ong corpleke USeabls Solukien Found.
Input Variables Computed Results

Solution - The second equation needs to be selected to solve this problem. Enter the known values for
Isen, Vmax,andVsenand presf?2] to solve the equation.

Known Variables: Isen=10. pA, Vmax= 120. V, Vsen=5. V

Computed Results: Rs= 11.5 MQ
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20.2 Wheatstone Bridge

A Wheatstone bridge with four resistor elemdrits RR2, RR3andRR4 is

the foundation of modern measuring systenghen the bridge is balanced,
there is no current in the galvanometer circuit. The first equation defines tl
requirement for a balanced bridge. The voltage across the Mhidgend the
galvanometer curremg are calculated in as followsA special function

GALV calculates the voltage across the bridge, and is a complex function E
Vs, Rx, RR2, RR3, RR4, R@ndRs.

W=

&( _E Eq. 20.2.1
R2 R4

Vm=eegalyf Rx RR RR RR Rg,R$ Vs Eq. 20.2.2

_Vm Eq. 20.2.3
lg=—
Rg

Example 20.2- A Wheatstone bridge circuit has a resi®®&?2 of 10 on the unknown side of the bridge and

two 1000Q resistors connected on the known side of the bridge. A resistordi@& connected to the bridge in

the location where the unknown resistor would normally be present. The bridge is supplied by a 10 V source with a
resistance of 2.8. The galvonemetric resistance is QMFind the voltage across the meter and the galvanometric
current.

T-:-F-.'-j:lsv $:‘|2|,|g thsph Prizt I:I:I:ss' EFdEiI: T-:-F-:-i'lhl 5512.,..; Gr"-ugph PFizl: |:|PF|:55' |EFdEiI:
bhgakskane Briddz| bHheatskons Bridde|
S I E -3 EEZT 100, 8
ERE3: 1QGE, _f
ER4: 100, 5
. Fa: 1._Mi
HE . F=s: 2.5
E=s: 2.5 0 Fw2 29, 0
R 29, _Q Umz -, QEZE2ZZ_L
Url -, BEE23Z_L 1= : oL
Enter: Galwansraskar currsnt Enkar: Zource wolbads
Entered Values Calculated Results
(Lower portion of display) (Upper portion of display)

Solution - The second and third equations are needed to solve the problem. Select these by highlighting
each equation and pressing key. Presf?] to display the input screen, enter all the known

variables and pre§®] to solve the equations. The computed results are shown in the screen display above.

Known Variables: RR2=100. Q, RR3= 1000.Q, RR4=1000. Q, Rs=2.5 Q, Rg=1._ MQ
Vs=10. V, Rx=99._Q
Computed Results: Vm=-.008233 V, Ig=-8.23305-9 A
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20.3 Wien Bridge

A Wien bridge circuit is designed to measure an unknown capacifangsing a
bridge arrangement shown herehe circuit has two methods of varying parameters
of the bridge to achieve null. In the first approdh,can be computed in terms of
RR3, RR1, RsandRx while in the second equation, the source frequency can be
used as a key controlling parameter. The bridge can also be used to measure the
frequencyf with the third equation after settil@x=Cs, Rx=Rs, andRR3=2*RR1.

The final equation relatdgo radian frequencgo.

2(‘(—RFB—ES 20.3.1
Cs \RRL Rxf* <
1
X — e T Eq. 20.3.2
f :2; Eq.20.3.3
—[Cs[Rs
T
w=2000F Eq. 20.3.4

Example -20.3
A set of measurements obtained using a Wien bridge is based on the following input. All measurements are carried

out at 1000_Hz. The known resist®R1 andRR3 are 1002 each, the series resistance is 20@ndCsis
1.2 yF. Find the values of the unknown RC circuit components and the radian frequency.

Fi Fz Fx (%] FE FE Fi1 Fz Fx ] FE F&
Toolse| Zalue | Grarh | Fick | Oeks- | Edit Tools~| Zolue | Grarh | Fick | Orks- | Edit
Kien Eridde Hign Eridis
mC=: 1.2 _pF al=! 1.
Cxe #00 2 EA
fi 1oEE, _Hz wfi
wRE1E 100, _§ sRE1
wEEZ: 100, i nFF3
mRs: 200, 50 mfR=: 200, _0°
Rt #Fwr 987,352 0
I°H +ni B283.19 =
Enter: Unknown capacitar Ons complebe usgabTe soTubion Found.
Entered Values Calculated Results

Solution - Use the first, second and fourth equations to solve the problem.[fBresslisplay the input
screen, enter all the known variables and grekto solve for the unknowns. The computed results are
shown in the screen display above.

Known Variables: Cs=1.2 pF, f=1000. Hz, RR1=100. Q, RR3= 100. Q, Rs=200. Q

Computed Results: Cx=.366529 pF, Rx=287.952 Q, w=6283.19 /s
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20.4 Maxwell Bridge

A Maxwell bridge is designed to measure the inductancand its series resistance
Rx in a bridge circuit. The input stimulus to the bridge circuit is an AC source with
a variable frequency and an AC meter detecting a null. The first two equations
measure the unknown inductarice and its resistandex by varying the
capacitanc€s, and its parallel resistanéss and bridge arm resistance&®1 and

RR2. The third and fourth equations measure the quality f&toy using either
measured values €k andRx or CsandRs. The final equation links the radian
frequencyw to the frequency.

Lx = RRRORRMOCs Eq. 20.4.1

Rx= RRRORR Eq. 20.4.2
Rs

Q= w[ﬁﬁj Eq. 20.4.3
Rx

Q=w[CsRs Eg. 20.4.4

w =207 Eq. 20.4.5

Example 20.4- Find the inductance and resistance of an inductive element using the Maxwell bridge. The
bridge are resistors are 10@Deach with a .2RF capacitor and 47Q parallel resistance. Computg andRx.

[FiTFaIerr_uIrsIrqI] [Fi]ra{rz{r_uTrs]rqI‘l
Toals=| solue [ Grarh |Fict |Opfs- | Edit Toals=] solue [ Grarh [Fict |Orfs- | Edit
Maxtwell Brigde Maxwell EFidde
mCsi . 22_pF mC=1 22_pF
L3 (4]
wRERZ: 1000, &
wRRE: 100, &
mR= d47E. 0
5 |

Enker: Unknown Fesiskance Ong cormplebe seabls solukion Feund.

Entered Values Calculated Results

Solution - The first two equations are needed to solve the problem. [Pldssdisplay the input screen,
enter all the known variables and prigkto compute the solution. The calculated results are shown in the
screen display above.

Known Variables: Cs=.22 p, RR2=470. Q, RR3=470. Q

Computed Results: Lx=.22 henry, Rx=2127.65957 Q

20.5 Owen Bridge

The Owen bridge circuit is an alternative AC bridge circuit used to measure an inductance gr1
its series resistance. The input stimulus to the bridge circuit is typically an AC source with
variable frequency and an AC meter detecting a null. The indudtanisemeasured in terms of
the capacito€£C3, and the branch resistarR®1 andRR4. The series resistanBx is
measured by a ratio of the capacitofs3 andCC4 and tempered bRR2, the variable
resistance in thex arm of the bridge.
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Lx=CQ[RRLRR Eq. 20.5.1

_CC3IRR_

RR2 Eqg. 20.5.2
ca

Rx

Example 20.5-A lossy inductor is plugged into an Owen bridge to measure its properties. The resistance branch
has 1000Q resistors and a capacitor of 2150n the non-resistor leg and 1.5 capacitor on the resistor leg of
the bridge. A series resistance of 125onnects the CC4 leg to balance the inductive element.

[ri'[rz]‘n 'r_u]‘rs ]‘rqI] [Fi'[rz]‘r: 'r_uIrs ]‘rqI]
Toolse| Zolug | Grarh | Fict | Oekse | Edit Toolse| Zolug | Grarh | Fict | Oekse | Edit
Owen Bridde] [Dwen Eridde
mCC3: Z2.25_pF mCC3: 2,25 _pF
mCCd4: 1,25 p) mCCd: 1,25 _pF
Lt +Lxi 28125 _henry
sRR1: 1000, 5 sRER1: 1EQo, &
sRRZ: 1000, sRREZ: 1o, i
sRRd4: 125, 0 mRR4: 125, 0
Rl +F 2 (Y,
Entsr: Unknown Fesistance Ons complebe useable solukion Found.
Entered Values Calculated Results

Solution - Pres$f2) to display the input screen, enter all the known variables andesssolve the
equation. The computed results are shown in the screen display shown here.

Known Variables: CC3=2.25 pyF, CC4=1.25 PF, RR1=1000. Q, RR2=1000. Q

Computed Results: Lx=.28125_henry, Rx=800_Q

20.6 Symmetrical Resistive Attenuator

i
= § . 8 "-l.tl 1
;I:- %1,-& %1;& Hﬂii-'f 1a>< La
o

Tee Pad Pi Pad Bridged Pad Balanced Pad

Balanced resistive networks are commonly used as attenuators in transmission line circuits. The three equations
below form the basis of the design for resistive attenuators in a Tee pad, a Pi pad, a bridged Tee pad or a balanced
pad configuration. These design equations compute the value of the multiplier in the circuit for a given an

attenuation losdB, in decibels The values ofa, b or ¢ define the attenuator network. The figure above show the

four key various configurations for the attenuator pads. For example, if the terminating resistance is 100 ohms, and

a 20 db attenuation is desired, computing a and b will be adequate to design a Tee pad or a Pi pad. The resistance of

each leg is computed by the terminating resistance by the multiplier factor.
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DB
[1020 - 1]

a=-—¢5 Eg. 20.6.1
102 +1
DB
21020
b=—F— Eq. 20.6.2
10 -1
DB
c= (1020 - 1] Eq. 20.6.3

Example 20.6- Design a symmetrical and Bridges Tee attenuator for@ B@ad and a 6 DB loss.

Fi Fz F2 F4 FE Fi
Toolse) S0lug | Grarh | Yigw | Orkse | Edit

Atkenuators=3svm R
nlEB: &
EH |

iH
[l

Fi Fz F2 F4 FE Fi
Toolse| S0ug | Grarh | Yigw | Orkse | Edik

Enker: Resiskance rultieTick

Entered Values

Attenuators-sem k
u0E: &
*3:

*ht -
+Ci LHPSZER

Ong cormpleke useable selukion Found.

Calculated Results

Solution - All three equations are needed. PfEggo display the input screen, enter all the known
variables and pre§®] to solve the equation. The computed results are shown above.

Known Variables: DB = 6
Computed Results: a = .33279, b = 1.33862, ¢ =.995262

Having computed the values of the multipliers a and b, a Tee pad can be constructed using tRe*za(oes
16.6395_ohms) for the two sides of the Tee, and a €adtie (or 66.931_ohms) for the vertical leg of the network.

20.7 Unsymmetrical Resistive Attenuator

EJ This section contains equations for unsymmetrical resistive attenuator design. These
equations compute the resistance values for a minimum loss L pad of an unsymmetrical
network with an impedandel! to the left of the L-network and an impedaiueto the

FL EK kF right of the network. The first two equations calcuRteindRk, the resistor values of the
- . L network. The third equation determines the minimum loss of signal strBBgth
. RkORr
Rj= RlI-——— Eqg. 20.7.1
Rk+ Rr

K= |RICRr?
RI-Rr

Eq. 20.7.2
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Example 20.7- A network needs to be patched by an unsymmetrical attenuator. The network to the right of the
attenuator presents a resistive load of @2%vhile the network to the left of the attenuator possesses an impedance

DB = 200og;, J% +, /% Eq. 20.7.3

of 100Q. What is the expected loss in dB?

Fi Fe Fz FY FE Fa
Toolsw| Zolug | Grarh | Fict | Oets- | Edit

u]=H |
mRl: 125,90
aRri 100G, 5

|ﬁtttnuutor’s-unwm [

Entir: Atksnuakor 1055

Entered Values

Solution - The last equation is needed to compute the signal attenuation [FBresdisplay the input
screen, enter all the known variables and dreékto solve the equation. The computed results are shown

in the screen display above.

Known Variables: RI

Computed Result: DB

Rj andRk can be computed from the first two equations above.
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125 Q, Rr = 100 Q

4.17975
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Fi Fe Fz FY FE Fi
Toolsw| Zolug | Grarh | Fict | Oets- | Edib

Attenuakars=Unser K

MVt v

wRr: 100,230

Ong Corfleks UStab1s SeTubich Feund.

Calculated Results




Chapter 21

RL and RC Circuits

This chapter covers the natural and transient properties of simple RL and RC circuits. The section is organized

under six topics.

< RL Natural Response

*

Variables

« RC Natural Response
» RL Step Response

KD
£

7
0‘0

7
0.0

RC Step Response
RL Series to Parallel
RC Series to Parallel

The table below lists all the variables used in this chapter, along with a brief description and appropriate units.

Variable
C
Cs
Cp
f
iC
iL
10
L
Lp
Ls
Qp
Qs
R
Rp
Rs
T

t
vC
vL
VO
Vs
w
W
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Description
Capacitor

Series capacitance
Parallel capacitance
Frequency
Capacitor current
Inductor current
Initial inductor current
Inductance

Parallel inductance
Series inductance
Q, parallel circuit

Q, series circuit
Resistance

Parallel resistance
Series resistance
Time constant

Time

Capacitor voltage
Inductor voltage
Initial capacitor voltage
Voltage stimulus
Radian frequency
Energy dissipated
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Unit
F

F
F
z

I

III>>>

unitless
unitless
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21.1 RL Natural Response

These four equations define all the key properties for the natural response
of an RL circuit with no energy sources. The first equation shows the
characteristic time constanin terms of the resistanéeand the inductance
L. The second equation computes the decay of the valtageross the
inductor with an initial currend. The third equation displays the decay of
the inductor current.. The final equation expresses the energy dissipation
characteristiaV of the circuit for the specified conditions.

L

T :E Eq.21.1.1

t
vL=I0Re’ Eq. 21.1.2
t

iL=10er" Eq. 21.1.3
1 20

W:EEI_EIO2 Eél—e T ] Eq. 21.1.4

Example 21.1 An RL circuit consists of a 400_mH inductor and a X2%esistor. With an initial current of
100_mA, find the inductor current and voltage across the inductor 1_ms and 10_ms after the switch has been closed.

Fi Fe Fz FY FE Fa
Toolsw| Zolug | Grarh | Fict | Oets- | Edit

FL Matural ResFonss

Fi Fe Fz FY FE Fi
Toolsw| Zolug | Grarh | Fict | Oets- | Edib

Entr: Inducter valtads

IRL Matural FesFonse
+il: (O73162_A
nIf: 100, _mA
al: 400, _mH
aR: 125, %
#1l QQOZZ_=
ntl 1. _m=
LU D 1450

Ons CorfTeks USsabTs SeTubich Feund.

Entered Values Calculated Results (1 ms)

Solution - Upon examining the problem, the first three equations are needed to solve the problem.
Select these equations using the highlight bar and pre¢BsieR], presgr2] to display the input screen,

enter all the known variables and prgkto solve. Perform the computations for a time of 1_ms, write
down all the results, enter 10 ms for t and pif@$$o recalculate the results for the new time entry.

Known Variables: 10 = 100 mA, L =400 mH,R = 125 Q,t = 1_ms, 10_ms.

Computed Results:  iL=.073162_A, vL = 9.1452 V after 1_ms
iL=4.39369 mA , vL = 0.549212_V after 10_ms

21.2 RC Natural Response

These four equations define the natural response of an RC circuit with no energy sources. F: |
The first equation specifies the characteristic time constanterms of the resistanéeand the I:
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capacitanc€. The second equation computes the decay of the vel@ageross the capacitor with an initial
voltage ofV0. The third equation shows the decay of the capacitor cu@enthe final equation computes the
energy dissipatiolV.

T=RIT Eq. 21.2.1
vC= VOEE_% Eq. 21.2.2
iC :V—Fgﬁ_; Eq. 21.2.3
1 _2m
:EECEVO2 EEl— er ] Eq. 21.2.4

Example 21.2- An RC circuit consists of a 1.pfarad capacitor and a 4@ resistor. The capacitor has been
charged to 18 V. A switch disconnects the energy source. Find the voltage across the capgecitdat&00 How
much energy is left in the capacitor?

Fi Fz Fx F4 FE Fa
Tools=| Z0lug | GFarh | Fict | Orks- | Edit

RC Matural Fesponss

F1 | Fz Fx F4 FE FB
Tools=| &0lug | Grarh | Fict | Orks- | Edit

[FC Watural Resronse

IEE 1.2_pF IEE 1.2 _LF

ic: *il:

Rl !?._ﬂ Rl .

T3 *+1i L HOOOSE_s
nti 100, _ps nti 100, _ps
[Slne +uCi 3, 055661
alJa: 15._U mlJa: 15,

[1H ) QoEiss_J

Enker: Capacikor CUFFenk

Entered Values

Ong cormplebe seabls solukion Feund.

Calculated Results

Solution - Upon examining the problem, all of the equations are needed to solve the problerfi2]Press
to display the input screen. Enter all the known variables and[fesssolve the set of equations.

Known Variables: C =12 pF,R =47 Q, VO =18 V,t = 100_ps

Computed Results: vC=3.05666_V, iC —.065035 A, W = .000189_J, T = .000056_s

21.3 RL Step Response

These equations describe the response of an inductive circuit to a voltage step
stimulus. The first equation calculates the time con3tamterms of the inductance Fi

L and the resistand®. The last two equations compute the inductor voltdgand L
currentiL in terms of the step stimulis, initial conditionlO, timet, and time
constant.
L
T=— Eqg. 21.3.1
R
-t
vL=[Vs- I0CR e’ Eq.21.3.2
. _Vs Vs)_-!
L=—+{I10-— |[&° Eq. 21.3.3
R R

Example 21.3 - An inductor circuit consisting of 25_mH inductance and X2.Eesistance. Prior to applying a
100_V stimulus, the inductor carries a current of 100_mA. Find the current in and the voltage across the inductor
after .01_s.
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Fi Fe Fz FY FE Fa Fi Fe Fz FY FE Fi
Toolsw| Zolug | Grarh | Fict | Oets- | Edit Toolsw| Zolug | Grarh | Fict | Oets- | Edib
FL Zter Kespanse KL Zter Fespanse
+il: 4.44391_R

iLs
mIl0: 108, _mA
mli Z25._mH
mR: ZZ2.5.%
T
mti .01l_=
uL:l
all=2 10, L)
Enkgr: Inductor uolkads Ong corpleks LSeabls Solukion Feund.

Entered Values Calculated Results

Solution - Upon examining the problem, all three equations are need to be solve the problerfi2 Press
to display the input screen, enter all the known variables and[fesscompute the solution.

Known Variables: L =25 mH, R=225 Q, 10 = 100 mA,t = .01 s, Vs = 100 V.

Computed Results: iL = 4.44391 A, vL =.012063 V

21.4 RC Step Response

These three equations describe the step response properties of an RC circuit.

The first equation defines the characteristic time constar, terms of the F;
resistanc® and the capacitan€a The last two equations compute the capacitor I:
voltagevC and currentC in terms of the step stimulus voltags, the initial

capacitor voltag®/0, timet, and time constartt

T=RIC Eq. 21.4.1
_t

vC=Vst+(\W- Ve Eq.21.4.2

. _(Vs=VvO) _-2

iC = g@ T Eq. 21.4.3

Example 21.4- A 10_V step function is applied to an RC circuit with a R5resistor and a 67_nfarad
capacitor. The capacitor was charged to an initial potential of —10_V. What is the voltage acrqss #fierlthe
step function has been applied?

Fi Fz Fx F4 FE Fa F1 Fz Fx F4 FE FB
Toolsw| Zalue | GFarh | Fict | Orks- | Edit Toolsw| Z0lue | GFarh | Fict | Orks- | Edit

[RE Ster Reseonse] (R Ster Reseonse]

mC: E7._nF mC: E7._nF

s *+ilC:
uf: L5 L 1=H .

T3 +1i 5.0Z5E-7Y_=
mti L1l _p= bl L1l_ps

NI #uCi -5, F9092_ 1)
sllg: -1@, U slli: -1@, U
mllz: 10U mll=: 10, U
Entir: Capacikor currint Ons cormpleks usgable selution Foeund.
Entered Values Calculated Results

Solution - All three equations are needed to compute the solution for this problem FBresdisplay
the input screen, enter all the known variables and ffeg$s solve.

Known Variables: VO =-10 V, C = 67 nfarad, R = 7.5 Q,t = .1 us,Vs=10_V

Computed Results: vC = -6.3909 V, iC = 2.185455 A
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21.5 RL Series to Parallel

The equations in this topic show the equivalence relationship
between a series RL circuR¢ andLs) and its parallel equivalent F=

circuit, Rp, Lp. The first equation translates the frequerficy, —3 =
to its radian frequency. The second equation specifies the L%
quality factorQs for Rs andLs. The third and fourth equations

define the values d®p andLp in terms ofRs, Lsandw. The fifth
equation computes Qp in termsRy, Lp andw. The sixth and seventh equations calcuRgandLs in terms of
Rp, Lp andw. The eighth and ninth equations comgRpeandLp in terms ofks, LsandQs. The last two of
equations calculates andLs in terms ofRp, Lp andQp.

w=201F Eq.21.5.1
Qs= wLs Eq. 21.5.2
Rs
_ RS +w?0LS
Rp=——M— Eq. 21.5.3
Rs
Lp—w Eq. 2154
w’[Ls a £
Rp
= Eg.21.5.5
Qp wilp q
_ w0 Op’[Rp £q.215.6
Rp’ +w® 0L T
LS:LDZLp Eq. 21.5.7
Rp +w® OLp°
Rp= Rsf1+ Q3 Eq. 21.5.8
1
Lp= LsJ1+— Eq. 21.5.9
p cﬁ QSZ] ]
Rs= sz Eq. 21.5.10
1+Qp
2
Ls:Qp—ELZp Eq. 21.5.11
1+Qp

Example 21.5 - A 24_mH inductor has a quality factor of 5 at 10000_Hz. Find its series resistance and the
parallel equivalent circuit parameters.
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Fi Fe Fz FY FE Fa Fi Fe Fz FY FE Fi
Toolsw| Zolug | Grarh | Fict | Oets- | Edit Tmﬂhl Solug | Graeh | Fick | Deks- | Edit
|RL Serigi=Farallel EL feries=Farallel

nfl 10083, _Hz nf'l 10QEE,. _Hz

Lp: *Lp: 02496 _henry
mL=: 24._mH ml=: 24, _mH

Qp: +Qp: 5.
mls: 5 iz 5

Epi +Epi 7O941.42 4

F=z #RE=1 301,595 4

will +i: SRS Y
EREAK k¢! was Freiied Ons corifleke USeabls Solution Found.

Entered Values Calculated Results

Solution - Upon examining the problem, the first six equations need to be solved as a set. Select these
equations, and prefg] to display the input screen enter all the known variables and [e¢§s solve.
The computed results are shown in the screen display shown here.

Known Variables: Ls = 24 mH, Qs = 5, f = 10000 Hz

Computed Results: Lp = .02496 H, Rs = 301.593 Q, Rp = 7841.42 Q, @ = 62831.9 1/s

21.6 RC Series to Parallel

circuit (Rs andCs) and its parallel equivalent circuit with valugp, and e
Cp. The first equation converts frequentyto its radian equivalent CP

radian frequencyw. The second equation computes the quality factor
Qsin terms oftw, RsandCs. The next two equations compute the parallel equivalent values as a fun®®rosf
andw. The fifth equation defines Qp in termsRy, Cp andw. The sixth and seventh equations compRgand

Csin terms ofRp, Cp andw. The last four equations describe the relationships betRee@s, Rp, Cp, Qaind
Qp in a symmetrical and complementary form.

The equations in this topic show the equivalence between a series RQ E= | FP
L |

w=200F Eq. 21.6.1
1
S=—— Eq. 21.6.2
Q w[Rs[Cs q
1
Rp= RYI1+ —— Eqg. 21.6.3
P ié W RS EC§) |
Cp= Cs Eq. 21.6.4
1+ w? [CS [R$ e
cgp:: 60[:F2p[](:p Eqg. 21.6.5
Rs= - sz Eq. 21.6.6
1+’ [RP* [CPF
+ 2 2
Cs= ! (;) Ry’ CCp Eq. 21.6.7
w’ [Rp’ [Cp
Rp= Rsf1+ QY Eq. 21.6.8
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Cs

Cp=—-—— Eq. 21.6.9
1
1+
Qs
Rszﬂ2 Eq. 21.6.10
1+Qp

_ Cp{1+ Qp)

Eq. 21.6.11
Qp’

Cs

Example 21.6 - A parallel RC Circuit consists of a 4ffarad and 15000@ at 120000_Hz. Find its series
equivalent.

Fi Fz Fx (%] FE FE Fi1 Fz Fx ] FE F&

Toolse| Zalue | Grarh | Fick | Oeks- | Edit Tools~| Zolue | Grarh | Fick | Orks- | Edit
RC SeFicsi—Farallel RC Sxrigs-Farallgl

=l +C=
mCp: 47, _nF mCps di._h
wfi 120030, _Hg wfi 120030, _Hz
wRpi 15A0007_{ wRpi 190000, _§

Fzi +R=i_, BASIO5CR

[°H *pi FOI9232. _rAs
Enket: Zeries Capacibancs Ons compTeke useabTe SoTukion Found.
Entered Values Calculated Results

Solution - Upon examining the problem, use equations 21.6.1, 21.6.3, 21.6.4, 21.6.6, 21.6.7 are needed
to solve the problem. Select these by highlighting each equation and presfintERh&ey. PresdgF?] to

display the input screen, enter all the known variables and[pesssolve.
Known Variables: Cp = 47_nF, Rp = 1500009, f=120000 Hz

Computed Results: Rs =5.30873E-3_Q, Cs = 4.700E-8 F
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Chapter 22

RLC Circuits

The essential equations for computing impedance and admittance, natural response, and transient behavior of RLC
circuits are organized into six topics.

< Series Impedance
< Parallel Admittance
oo

RLC Natural Response

Variables

< Underdamped Transient

3
*

o
*

» Critically-Damped Transient
» Overdamped Transient

All the variables used here are listed along with a brief description and units.

Variable
a
Al
A2
B
B1
B2
BC
BL
C
D1
D2
f

G
10
L

0
R
sl
s2
sli
sir
s2i
s2i

EE Pro for TI-89, 92 Plus
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Description

Neper’'s frequency
Constant

Constant

Susceptance

Constant

Constant

Capacitive susceptance
Inductive susceptance
Capacitance

Constant

Constant

Frequency

Conductance

Initial inductor current
Inductance

Phase angle

Resistance
Characteristic frequency
Characteristic frequency
Characteristic frequency
Characteristic frequency
Characteristic frequency
Characteristic frequency
Time

Capacitor voltage

Initial capacitor voltage
Radian Frequency

Damped radian frequency

46

(imaginary)
(real)
(imaginary)
(real)

Unit
rad/s

I<< << <<
& oy «n

I>y

rad

rad/s
rad/s
rad/s
rad/s
rad/s
rad/s

rad/s
rad/s



w0 Classical radian frequency rad/s
X

Reactance Q
XXC Capacitive reactance Q
XL Inductive reactance Q
Ym Admittance — magnitude S
Zm Impedance — magnitude S

22.1 Series Impedance

The series impedance of an RLC circuit is calculated using the first two equations. The magnitude |Zm| and phase
angleB of the impedance is calculated from the resistancR ihed reactanck in the first two equations. The
reactance in the third equation is calculated in terms of the inductive reackincén the fifth equation, the

capacitive reactanc€XC is calculated from thé&requency wand capacitanc€. In the final equatioris

expressed in terms of the oscillation frequeticy,

(zm)" = R+ » Eq. 22.1.1

0= tan‘l(%j Eq. 22.1.2

X = XL+ XXC Eg. 22.1.3

XL=wll Eq. 22.1.4

XXC= _—é[: Eq.22.15
w

w=20rF Eq. 22.1.6

Example 22.1 - A circuit consists of a 50 ohm resistor in series with a 20_mhenry inductor aidwid
capacitor. At a frequency of 1000_Hz, calculate the impedance, phase angle of impedance, .

[riIerrsIru]rsIrs_H [riIerrsIruIrsIrs_“
Toolie) Z0Tus | GFarh | Yigw | Orks- | Edik Toolsie) Z0Tue | GFarh | View | Orks- | Edik
IS-H'it! Impedanc: IS-H'itS |MP’2!\1¢II‘|C’2I

mCi 47, _pF st 20, _mH

.E= lgac. _H= +E= %é1826358_r~ad
™ :ml R -

gt +pl 5283, 1853 s
aR! SO, _Q 4 122, 27743_0
i +aH0E -3 FE6EV54_Y
ne +nl: 125.66371_0
e 4 +Zr ¢ IR iy
Enter: Induckance Enter: ImEsdancs madnikude

Entered Values Calculated Results

Solution - All of the equations are needed to compute the solution for this problemFBresdisplay
the input screen ,enter all of the known variables and pfgs® solve for the unknowns.

Known Variables: L = 20_mhenry, R=50 ohm C=47 pfarad, f=1000_Hz

Computed Results: w = 6283.19 rad/s, XL=125.664_Q, XXC=-3.38628 Q,
X=122.277 Q,Zm = 132.105_Q, ©-1.1826_rad.
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22.2 Parallel Admittance

The admittance of a parallel RLC circuit consists of a magnitticie,and phase ang@ Both can be calculated in
terms of the conductan€& and susceptandg The conductand® is expressed in terms of resistaf;avhile the
susceptancB is expressed in terms of the inductive and capacitive compdBerdaadBC.

(yr)’' =G+ B Eq. 22.2.1
0= tan‘l(g) Eq. 22.2.2
B
-1 Eq. 22.2.3
R g.22.2.
B=BL+ BC Eq. 22.2.4
BL=_L Eq.22.2.5
wllL
BC=w[T Eq. 22.2.6
w=207F Eq. 22.2.7

Example 22.2 - A parallel RLC Circuit consists of a 10,000 ohm resistonié@nry and .0Lufarads. Find the
circuit admittance parameters at a frequency of 10 MHz.

Fi F2 Fz Fu FE Fa Fi Fz Fz F4 FE Fi
Tools-| olug | GFArh | Vigw | Orks- | Edit Toolsw| olug | GFaph | Wi | Deks- | Edit

Faralle] Admitkance [Faraiiel Admittance
REH - EEELEL_s1emens sCt . Gl_pF
+BCY L ESEAIE_S1emens LI lﬂ._HHz.
+EL= - HERZ2EE_siemens +G1 L0001 _=siemens
al: - .

ofi 10, FHz
+G QA0 _siemens

mL: &7._

+51 L DOE1S9_rad

Ons corpleks USeabls SoTukich FouUnd. Entcr: Adrmikkance madnituds

Input and calculated results Input and calculated results
(upper half) (lower half)

Solution - All of the equations need to be used to solve this problem. [Pressdisplay the input screen
and enter the values of all known variables. HFes® compute the unknown parameters.

Known Variables: f = 10 MHz, R=10000_ohm, L=67 phenry, C=.01_pfarad.

Computed Results: Ym = .6281_ siemens, G=.0001_siemens, BL = -.0002_siemens,
BC = .6283_siemens, B = .000159 rad, w = 62831853.0718_rad/s

22.3 RLC Natural Response

These equations compute the complex frequencies of an RLC circuit. In general
every RLC circuit has two complex frequencié@sands2 with real and imaginary
partsslr, sli, s2r, ands2i. These frequencies are complex conjugates of each other F: L I:
which are computed from the resonant frequa@yand Neper's frequendy,

defined by the final two equations.

EE Pro for TI-89, 92 Plus 48
Equations — RLC Circuits



slr= real(—a +M) Eq. 22.3.1
sli= imagi—a +M) Eq. 22.3.2
2r= real(—a —M) Eq. 22.3.3
2i= imag(—a —m) Eq. 22.3.4

1
w0=,|—— Eq. 22.35
LIC
1
a=——— Eq. 22.3.6
2[R[C

Example 22.3 -A series RLC circuit of Example 22.1 is used to compute the circuit parameters.

GRS Fz | F4 | FE | F& FL | Fz Fx | F4 | FE | FB

Tools=| folue | Graeh | Fict | Orfs- | Edit Toals=] solue [ Grarh [Fict [Ores- | Edit
[ELE Watural Rese| [ELE Hatural kese |

*ui Z212.VRE_rrs aCt 47, _pF

w47, _uF ml: Z0O._pmH

ul: nR: SO, 4

uf: . #=1if 1009,24_pr=

#21if 100,24 _p-s #21ri -212,.VEE_Frrs

#21ri -212.FRE_Frs #2211 -log9. 24 _pos

#5218 -1O09, 24 o= #s208 “217,. FEE_s

*z2r) C212.VhE_ros 0 = PSS

One compleke useable solukion Found. Enker: Classical Fesonank Fred.

Input and calculated results Input and calculated results
(upper half) (lower half)

Solution - All of the equations are needed to solve the parameters from these given set of variables.
Press(F2] to access the input screen and enter all known variables[Raj¢éssolve for the unknowns.

Known Variables: L = 20_mhenry, R=50 ohm, C=47 pfarad.

Computed Results: s1r = -212.7660 rad/s, s1i=1009.2376 rad/s,
w0 = 1031.4212_rad/s, s2r =-212.7660 rad/s, s2i =-1009.2376 _rad/s

22.4 Underdamped Case

The equations in this section represent the transient response of an underdamped RLC

circuit. The classical radian frequen@ is calculated from the inductandeand the

capacitanceC in Equation 22.4.1. The Neper’s frequewcis shown by the second R L
equation.The condition for an underdamped system is tltad >a. The damped |:'T'

resonant frequenayd is expressed in equation 22.4.3 in terme@fanda. The
voltage across the capacitgris defined in terms of two constaft andB2. Blis
equivalent to the initial capacitor voltag®, andB2 is related to the initial inductor
currentl0, C, wd anda resistanc®. The voltager has an oscillation frequency @fl.

l
w0 = 1/— Eq. 22.4.1
LIC

1
a=——— Eq. 22.4.2

2[RLC
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wd =0 —a? Eq. 22.4.3

v = Bl “* [Gogwdy + B20e™ Dsirfew dJ} Eq. 22.4.4
B1=VO0 Eq.22.4.5
B2= —%E(NO— 201 OR) Eq. 22.4.6

Example 22.4 - A parallel RLC circuit is designed with a 10Q0resistor, a 40 mH inductor and a 2
UF capacitor. The initial current in the inductor is 10 mA and the initial charge in the capacitor is 2.5 V.
Calculate the resonant frequency and the voltage across the capasi@iter the input stimulus has been

applied.
[riIraIr: IF_HIFSIFE_I] [FiIFEIﬁ Ir_uIFs'[rq'[]
Toolsis) Solug | GFarh | Fict | Orkse | Edit Toolsiw) Solug | GFarh | Fict | Ortse | Edit
Underdamesd Case Underdariped Cass
ik nl: 10, _mA T
#B18 EL oo sl: 40, _mH
#E2: 1.24054 L s lEoE, _f
sC! 2. _pl nt! 1._55
mIG: 1@, _mA 8 2L SE3YI_L
sl: 43, _mH mljgs 2,51
s l@oo, R #pd: IE2E.E0 s
sti 1. p3 ! +iil : IR
Enter: Meper!s Freauency Enter: Classical Fesenank Fred.
Calculated Results (Upper display) Calculated Results (Lower display)

Solution - All of the equations need to be selected to solve this problem. [Jessl enter the known
variables followed by a second pres§gfto solve for the unknowns.

Known Variables: C = 2. pF, 10 = 10. mA, L = 40. mH, R = 1000. Q,t = 1. s

Computed Results: a = 250. r/s, B1 = 2.5. V, B2 = 1.24054_V, v = 2.50373_V,
wd = 3526.68 r/s, W0 = 3535.53 1/s

22.5 Critical-Damping

The equations in this section represent the RLC transient response of a critically-damped

circuit. The condition for a critically-damped systentd3 =a. The first two equations —"'E".‘—'LWl
define the Neper's frequencyand the classical resonant frequeaXy The transient

response to a step function stimulus of a voltage across the capaistexpressed in l:-"l"-

terms of constant®1 andD2, d, and timet. The constant®1 andD2 are defined in
terms of the capacitor volta@® and the initial inductor curretd.

a -_1 Eq. 22.5.1
2[RLC
1
w0=,|—— Eq. 22.5.2
LIC
v=D1E "+ D2[E" Eq.22.5.3
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D1:|—C?+a*vo Eq. 22.5.4

D2=VO0 Eq. 22.5.5

Example 22.5 A critically damped RLC circuit consists of a 10Q-esistor in series with a 40 mH inductor and
a 1uF capacitor. The initial inductor current is 1 mA and the initial capacitor charge is 10 V. Find the voltage
across the capacitor after 8.

mm’] Tools-| ol [ Graeh | Fict | Oets- | Edit
CFitical bameind [critica amping |

+%: ?Eu:u:l. _rs :DZ;P %EI. EH

nl: . " .

*0i: 2THEE. U= ml: 4. _pH

+0z: mf: lGE, &

wli: 1, m mt: 1EI._|%5

uli 4, _mH *ui 9,997°42 1

sR: 188, _% mllg: 10, _L

mt: 10, _ps + ool i,

MAIM FAD ALUTO FUMC Enker: C1a55icd1 FSondnk Fred.

Calculated Results (Upper display) Calculated Results (Lower display)

Solution - All of the equations need to be selected to solve this problem. [Byes&l enter the known
variables followed by a second pres§nfto solve for the unknowns.

Known Variables: C = 1. pyF, 10 = 1 mA, L = 40. mH,R = 100. Q, t = 10._ps,

VO =10.V,
Computed Results: D1 = 51000. V/s, D2 = 10._V, v = 9.99742 V, w0 = 5000._r/s,
0 =5000._r/s

22.6 Overdamped Case

These equations show the transient performance of an overdamped RLC Theuit.
condition for an overdamped system is theat- 0. The first two equations define the Fi Lijij |
characteristic frequencied ands2in terms of the Neper’s frequenayand the classical

resonant frequenay0. The transient response to a step function stimulus of the voltage I 'T"
is found by the constangsl, A2, slands2 and timet. The constantAl andA2 relate
to the initial capacitor voltag€0, the initial inductor currerid, slands2:

dl=-a+vJa?-w? Eq. 22.6.1
R =-a-vJa’-wd Eq. 22.6.2

1
w0=,|—— Eq. 22.6.3
LIC
1
Q=—" Eq. 22.6.4
2[R[C
v= AL+ 20 Eq. 22.6.5
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vocs2+(1:[€\’0+|o)

Al= R Eq. 22.6.6
2-4dl
—(VOES1+2':[€VRO+ I O)j
A2 = Eq. 22.6.7
2-4d

Example 22.6 -An overdamped RLC circuit consists of aQ@esistor in series with a 40 mH inductor and a 1
pF capacitor. If the initial inductor current is 0 mA and the capacitor is charged to a potential of 5 V, find the
voltage across the capacitor after 1 ms.

T-:-F-:-j:lh S-:f‘lzue Grru3p-h Pri:;t I:I:l:ssr EFdEiI: ToFoi'Ihl Sg'i?l.lt G:-ugph F'Fi:!t I:I:tss' EFdEit
[Dusrdarpd Casc] [Duerdarared Casg]
T alLt 40, _mH
Al afi 10, _
#+s18 -Z250. 628 K=
C *s2i -99749.4_pos
bl 1._ms
H i - QDRg02_L)
wfi 10, _% wliigz 5,0
+s1) -Z250.628_ s EXEH SCEE, -]
Entgr: Meprsk's FEgAUEncy Enkgr: C1a55ica] FeSondnk Fred.
Calculated Results (Upper display) Calculated Results (Lower display)

Solution - All of the equations need to be selected to solve this problem. [yes&l enter the known
variables followed by a second pres§nfto solve for the unknowns. The solver takes about five minutes

to solve this problem.

Known Variables: C = 1. pyF, 10 = 0. mA, L = 40. mH,R =10. Q, t = 1. ms,
VO = 5.V

Computed Results: s1 = -250.628. r/s, s2 = -99749.4 /s, v = -0.009802_V, 00 = 5000._r/s
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Chapter 23 AC Circuits

This chapter covers equations describing the properties of AC circuits.
¢ RL Series Impedance ¢ Two Impedances in Series

¢ RC Series Impedance ¢ Two Impedances in Parallel
¢ Impedance- Admittance

Variables

All the variables here are listed with a brief description and appropriate units.

Variable Description Unit
C Capacitance F
f Frequency Hz
I Instantaneous current A
Im Current amplitude A
L Inductance H
0 Impedance phase angle rad
01 Phase angle 1 rad
62 Phase angle 2 r
R Resistance Q
RR1 Resistance 1 Q
RR2 Resistance 2 Q
t Time S
Y Total voltage Y
VC Voltage across capacitor \%
VL Voltage across inductor \%
Vm Maximum voltage \%
VR Voltage across resistor \%
w Radian frequency r/'s
X Reactance Q
XX1 Reactance 1 Q
XX2 Reactance 2 Q
Y_ Admittance S
Z1lm Impedance 1 magnitude Q
Z2m Impedance 2 magnitude Q
Z_ Complex impedance Q
Zm Impedance magnitude Q
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23.1 RL Series Impedance

The equations in this section describe the relationships of an RL series circuit. The first equation shows the

sinusoidal behavior of current,defined by the amplitudém, radian frequencyw, and

timet. The second equation defines the magnitude of impedanda terms of the Fi
resistanc&, the inductancé andw. The voltage¥R andVL across the resistor and L
inductor are defined by the next two equations. The fifth equation calculates the total

voltage dropV of the circuit as the sum of the individual voltage drops of the resistor ant

inductor. The next two equations compute the amplitrdeand phas® of the voltage

across the circuit. The final equation relates the radian frequency and frefuélote:|, VR, andVL are
functions of time.

| = ImSin(w) Eq.23.1.1
abg Zn)’ = R+w?0L Eq. 23.1.2
VR = ZniImisSin(w ) CE0$6) Eq.23.1.3
VL = Zmdmieéogw ) Csirf6) Eq.23.1.4
V =VR+ VL Eq.23.15
Vm= Znilm Eq. 23.1.6
0= tan‘{ﬂj Eq. 23.1.7
R
w =207 Eq.23.1.8

Example 23.1 - An RL circuit consists of a 5Q resistor and a 0.025 henry inductor. At a frequency of 400
Hz, the current amplitude is 24 mA. Find the impedance of the circuit and the voltage drops across the resistor and

inductor after 10Qus.

Fl Fz Fz F4 FE F&
Toolse| Solue | Grarh | Fick | Orks= | Edit

KL Zerigs Impeedancs

Fi Fz Fx F4 FE Fa
Toolsix| Solue | Grarh | Fict | Orks- | Edit

EL Zerigs Impedance

A M A )
L

nf: H

o IR g

nlmi 24._mA

nlL: (UZ25_henry

+21  898637Y _rad

mfR: S,

mt: iﬂﬂ._%s

+1L 1. FasRz_ Y

Ons compleks useable soTukion Found.

Upper Display

Lower Display

Solution - All of the equations are needed to compute the solution for this problem [FBrassisplay
the input screen, enter all the known variables and [feg$s solve the equation. The computed results are
shown in the screen displays above.

Known Variables: f=400. Hz, Im=24. mA, L=.025 henry, R=50. Q, t=100. _ps

Computed Results: 1=.005969 A, 8=.898637 rad, V=1.75902_V, VL=1.46059 V,
Vm=1.92716_V, VR=.298428 V, W=2513.27 /s, Zm=280.2985 _Q
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23.2 RC Series Impedance

The equations in this section describe the key relationships involved in an RC

series circuit. The first equation shows the sinusoidal behavior of cdrrent, I:;
defined by the amplitudin, the radian frequenay, and timel. The magnitude I:
voltageVC acros<C are given in the next two equations. The total RC voltage

dropV is expressed in the fifth equation. The amplitide and phasé of the

Zm of the impedance of the circuit is calculated in terms of the resis&nce -' "-
voltage across the circuit is expressed in equations 6 & 7. The last equation is

capacitanc€, andw in the second equation. The voltage acrosR and the
relationship between the radian frequearsnd actual frequendy Note: I, VR, andVC are functions of time.

| = ImSin(w ) Eq.23.2.1
2 1
abg zm" = R t e Eq. 23.2.2
VR = ZniImis$in(w ) C£o$6) Eq. 23.2.3
VC = ZnlImitogcw ) Csirf6) Eq. 23.2.4
V =VR+VC Eq. 23.2.5
Vm= Znilm Eq. 23.2.6
0= tan‘l(_—j Eq. 23.2.7
w[C[R
w=20rF Eq. 23.2.8

Example 23.2 - An RC circuit consists of a 10D resistor in series with a 4iF capacitor. At a frequency of
1500 Hz, the current peaks at an amplitude of 72 mA. Find all the parameters of the RC circuit and the voltage drop

after 15Qus.

Fi [ Fz FY4 FE Fa Fi Fe F3 F4 FE Fa
Tools+| Zolue | Grarh | Fict | Oetse | Edib Toolsw| Zolue | Grarh | Fict | Oekse | Edit

RC Sgkigs IMPedancs

R Sikieh Impsdans
w47, _uF
nf:l H

sRT 106G, i

mti 150, _ps
+I5 . _ i 7o 0GSEI_U
wimt 72. _mb +UC: - B254Z7_U
+8: -, 027571 _rad +lm: F.2A183_0
mR: 100, _% +UR: F.11136_0
nt: 150, _%s +pi 9424, FE_rrs
+L 7. .08593_1 RSO 10, 254
On Ccorplebs Useabls Salukion Found. Enkgr: ImiEedancs madnituds
Computed Results Computed results
Upper Display Lower Display

Solution - Use all of the equations to compute the solution for this problem. Select these by highlighting
each equation and pressing key. Presg2] to display the input screen, enter all the known

variables and pre§2] to solve the equation. The computed results are shown in the screen displays above.
Known Variables: C=47. pF, f=1500. Hz, Im=72. mA, R=100. Q, t=150. ps

Computed Results: 1=.071114_A, 6=-.022571 rad, V=7.08593 V, VC=-.025427 V,
Vm=7.20183 V, VR=7.11136_V, W=9424.78 r/s, Zm=100.025_Q
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23.3 Impedance o Admittance

an impedance Z consists of a real and reactive components (R an
X) to describe it. The admittance Y consists of real and reactive
components (G and B) to describe it. The variables Z and Y have
an _ attached to them to add emphasize that they

are complex in general and have units attached.

The equation is designed to convert impedances to admittances = ?
with unit management built-in.  As shown in the figure to the right, I I
FEE I =

Y = — Eq. 23.3.1

Example 23.3 - Find the admittance of an impedance consisting of a resistive part 6f 488 a reactance part
of 475 Q.

Fi Fe F3 F4 FE FB Fi Fz Fz FY4 FE F&
Tools~| Zolus [ Grarh | Fick | Orks- | Edik Toolsw| Zolug | Grarh | Fict | Orks- | Edit
Irpgedance~Admitkanc Irapsdance-fdmitkanc
) #4_0 CL EOES] S+ DR D D

] . A T O

Enker: camplex Impedancs Oné <omplehe useabls Selukien Feund.

Entered Value Calculated Result

Solution -PresgF2) to display the input screen, enter all the known variables andfesssolve the
equation. The computed results are shown in the screen displays above.
Known Variables: Z=(125.-475.%i) Q

Computed Results: Y=(.000518+.001969*i) Siemens

23.4 Two Impedances in Series

These equations combine two impedar€kandZ2 in series with real and imaginary
partsRR1 andXX1, RR2 andXX2, respectively. The impedanc@d andZ2 are

expressed by their magnitudésm and Z2m, and phase angl€4 and62 Cg% El
respectively. The combined result of the two impedances in series is an impedan ith EE

a magnitud&Zm and a phase angbe

abg Zn’ = R+ X Eq. 23.4.1
0= tan‘l(l) Eq. 23.4.2
R
R=RR+ RR Eq.23.4.3
X = XX1+ XX2 Eq. 23.4.4
abd ZLm)’ = REE+ XF Eq. 23.4.5
ab{ Z2n’ = RRZ+ X% Eq. 23.4.6
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f1=tan (XXl) Eq. 23.4.7
RRL

XX2

62 = tan‘l(—j Eq. 23.4.8
RR2

Example 23.4 - Two impedances consisting of resistances ofQ@hd 75Q and reactive components 75 and -
145, respectively are connected in series. Find the magnitude and phase angle of the combination.

[riIerrs Ir_uIrs IFE_I] [riIerrs Ir_uIrs Irs_I‘l
Toolse| Z0Tue | GFarh | Fick | Orts- | Edit Toolse) Z0Tue | GFarh | Fick | Orts- | Edit
g1 +8: -, 30506_rad

R #R: 175, 0

sRR1: 100, % sRR1: 10E. _@

sEREZ: P50 aRRZ: 750 0

] st 7O, 0

miil 7S, 0 miEls 75,0

widiiis -135, g wiiio: 145, g

Zmill Gl 155, 4510

Enter: Imeedance madnitude One complekbe useable solukion Found.
Input Variables Computed results

Solution - Select the first four equations to solve the problem. f@gs display the input screen, enter
all the known variables and prégg to solve the equation. The computed results are shown in the screen

displays above.

Known Variables: RR1=100. Q, RR2=75._ Q, XX1=75._ Q, XX2=-145._Q

Computed Results: Zm=188.481_Q, 6=-.380506_rad, R=175._ Q X=-70._ Q

23.5 Two Impedances in Parallel

» [P

(RRLORR- XX XX)° +( REl X%+ XK

Two impedanceZl1 andZ2 when connected in parallel result in an equivalent
parallel impedance Zp, represented by a realPartd a reactive pak. The
impedancesZ1 andZ2 have real and reactive paR&1, XX1 andRR2, XX2
respectively. The first two equations show a numeric expression for magfitude
and phas®. Simpler versions dR andX are shown in the third and fourth
equations. The last four equations calculate the magnitude and pEdsanafZ2 as
Z1m and@l, andZ2m and@2, respectively.

abg Zn)’ = Eq. 23.5.1

{20 (RRL+ RR)* +( XX+ X%’

_ _1( XX1[RR2+ RR[ xz) _1( XX1+ xxzj
0 =tan -tan| ———— Eq. 23.5.2

RRIORR - XX X RRL+ RR
R = Znitog6) Eq.23.5.3
X = Zmisin(6) Eq. 23.5.4
ab{ZAn’ = R+ XX Eq. 235.5
ab{ Z2n’ = RRZ+ X% Eq. 23.5.6
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f1= tan‘l(x—m) Eq. 23.5.7
RRL

62 = tan‘l(x—xzj Eq. 23.5.8
RR2

Example 23.5 +For two impedances in parallel possessing values identical to the previous example, calculate the
magnitude and phase of the combination.

[ Fi Fz Fx ] FE F& ] [ Fi Fz Fx [E] FE F& '|
Toolse| 2a0lue | Grarh | Fick | Orks- | Edit Toolse| 2alue | Grarh | Fict | Oekse | Edit
¢ 25 in Farallel
e:,
wfRI: 100, _0
e =
widls 75, i widls 75, i
widEs -145._% widEs -145,_@
Fmt +7mr 105, 2EE_Q
Enkr: Impgdancs Fhass andlc Ons Sormifleke us¢abls selukion Found.
Entered Values Calculated Results

Solution - Use the first and second equations to compute the solution for this problem. Select these by
highlighting each equation and pressing[EN€ER] key. Presg2] to display the input screen, enter all the

known variables and pregg] to solve the equation. The computed results are shown in the screen displays
above.

Known Variables: RR1=100. Q, RR2=75. Q, XX1=75. Q, XX2=-145. Q

Computed Results: Zm=108.266_Q, 6=-.069443 rad
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Chapter 24 Polyphase Circuits

This chapter covers equations used in Polyphase circuits. The equations have been divided into three sections.

< BalancedA Network < Power Measurements
« Balanced Wye Network

Variables

All the variables are listed below with a brief description and units.

Variable Description Unit
IL Line current A

Ip Phase current A
P Power per phase W
PT Total power W
0 Impedance angle rad
VL Line voltage \%
Vp Phase voltage \%
w1l Wattmeter 1 W
W2 Wattmeter 2 W

24.1 Balanced A Network

These equations describe the essential featureBalhacedA Network The line voltagé/L is defined in terms of
phase voltag¥p. The second equation expresses the line cuirensing the phase curreipt. The third equation
computes the power in each ph&tom Vp, Ip and the phase delybetween voltage and current. The last two
equations represent the total powdr delivered to the system in termslbf VL Vp andlp.

VL=Vp Eq.24.1.1
IL =+/30p Eq. 24.1.2
P =VpOpltog6) Eqg.24.1.3
PT = 3[VpUiptog6) Eq.24.1.4
PT = /3IVLOLE0$6) Eq. 24.1.5

Example 24.1- Given a line current of 25 A, a phase voltage of 110 V, and a phase angle of 0.125 rad, find the
phase current, power, total power and line voltage.
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Fi Fe F3 Fu FE Fi Fi Fe F3 Fu FE Fi
Toolsw| Zolue | Grarh | Vicw | Dekse | Edit Toolsw| Zolue | Graph | Wicw | Deks- | Edit

IBl:I'Il:II'n:%d & Mekark Balanctd & Mgtwark

mIL: 25._A mIL: 25,_A

Ip: #Ip: 13, 33IF5E7_A

F: #F: 1575, 12537 _1

BTt #PT2 4725, 97E1Z_1
mg: 125 rad mg: 125 rad

LL: Y I Y
wllp: u Lp IS
Enkgr: Phase ualbgds Ong coraplebs LSeabls SoTukion Feund.
Input variables Computed results

Solution - Upon examining the problem, all equations are needed. [Passdisplay the input screen,
enter all the known variables and prggkto solve the equation set. The computed results are shown in
the screen display above.

Known Variables: IL = 25. A, 0 = .125 rad, Vp = 110._V

Computed Results: Ip = 14.4337567_A, P = 1575.32537 W, PT = 4725.97612 W, VL = 110._V

24.2 Balanced Wye Network

These equations describe the relationship Balanced Wye NetworKhe first equation computes the line voltage
VL from the phase voltagép. The second equation calculates the line cutteritom the phase currefg. The
power/phas®, is defined in terms &fp, Ip and phase delé. The last two equations are used to estimate the
total powerPT delivered to the system from the parametérsIL or Vp andlp.

VL=+/3Vp Eq. 24.2.1
IL=1p Eq.24.2.2
P =VpOipltog6) Eq.24.2.3
PT = 3VpQiptogh) Eq. 24.2.4
PT =3 VLOL£046) Eq.24.2.5

Example 24.2- Using the known parameters in the previous example f@dracedA Network find the phase
current, power, total power and line voltage.

Fi Fz [ FY FE F& Fi Fz [ F4 FE ]
Tools=| Solug [ Grarh | View | Ortse | Edit Tools=| Solug [ Grarh | View | Ortse | Edit

Ealanced ks Metwrk] Ealanced kHye Mebwrk]
l%L: 23.-A wll: Z5._H
=

+Ip! Z5._H
] #+Pi 2728, 54358 1
BT *PT:
mgi L 125 rad ngi o, I3

: +UL: 190, 525589 U
allp: 11@, U allp: 11@, U

Enkgr: Tobal power Ons cormplebs useable solubion Feund.

Input variables Computed results

Solution - All of the equations are needed to compute the solution. [Pxe&sdisplay the input screen,
enter all the known variables and prggkto solve the equation set. The computed results are shown in
the screen display above.
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Known Variables: IL = 25. A, 0 = .125 rad, Vp = 110. V
Computed Results: Ip = 25. A, P = 2728.54358 W, PT = 8185.63075 W, VL = 190.525589 V

24.3 Power Measurements

These three equations for a two-watt meter connection are used to measure the total po. “|
balanced network. The first two equations determine the watt meter reédirgsdW?2 are
expressed from the line currdht, line voltagevL , and phase deldy between the voltage an H
the current. The final equation represents the total p&®ierdelivered to the three-phase YL |_
load. :

W= VLDILEEOS{G + ’—gj Eq.

24.3.1
W2 = VLDILEto:{Q —’—g) Eq. 24.3.2
PT = /3VLOL&0$H) Eq. 24.3.3

Example 24.3- Given a line voltage of 110 V and a line current of 25 A and a phase angle of 0.1 rad, find the
wattmeter readings in a 2 wattmeter meter system.

Fi Fz Fx FYy FE Fa Fi | Fz Fx FYy FE Fi
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Wz
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Input variables Computed results

Solution - All of the equations are needed to compute the solution for this problem.[FBresdisplay
the input screen, enter all the known variables and Feé$s solve the equation set. The computed
results are shown in the screen display above.

Known Variables: IL = 25. A, 0 = .1 rad, VL = 110. V

Computed Results: PT = 4739.34386 W, W1 = 2232.40098 W, W2 = 2506.94288 W
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Chapter 25 Electrical Resonance

The equations in this section describe the electrical properties of resonance in circuits composed of ideal circuit
elements. The section is organized under four topics:

o,

+ Parallel Resonance | < Resonance in Lossy Inductor
+ Parallel Resonance I % Series Resonance

Variables

The following variables are listed with a brief description and their appropriate units.

Variable Description Unit
a Damping coefficient r/s
B Bandwidth r/'s

C Capacitance F
Im Current A

L Inductance H

0 Phase angle rad
Q Quality factor unitless
R Resistance Q

Rg Generator resistance Q
Vm Maximum voltage \

w Radian frequency r/'s
w0 Resonant frequency r/s
wl Lower cutoff frequency r/s
w2 Upper cutoff frequency r/s
wd Damped resonant frequency r/s
wm Frequency for maximum amplitude ris
Yres Admittance at resonance S
z Impedance Q
Zres Impedance at resonance Q

25.1 Parallel Resonance |

These ten equations describe resonance properties in parallel resonance circuits.
The first equation express¥m, the voltage across the circuit, in termdrof the
magnitude of the supplied current and the equivalent impedance of the parallel

circuit consisting of an inductdr, a capacitoC and a resistdR at the radian freque Fi L I: ,-'|'-,=quation

computes the phase andle, betweerVm andim. The third equation defines the rom the
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reactive parametets andC. The termgol andw?2 represent the lower and upper cutoff frequencies beyo®hd
where the impedance is half the impedance at resonance. The banfiwithe difference betweenl andw?.
The last three equations calculate the quality fa@tor terms ofR, C, L andwoO.

Vm=

Im

o)

S,

Eq. 25.1.1

Eq. 25.1.2

Eq. 25.1.3

Eq. 25.1.4

Eq. 25.1.5

O)O-—.___%___
VJLIC
-1 1 1
wl= + >+
2[R[C (2[|R[(:) LIC
1 1 1
w2 = + >+
2[RIC \/(ZER[C) LT
B=w2-wl
w0
(?::.___
B
/C
= RO/—
Q L
Q = wORIT

Eq. 25.1.6

Eqg.

Eq.

Eqg.

25.1.7

25.1.8

25.1.9

Example 25.1- Calculate the resonance parameters of a parallel resonant circuit containing 10,000
resistor, a 2.44F capacitor and a 3.9 mH inductor. The amplitude of the current is 10 mA at a radian

frequency of 10,000 rad/s.

Fi [ Fz FY4 FE Fa
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R 1RIGGGE, 5
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#lrt 5L EZ246721_M
il [ P
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:w%: 10315, 4155 _r s
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LAy . LIS s

Entsr: Radian Fred.

Enter: Bandwidth

Enter: Uppstr cuboff Frea.

Input Values

Calculated Results (Upper and Lower Screens)

Solution - All of the equations are needed to compute the solution for this problem.[FBressisplay
the input screen, enter all the known variables and [feg$s solve the set of equations. The computed
results are shown in the screen displays above.

EE Pro for Tl — 89, 92 Plus
Equations — Electrical Resonance

63



Known Variables: C=2.4 pF, Im = 10._ mA, R = 10,000. Q, L = 3.9 mH, @w= 10000 r/s

Computed Results: B = 41.6666667 1/s, © = -1.50993409 rad, Q = 248.069469,

Vm — 6.08246721 V, 00 = 10336.2279 r/s, &1 = 10315.4155 r/s, @2 = 10357.0822_r/s

25.2 Parallel Resonance Il

These equations represent an alternative method of expressing the properties ofa

resonant circuit in terms of the quality fac@r The first equation link® with the

resonant frequenay0 and the bandwidt. The lower and upper cutoff frequencies,
wl andw? are defined in terms @d0 andQ. The fourth and fifth equations compute
a, the damping coefficient, either fromiandC, or w0 andQ. The final two

F L

T

equations express the damped resofragtiencywd in terms oftt andwO or w0 and

Q.

Example 25.2- A parallel resonant circuit has a 1000esistor and a @F capacitor. Th&uality Factorfor

- @0
°* 8
wl=w0 1, ! >+1
2[Q \(2)
w2 =w0 L, 1 5
20 |\ (2m)
-1
2[RLC
w0
a=—-7

2
wd =V w0? —a?

ad = w0|1- 12
410

Eq. 25.2.1

Eq. 25.2.2

Eq. 25.2.3

Eq. 25.2.4

Eq. 25.2.5

Eq. 25.2.6

Eq. 25.2.7

this circuit is 24.8069. Find the band-width, damped and resonant frequencies.
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Solution - All of the equations are needed to compute the solution for this problem.[FBrassisplay the input
screen, enter all the known variables and gdFrekto solve the set of equations. The computed results are shown in
the screen displays above.

Known Variables: C=2.4 pF, Q = 24.8069, R = 1000. Q

Computed Results: a=208.33, B = 416.667._r/s, W0 = 10336.2_r/s, w1 = 10130._r/s,
w2 = 10546.6_1/s, wd = 10334.1 r/s

25.3 Resonance in Lossy Inductor

These equations characterize the properties of a lossy inductor in parallel with an ideal cap cﬁ)r
and a current source with an impedancB@fAt the resonant frequen&0, the admittance of (i
the parallel circuit is purely conductiveé'res andZres represent the impedance and admittan

of the circuit at resonancedm represents the frequency that occurs when the amplitude of &
voltage across the resonant circuit is at maximum.

|

= (0
wl=,|[——-| — Eq. 25.3.1
LIC (L
Yres= w Eg. 25.3.2
L [Rg
1
Zres=—— Eg. 25.3.3
Yres
2 2 2
wm= (i) 1+@ +(B) [—li—(B) Eq. 25.3.4
L[C Rg L LIC L

Example 25.3 -A power source with an impedanRg of 5Q is driving a parallel combination of a lossy 418
inductor with a X2 loss resistance, and a capacitor off=7 Find the frequency of resonance and the frequency for
maximum amplitude.

FRRE FE | F4 | FE | FB FL [ _F& F: | F4 | FE | FB
Taolse| selue | Graeh [Fict | Orfs- | Edit T-:--:-15v| solve | Grarh | Fict | Oets- | Edit
[Lessy Inductor | [Lossy Inductor |
mCi Z.7_pF mC: Z.7_pF
ml: 40, _pH ml: 40, _pH
a2, _ nf:
nRgi 5._9 -Ra: ]
[oH wplli 82714, 71dd_ros
e #pmi 10799, FEY ko
Yresi #rest L E30_siemens
Zresill +Zrest 2,98507F463_0
Enker: Impedancs ab Fesanancs Ong Cormplebe useabls solukion Found.
Entered Values Calculated Results

Solution - Upon examining the problem, all equations are needed to solve for a solutionF2Ptesksplay the
input screen, enter all the known variables and [ffgs® solve the set of equations. The computed results are
shown in the screen displays above.

Known Variables: C=2.7 yF,R = 2. Q, L = 40. pH,Rg = 5. Q
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Computed Results: 00 = 82214.7144 r/s, 0dm =107999.737 /s, Yres = .335 siemens,
Zres = 2.98507463 Q

25.4 Series Resonance

These equations characterize the properties of a series resonance circuit. The first e

connects the resonant frequeitdy and the reactive elements, the inductdnceand the
capacitanceC. The second and third equations compute the magriitaael phas@ of

the impedance, respectively.. The equationsdbandw? represent the upper and lower
cutoff frequencies beyond resonance, where the impedance is half the impedance at

resonance. The expressionsfaepresents the bandwidth of the resonant circuit.

The last equation determines the quality fa@adn terms ofR, C, L, andw.

wo:;

JLT

Z=JR2+(OJDL_A)
w[C

wﬂ_—i

0 =tan® _ wlC

_R

L

_ wO[L
Q= R
1 [L
Q_R C

Eq. 25.4.1

Eq. 25.4.2

Eq. 25.4.3

Eq. 25.4.4

Eq. 25.4.5

Eq. 25.4.6

Eq. 25.4.7

Eq. 25.4.8

Eq. 25.4.9

guati
ki L |
T

Example 25.4- Find the characteristic parameters of a series-resonant circuR wieQ, L = 69 uH,
C = 0.01uF and a radian frequency of 125,000 rad/s.
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Fi F2 Fz FY FE Fa
Tools+| Zolue | Grarh | Fict | Oetse | Edib

Fi F2 F2 F4 [ F&
Toolsw| Solug | Grarh | Fick | Dets= | Edik

Fi Fe Fz Fu FE FB
Toolse| Zolug | Graeh | Fict | Dets+ | Edib

IE'&FiES RE!OI‘IUI‘ICEI

IiH |
aC: .gl_pF
mli &9, _pH

A

nRi 25, 40
mp: 125000, _rrs
Gl

SeFies Resonancs
xS E=E=E S

9._uH
1.5%921624_Pad
£4905

mlL: 1.5._
#0322
25

miz 125AHE. pos
+ald 1203558, 53_r-=s

SeFich Resenante
91 -1.53921624 _rad
#Q F. 32264955
mR: 25, 0

wiz 125000, _r-s

Enktst: Bandwidth

Ong ComETeks USEAbls Solukicn Found.

Entered Values

Calculated Results (Upper and Lower Screens)

Solution - Upon examining the problem, all equations are needed to solve the problen{F2Prestisplay the
input screen, enter all the known variables and [8s® solve the set of equations. The computed results are
shown in the screen displays above.

Known Variables: C=.01 pF, R =25 Q, L =69. pH, R = 25. Q, ® = 125000._r/s

Computed Results: w0 = 1203858.53 /s, 01 =1036253.45 r/s, w2 = 1398572.29 r/s,

Z - 791.769784_Q
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Chapter 26 OpAmp Circuits

Seven commonly-used OpAmp circuits are presented in this section. An OpAmp is a direct-coupled high-gain
amplifier that can be configured with the use of feedback to circuit elements to achieve overall performance
characteristics. There are two inputs labeled ‘+' and ‘-’. The manner in which input signals are connected to these
terminals defines the inverting or non-inverting properties of the circuit.

X3
3

%
.

o

Basic Inverter
Non-Inverting Amplifier
Current Amplifier
Transconductance Amplifier

Level Detector (Inverting)
Level Detector (Non-Inverting)
Differentiator

Differential Amplifier

X3
3

%

®,

8

X3
3

o8

o
*

3
3

A

o
*

Variables

All the variables used here are listed with a brief description and proper units.

Variable Description Unit
Acc Common Mode current gain unitless
Aco Common Mode gain from real OpAmp unitless
Ad Differential mode gain unitless
Agc Transconductance S
Aic Current gain unitless
Av Voltage gain unitless
CcC1 Input capacitor F
Cf Feedback capacitor F
CMRR CM rejection ratio unitless
Cp Bypass capacitor F
fcp 3dB bandwidth, circuit Hz
fd Characteristic frequency Hz
fo Passband, geometric center Hz
fop 3dB bandwidth, OpAmp Hz
If Maximum current through Rf A
RR1 Input resistor Q
RR2 Current stabilizor Q
RR3 Feedback resistor Q
RR4 Resistor Q
Rf Feedback resistor Q
Rin Input resistance Q
RI Load resistance Q
Ro Output resistance, OpAmp Q
Rout Output resistance Q
Rp Bias current resistor Q
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Rs Voltage divide resistor Q

tr 10-90% rise time S
AVH Hysteresis Vv
VL Detection threshold, low \%
Vomax Maximum circuit output \%
VR Reference voltage \%
Vrate Maximum voltage rate V/s
VU Detection threshold, high \Y
Vz1 Zener breakdown 1 V
Vz2 Zener breakdown 2 Y,

26.1 Basic Inverter
These equations define the properties of a basic inverter. The first equation relate kF

voltage gaimv to the feedback resistanBé and input resistand@R1. The optimum
value ofRp is defined by the second equation to minimize output-voltage offset dus Rkl
input bias current. The first pole frequericy is defined by the third equation. Small
signal rise timer (10 to 90%) is defined by the fourth equation.

RF
Av:_—F‘>f Eqg. 26.1.1
RRL

RRLURf

= Eq. 26.1.2
RRL+ Rf

fcp= fop{— Ay EEF;_F:Ij Eqg. 26.1.3
35[Rf

Eq. 26.1.4

r =
fop{— AV IRR

Example 26.1 -Find the gain of an inverter and its optimum value for bias resistance given an input resistance
of 1 kQ and a feedback resistance of ZD. k

Fi Fz [E] Fu FE Fa
Toolsis) 20lug | GFarh | Fict | Orts- | Edit

Easic Inugrter

At
aRR1: 1. _k9
wRf: 208, _ ki
- |

Enter: Eigs current Fesistar

Entered Values

Fi Fz Fz Fu FE FB
Toolsw) Zolug | GFarh | Fict | Orts- | Edit

Easic Inugrter

#ful -20,

sRR1: 1._ki
nRf: k5t
R p eSS

Ong complete useabls soTukion Faund.

Calculated Results

Solution - Use the first and second equations to compute the solution for this problem. Select these by
highlighting each equation and pressing[EN€ER] key. Presf?2] to display the input screen, enter all the known

variables and pre§2] to solve the equation. The computed results are shown in the screen displays above.

Known Variables: RR1=1. kQ, Rf=20._lQ

Computed Results: Av=-20., Rp=952.381. Q
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26.2 Non-Inverting Amplifier

These equations define the properties of a non-inverting amplifier. The first equat
expresses the voltage ga&im in terms of the feedback resis®f and resistoRR1.

The second equation gives the valu®pfneeded in the input circuit to minimize
offset current effects.

Av= 1+R—f Eq.
RRL
26.2.1
RRLORS
=———— Eq. 26.2.2
RRL+ Rf

Example 26.2 Find the DC gain of a non-inverting amplifier with a feedback resistance 61 aMd a
resistance to the load of 18k Find the gain and the optimum value for a bias resistor.

Fi Fe F3 FY FE Fa Fi Fe F3 FY4 FE Fi
Toolsw| Zolug | Grarh | Fict | Oets- | Edit Toolsw| Zolug | Grarh | Fict | Oets- | Edib
Hon-Inuertind Arel] Mon-Inucrtind irapll
s #Hul 55,5556
sRR1: 18, _ki sRRE1: 18, _ki
aRfi 1. M@ :
H=H |

Entsr: Eias CUFFENE Fesister HAIH FRD ALTO FUHL |
Entered Values Calculated Results

Solution - Use the first and second equations to compute the solution for this problem. Select these by
highlighting each equation and pressing(ER€ER] key. Pres§2] to display the input screen, enter all the known

variables and pre§®] to solve the equation. The computed results are shown in the screen displays above.
Known Variables: Rf=1. MQ, RR1=18. kQ

Computed Results: Av=56.5556, Rp=17681.7_Q

26.3 Current Amplifier

the relationship between the current gaio with feedback resistané#, load

This section describes the properties of a current amplifier. The first equation sho }
1) L
KF

resistancdRl, output resistance of OpAnfRo, voltage divide resistdrs, and voltage
gainAv. The remaining equations define the input resist&ntend output resistance
Rout of the system. R:

(Rs+ Rf)OAv

Aic=

= Eq. 26.3.1
RI+ Ro+ R{1+ Ay
. Rf
Rin= Eq. 26.3.2
1+ Av
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Rout= R$[1+ Ay Eq. 26.3.3

Example 26.3 -A current amplifier with a 200 feedback resistance has a voltage gain of 42.
If the source resistance is Qkthe load resistance is 1@kand the output resistance of the OpAmp is @0€ind
the current gain, input and output resistances.

mTTTmTTT]’] mTTTmTT?ﬁ
Toolsw| Zolue | Grarh | Fict | Orkse | Edit Toolse| Zolug | Grarh | Fict | Oekse | Edit
Aic: +Hic: 158.983
mfus 42 mfus 42
wRf1 20, kR mREf 200, ki
REint +REin: 4651, 16_%
sRl: 10._ kR sRld 10, kR
mRof 106, & mRos 108, i
Fout.: +FEout: 43000, _3
el 1. _ i ekl 1. _ ki
Enkgr: Y divide resistor Ons complebe useable solukion Found.

Entered Values Calculated Results

Solution - Use all of the equations to compute the solution for this problem. [P2iessdisplay the input screen,
enter all the known variables and prgkto solve the equation. The computed results are shown in the screen
displays above.

Known Variables: Av=42, Rf=200. kQ, RI=10. kQ, Ro=100. Q, Rs=1. kQ

Computed Results: Aic=158.983, Rin=4651.16_Q, Rout=43000. Q

26.4 Transconductance Amplifier

The two equations in this section specify a closed loop transconduétanead output

resistancdrout in terms of the resistanés and voltage gaiAv. k=
1 :
Agc=— Eq. 26.4.1
Rs
Rout= R$[1+ Ay Eq. 26.4.2

Example 26.4 Find the transconductance and output resistance for a transconductance amplifier with a voltage
gain of 48 and an external resistance of ©25

Fi Fe F3 FY FE Fa
Toolsw| Zolug | Grarh | Fict | Oets- | Edit

Transcenducknes HF‘IPI
Hac:
w48
Rout.
afs:

Entir: Y dividsg Fasiskar

Entered Values

Fi Fe F3 F4 FE Fa
Toolsw| Zolue | Grarh | Fict | Oekse | Edit

Transcenducknts AMF

+Haci Q08 _siemens
[ 13"

+Hout: E125._ 0

u = Iy

Oni Corpleks ustabls SoTukich FoUnd.

Calculated Results

Solution - Use both equations to compute the solution for this problem. [Pressdisplay the input screen, enter
all the known variables and prdgg to solve the equation. The computed results are shown in the screen display
above.

Known Variables: Rs=125. Q, Av=48
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Computed Results: Agc=.008 siemens, Rout=6125. Q

26.5 Level Detector (Inverting)

The first equation in this section computes the value of the reBiRtbattached to an
OpAmp inverting input. The second equation calculates the hysteresis (or memory) “kE1
AVH of the level detector circuit. The third and fourth equations define the upper ani
lower trip voltaged/U andVL for an ideal inverting level detector, assuming a referer
voltageVR and breakdown voltag&é&l andVz2, and in terms oRp andRf.

RF KF

R= RPLRE Eq. 265.1
Rp+ Rf
VA+ V2
AVH :gmp Eq. 26.5.2
Rp+ Rf
vy = YRERT+ RpiVe Eq. 26.5.3
Rf + Rp
v = YRERIZ RiV2 Eq. 26.5.4
Rf + Rp

Example 26.5. An inverting level detector possesses two zener diodes to set the trip level. The setting levels
are 4V and 3V, respectively, for the first and second diodes. The reference voltage is 5 V, the OpAmp is
supported by a 10k bias resistor and a 1 ®feedback resistor. Find the hysteresis, the upper and lower detection
thresholds, and the input resistance.

FT[TTWWTH Fmﬂ?mm
Toolsw| Zolue | Grarh | Fict | Orkse | Edit Tooliv| Solue | Grarh | Fick | Orkse | Edit
Lul Dgkeckar |I'|U'2F|£I

+ER1T 9. 90099 k)

sRfi 1. Mg

sRpd 10, _ER

+UL: 4 9Z073_ L

mllR: 5, _L

+ULE 4.9901_1)

mllzis &4, _L

ul)z2
Oné corFlets Useable solutien Found. HAIH RRD ALTO FUHL |
Upper Display Lower Display

Solution - Use all of the equations to compute the solution for this problem. [Pie®sdisplay the input screen,
enter all the known variables and prggkto solve the equation. The computed results are shown in the screen
displays above.

Known Variables: Rf=1. MQ, Rp=10. kQ, VR=5. V,Vz1=4. V,Vz2=3. V

Computed Results: AVH=.069307_V, RR1=9.90099 kQ, VL=4.92079 V, VU=4.9901_V
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26.6 Level Detector (Non-Inverting)

This section computes the value of the resRR1 attached to an OpAmp non-inverting input. The next equation
calculates the hysteresis (or memaky)H of the level detector circuit. The next two equations define the upper and
lower trip voltages/U andVL for an ideal inverting level detector, a reference voltigeand breakdown voltages
Vz1 andVz2, in terms ofRp andRf.

_ Rp[Rf
= P Eq. 26.6.1
Rp+ Rf
VZ+ V2
AVH :QER Eq. 26.6.2
Rp+ Rf
VRIORf+ Rp+ R
VU = 0 4 P2 Eq. 26.6.3
Rf
VRO Rpt Ri)- RpIMz
VL= 0 meﬁ P Eq. 26.6.4

Example 26.6 - For a non-inverting level detector with the same specifications as the inverting level detector in
the previous example, compute the hysteresis, the upper and lower detection thresholds, and the input resistance.

Fi F& Fz F4 FE& Fi
Toolsw| S0luk | Grarh | Yicw | Orks- | Edit

Lul Dekectr Mon=iny

ER1:
sRfi 1, ML
sRp: 10, k%
mljg: 5, _U

L
mllz]z
mllzZs A,

Enter: Zengk breakdown 1

Entered Values

Fi F& Fz F4 FE FB
Toolsw| S0lu | Grarh | Yicw | Orks- | Edit

Lul Dekeckr Mon=iny
+aUHD L DES3EF_L

+ER1: 2900, 99_0
sRfi 1, _HMQ

L 14 100, _kqt
mljgs 5, _1

+lU: 5, @21
mllz]z

mllzZs A,

Ong cormplekbe useable seTukion Found.

Calculated Results

Solution - Use the first three equations to compute the solution for this problem. Select these by highlighting each
equation and pressing tfSTER] key. Presf?2] to display the input screen, enter all the known variables and press

to solve the equation. The computed results are shown in the screen displays above.
Known Variables: Rf=1. MQ, Rp=10._kQ, VR=5._V, Vz1=4. V,Vz2=3. V

Computed Results: AVH=.069307 V, RR1=9900.99 Q, VU=5.08 V

—HA

26.7 Differentiator

e cr

These equations define all the components required for a differentiator. Thet KRl LL1 RF
+

equation defines the feedback resi&bin terms of the maximum output voltage—"+"—] i
Vomax and currentlf . Typically,lIf is of the order of 0.1 - 0.5 mA. The
second equation computes the value for the restgarsed to cancel the effects
of OpAmp input bias currentCC1 is the input capacitor required for the LF ':I.-' L kF
differentiator, andRR1 is the resistor utilized for stability. The characteristic -

frequency of the differentiatdd is expressed by the fifth equation. The last two equations compute the bypass
capacitorCp and the feedback capacitof.
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_Vomax

Rf Eq. 26.7.1
If
Rp= Rf Eq. 26.7.2
Vomax
= Eq. 26.7.3
Rf Wrate
RL= ; Eq. 26.7.4
2rdd [CC1
fd = ; Eq. 26 7.5
2[#[Rf [CCL
10
Cp=—— Eq. 26.7.6
21T O[Rp
1
f=——««—— Eq. 26.7.7
ATt OCRS

Example 26.7 -A differentiator circuit designed with an OpAmp has a slew rate of 18. Mf the maximum
output voltage is 5 V, and the feedback resistor isG39khat input capacitor and resistor are needed for the
amplifier with a characteristic frequency of 50 kHz?

Fi Fz Fz Fq FE Fa
Toolsw| Zolug | Grarh | Fict | Oeks- | Edit

M
mllrate: 1.5_Ll-ps

Enter: InFuk Fesistor

Entered Values

Fi Fz Fz F4 FE Fa
Tools«| Zolug | GRarh | Fick | Oeks- | Edit

DiFFeFenkigkak DiFFerenkiakar
CCl: +CC1l: 2.54701e-11_F
lel_SEI._kHz :Fd:_SEI._ Hz
WFfT 9. ki Mt -
mllomax: 5 mllomax: 5, _1

ullrate: 1:§_U»-’|.15

Ons corpleks useable SeTukien Found.

Calculated Results

Solution - Use the third and fourth equations to compute the solution for this problem. Select these by

highlighting each equation and pressing[EN€ER] key. Presf?2] to display the input screen, enter all the known

variables and pre§2] to solve the equation. The computed results are shown in the screen displays above.
Known Variables: fd=50. kHz, Vrate=1.5_V/ps, Vomax=5. V, Rf=39. kQ,

Computed Results: CC1=8.54701E-11_F, RR1=37.2423 kQ

26.8 Differential Amplifier

Kk3
These four equations describe the primary relationships used in designing of a differe g1
amplifier. The first equation computes the differential gdnin terms of the input and =
feeback resistoBR1 andRR3. The second equation shows the common-modeAgain *
in terms ofRR3, RR1, and the common-mode rejection raiMRR. The third equation RRd
expands the definition @&d from the first equation to accomodate a practical OpAmp KEY

with a finite voltage gair\v. The final equation shows the common-mode gain due to
resistor mismatchingcc.
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RR3

Ad=—— Eq. 26.8.1
RRL
RR3?
Aco= Eq. 26.8.2
RR3[ RR+ RROCMRR
Ad = AVLRRS Eq. 26.8.3
VRREZ DAV + RR?
RRACRA- RRO RR
Acc= Eq. 26.8.4

RRL RR+ RR)

Example 26.8 Find the differential mode gain and the current gain for a differential amplifier with bridge
resistors RR1, RR2, RR3 and RR4 of 1D, 8.9 kQ, 10.2 IQ and 4.1 K, respectively. Assume a voltage gain of
90.

Fmﬂ?mfﬂ Fmﬂ?mm
Toolsw| Zolue | Grarh | Fict | Orkse | Edit Tooliv| Solue | Grarh | Fick | Orkse | Edit
ook +Hcoi Q1525

A= +Hd: 1.01993

w90 mfuE S0

nRR1: sERE1

wREZ: %9 mRRZ: 3.5

nRRE: 10,2 ki sRRE: 10,2 kR

nRR4: 4.1 kU wRRE4: 4. 1_kW

ERE<F: INFUE Fesistor HAIH RO AUTO FUHL |
Entered Values Calculated Results

Solution - Use the third and fourth equations to compute the solution for this problem. Select these by
highlighting each equation and pressing(EN€ER] key. Pres§?2] to display the input screen, enter all the known

variables and pre§®] to solve the equation. The computed results are shown in the screen displays above.
Known Variables: Av=90, RR1=10. kQ, RR2=3.9 kQ, RR3=10.2 kQ, RR4=4.1 kQ,

Computed Results: Acc=.01525, Ad=1.01993
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Chapter 27

This section covers a variety of topics in solid state electronics.

Read this!

Solid State Devices

to compute a solution.

Note: The equations in this section are grouped under topics which describe general properties of semicond
devices. Equations for a variety of specific cases and are listed together under a sub-topic heading and are
necessarily a set of consistent equations which can be solved together. Choosing equations in a subtopic w/|
to whether the equations represent actual relationships could generate erroneous results or no solution at all
description of each equation set to determine which equations in a sub-topic form a consistent subset before

ictors or

not

D regard
Read tt

attemptir

7
0.0

X3

%

X3

8

7
0.0

7
0.0

X3

S

X3

8

Variables

Semiconductor Basics
PN Junctions

PN Junction Currents
Transistor Currents
Ebers-Moll Equations
Ideal Currents - pnp
Switching Transients

X3

o

5

%

X3

S

R/
0.0

X3

S

5

%

X3

S

MOS Transistor |

MOS Transistor

MOS Inverter (Resistive)
MOS Inverter (Saturated)
MOS Inverter (Depletion)
CMOS Transistor Pair
Junction FET

A complete list of all the variables used in this section along with a brief description and appropriate units is given

below.

Variable
a

aLGJ

A

Al

A2

of

Aj

ar

p
b

pf
Br
Cj
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Description

CB current gain
Linearly graded junction parameter
Area

EB junction area
CB junction area
Forwarda

Junction area
Reversex

CE current gain
Channel width
Forwardf

Reverse
Junction capacitance

77

Unit
unitless
4/m
me
"
"

unitless

R

unitless
unitless
m
unitless
unitless
F



CL
Cox

DB
DC
DE
Dn
Dp
£0X
€S
Ec
EF
Ei
Ev
ffmax

od
gm
gmL
Go

10

IB

IC
ICBO
ICEO
ICsat
ID
IDmod
IDO
IDsat
IE

If

Ir

Ir0
IRG
IRGO
Is

kD
kL
kn
knl
kN

kP
KR

LC
LD
LE
LL
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Load capacitance

Oxide capacitance per unit area
Diffusion coefficient

Base diffusion coefficient
Collector diffusion coefficient
Emitter diffusion coefficient

n diffusion coefficient

p diffusion coefficient
Oxide permittivity
Silicon Permittivity
Conduction band
Fermi level

Intrinsic Fermi level
Valence band
Maximum frequency

Body coefficient

Drain conductance
Transconductance
Transconductance, load device
Conductance

Junction current

Saturation current

Base current

Collector current

CB leakage, E open

CE leakage, B open

Collector | at saturation edge
Drain current

Channel modulation drain current
Drain current at zero bias

Drain saturation current
Emitter current

Forward current

Reverse current

E-M reverse current component
G-R current

Zero bias G-R current
Saturation current

Modulation parameter
Saturation current

MOS constant, driver
MOS constant, load
MOS constant

MOS process constant
MOS constant, n channel

MOS constant, p channel
Ratio

Transistor length
Diffusion length, collector
Drive transistor length
Diffusion length, emitter
Load transistor length
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F
B/im

né/s

#is
s
s
/s
/s

unitless
unitless

> < [

v
A

N

A%

AN
MV
AR/
AV

unitless

33333



LLn
INN
Lp
P
pn
Hp
mn
mp

Na
nnC
Nd
nE
ni
NO
npo

pB

@GC
pno
Qtot

Qb
Qbo

Qox
Qsat
pn
pp
RI
B
D
L
T0
mn
Tt

TT
tch
tdis
tox
tr

ts
tsdl
tsd2
Ttr
Vi
Va
Vbi
VBE
VCB
VCC
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Diffusion length, n m
n-channel length m
Diffusion length, p m

p-channel length m

n (electron) mobility rﬁ/(v*s)
p (positive charge) mobility ?m(v*s)
n effective mass unitless
p effective mass unitless
Doping concentration 1/&h
Acceptor density 1/8h

n density, collector 1/
Donor density 1/

n density, emitter 1/&
Intrinsic density 1/rd
Surface concentration 1%n

n density in p material 1Rn

p density 1/m

p density, base 1/n
Fermi potential \%
Work function potential \%

p density in n material 1An
Total surface impurities unitless
Bulk charge at bias CHn
Bulk charge at 0 bias C#m
Oxide charge density Cfm
Base Q, transition edge C

n resistivity Q*m

p resistivity Q*m
Load resistance Q
lifetime in base S

Time constant S
Time constant S
Lifetime s
Minority carrier lifetime S

Base transit time (S

Time S
Temperature K
Charging time S
Discharge time S

Gate oxide thickness m
Collector current rise time s
Charge storage time S
Storage delay, turn off s
Storage delay, turn off s
Transit time S

Input voltage Y
Applied voltage \%
Built-in voltage Vv

BE bias voltage \

CB bias voltage \%
Collector supply voltage \%
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VCEs CE saturation voltage \%
VDD Drain supply voltage \%
VDS Drain voltage \%
VDsat Drain saturation voltage \%
VEB EB bias voltage Vv
VG Gate voltage \%
VGS Gate to source voltage \
VIH Input high Vv
Vin Input voltage \%
VIL Input low voltage \%
VL Load voltage \%
VM Midpoint voltage \%
VOH Output high \%
VOL Output low \%
Vo Output voltage \%
Vp Pinchoff voltage \%
VSB Substrate bias \Y,
VT Threshold voltage \%
VTO Threshold voltage at 0 bias \%
VTD Depletion transistor threshold Y
VTL Load transistor threshold \Y,
VTLO Load transistor threshold Y
VTN n channel threshold \%
VTP p channel threshold Vv
w MOS transistor width m
WB Base width m
WD Drive transistor width m
WL Load transistor width m
WN n-channel width m
WP p-channel width m
X Depth from surface m
xd Depletion layer width m
XN Depletion width, n side m
Xp Depletion width, p side m
Z JFET width m

27.1 Semiconductor Basics

The nine equations listed under this sub-topic describe the basic properties used semiconductor technology. The first
four equations are a subset which describes the basic properties of free carriers in semiconductors such as resistivity,
mobility and diffusion properties. Since the main semiconductor material of commercial use is silicon, a special
functionni(TT) was developed to calculate the intrinsic carrier density as a function of temperature TT. The first two
equations define the resistivitipa andpp of n and p-type semiconductors in terms of the electron and hole mobilities,
KN andpp, and doping densitiebld andNa. The next two equations are often called the Einstein equations

connecting the electron and hole diffusion coeffici@nsandDp, to their mobilitiegun andpp and the temperature

TT.
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_kOOT

Dn=——-I[>»0un Eq. 27.1.3
q
Dp=%rmp Eq. 27.1.4

The Fermi leveEF is a measure of the chemical potential in silicon and is used to estimate the doping density. For
instance in a n-type semiconductor, equation 27.1.5 is used to determine the location of the Fermi level, while in a p-
type material equation 27.1.6 is used to establish the Fermi level. In some cases, when both donor and acceptor leve
are specified, one has to choose either equation 27.1.5 or 27.1.6 vithix At normal temperatures, Nd>Na,

the material is defined as n-type and 27.1.6 would be used provitiedthe equation is replaced bid-Na. The

equation 27.1.5 would be used\Nifi<Na. The intrinsic Fermi level is always defined by the equation 21.1.7. The

Fermi level equations define the relative locatioEBf with respect to the intrinsic Fermi Le\&l, in terms of
temperaturd T, Na or Nd, and the intrinsic carrier density functioifTT) . Ei is calculated in the seventh equation in
terms of the conduction and valence band leizelandEv, temperatur@ T, the effective mass of electroms and

holesmp.

Ei = EF + KO Th| — 2 Eq. 27.15
ni(TT)
EF = Ei+ kO Th _Nd Eq. 27.1.6
ni(TT)
+
Ei= M+§Ell< DI'T[[h(ﬂ)j Eq. 27.1.7
2 4 mn

The final two equations are diffusion properties of dopants in silicon based on two distinctly different conditions. The
equation 27.1.8 covers the diffusion from an infinite source while the equation 27.1.9 covers diffusion from a finite
source. The diffusion of impurities in a semiconductor subject to an infinite source with a surface conchifteitten
depthx below the surface after a timhegiven the diffusion coefficierd is shown in the next equation. The final

equation details the diffusion from a finite impurity sou@ever a surface are® with a classic Gaussian

distribution.

N X
m = erf m Eqg. 27.1.8
N=— Ot arame Eq.27.1.9

AL/ D

Example 27.1.1 Find the intrinsic and actual Fermi levels for silicon at 380f the conduction band is 1.12 eV
above the valence band. The donor density is 8% d®®. The effective masses for electrons and holes are 0.5 and
0.85.
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[Fi'[Fz]B'[_FHIFS Irqn [riIra'[r:I_ruIrs Irqn
Toolsr| Zolug | Grarh | Wicw | Oets= | Edit Tooliv| S0lue | Grarh | Yicw | Ortse | Edit
Semiconduckor Easic Sermiconduckor Easic
mEci 1.12_el mEci 1.12_ el
EF: +EF: -.957117_el
Ei:l #Ei: |, SyYREZEE_el)
mEL: Q_T mEy: O_J
LI A H] mmRE L5
mppi L E5 app: L85
mid: 2, E-LP_lsem™3 mhd: 2, g-17_ 1 cm™3
wTT: 300, _K w TT: ISy
Enker: Inkrinsic Ferrmi Teusl Ong cormpleke useabls selukion Found.
Entered Values Computed Results

Solution - Since the dopant is a donor, use equations 27.1.6 and 27.1.7 to find compute a solution. Select these
equations and pre§2] to display the input screen, enter all the known variables andgzesssolve the set of
equations. To convert the resultsiffandEi to units of electron volts, highlight each value pfE8#pts and

(4)/Conv to display the unit menu in the tool bar. The computed results are shown in the screen displays above.

Known Variables: Ec = 1.12 eV, Ev = 0 J, TT = 300 K, mn = .5, mp = 0.85,
Nd = 8 x T0E17_cm™*-3.

Computed Results: EF = -.992117 eV, and Ei = .570288 eV

Example 27.1.2 -Find the diffusion penetration depth after one hour for phosphorus atoms with a diffusion
coefficient of 1.8 x 18* cnf/s. The carrier density at the desired depth is 8'kctf® while the surface density is 4 x
10" cm®,

Fi F& F3 [kl F& Fa Fi F& F3 F4 FE Fa Fi F& Fz F4 F& [
Toplsw| Zolug | GFarh | Vigw | Orts- | Edik Topls~) Zelue | Grarh | Yigw | Orks- | Edik Teolsw) Z0Tug | Grarh | View | Orks= | Edit
[Eemiconductsr Basic I~ EE-Fro Aduisory = Semicanductar Basic|
wl: 1.8 14 _cmi2-s The nseTue Command will be used. w0 1.Z2E-1d_cmT2 s

mH: S, E17_loom™s The existind walue For Ehi unknowns
iF anws WiTl be Used a5 an inikial

I‘LE _= Auess.

-
Enkgr: Dgpkh FFPam SUFFAC EE-Fra caudakion Sk sougr warkind... Ong comipTeke uSeable Solukian Faund.
Entered Values Notice of nsolve routine Calculated Results

Solution - Equation 21.1.8 is needed to compute the solution for this problem. Select it by highlighting and pressing
the[ENTER] key. Pres§2] to display the input screen, enter all the known variables andfdsssolve the equation.

Thensolveroutine is used sinceis an input for the user defined functieric (see Chapter 15ntroduction to
Equationsfor more information aboutsolveand user-defined functions). The computed results are shown in the
screen displays above.

Known Variables: D=1.8 E-14 cm™2/s, N = 8. E17_1/cm”3, NO = 4. E19_1/cm™3,
t = 3600. s

Computed Results: x = .264836E-7_p

27.2 PN Junctions

These equations describe the properties of PN junctions. They can be classified in two four distinct categories.

The first equation calculates the built-in voltaga for a step junction in terms of temperattife, the doping
densitiedNd andNa, and the intrinsic densityi(TT) .
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vbi = KOT | NdENa Eq.27.2.1

q ni(TT)*

Equations 27.2.2 - 27.2.4 compute the depletion layer wikithandxp in the p and the n regions of the junction in

terms of the dielectric constags, doping densitieBld andNa, built-in voltageVbi and the applied voltagéa; xd is
the total depletion region width for a given applied voltage.

. \/ZE‘SB‘O[INbI— vdONa

Eq. 27.2.2
o Nd[{ Na+ Nd |
Xp= N—dDm Eq. 27.2.3
Na
xd = xn+ xp Eq. 27.2.4

Equation 27.2.5 calculates the capacitg@gef a PN junction in terms @&, junction areadj andxd.

Cj _es_@()mj Eq. 27.2.5
xd

The last two equations (27.2.6 and 27.2.7) calculate the built-in voitsiigenddepletion layer widthxd for a
linearly-graded junction with a gradient paramete@GJ.

Vbi:ZDkDrTEIh aLQJD<d Eq. 27.2.6
q 2i(TT)
1
3
= @q&/bi—vd Eq. 27.2.7
qLaLGJ

Example 27.2.1 A PN step junction is characterized by an acceptor doping density of'§ emiband a donor

doping density of 9 x #0cm?®. The junction area is 1Q0n? at room temperature. For an applied voltage of -5V,
find the built-in potential and junction capacitance. Use a value of 11.8 for the relative permittivity of silicon.

[riIraIr:IruIrs ]FE'” [riIra'[r:I_ruIrs ]FE'”
Tools| Zolug | GFarh | Vigw | Orkse | Edik Toolsr| Solug | Grarh | Vigw | Orkse | Edik
FM Junckicns FM Junckicns

L1s! -w mHat &G .el&_1l- cm™3
+Cj E-14_F mid: 3. elvV_l-scm™3

ms=i 11.8 n]T: FQE._K

sHa: &.el&_lscm™3 mllg: -5, _L

sHd: 9, el7_lscm™3 +lbhiz 8959095 _LU
-TT= 3EIEI _K +xdf F.6ES7HE -F_m
mllg: -5, _U *xhi 2.30361 e -8 m
+Ubil 553093 1 +xp ¢ IEPEEEE
One cormpleke UseabTs Solukion Faund. Enker: Dgplekion Widkhs ¢ Side

Results: Upper Half Results: Lower Half

Solution - Use the first five equations to compute the solution for this problem. Select these by highlighting each
equation and pressing tf8TER] key. Presf?2] to display the input screen, enter all the known variables and{fjess

to solve the equation. The computed results are shown in the screen displays above.

Known Variables: Aj=100. p*2, & = 11.8, Na = 6E16_1/cm”3, Nd = 9.E17_1/cm™3,
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TT = 300. K, Va = -5. V

Computed Results: Cj = 2.83467E-14 F, Vbi = .859093 V, xd = 3.68578E-7 m,
xn = 2.30361E-8_ m, xp = 3.45542E-7 m

Example 27.2.2 A linearly graded junction has an area of 180a built-in voltage of 0.8578 V, and an applied
voltage of -5.V. The relative permittivity of silicon is 11.8. Under room temperature conditions, what is the junction
capacitance, depletion layer width, and the linear-graded junction parameter?

Fi Fz Fz Fu4 FE FB
Toolse S-:-1ue|GruPh Wicw | Orks- | Edit

FM Junckions
aLET:
nfiit 108, _u~2

Al
mssi 11.8
=TTz 3Q0. UK

mlly
-Ubl LESraE_U
xolill

Fi Fz FE& FB
Toolsr| Zolus Gr-uph '.':-zw Orts- | Edit

Enter: Deplckion Tavsr widkh

FH Junckions

(V= |
wlbi: Lo5rg U
e R4 £ o T

Entered Values

One corplebs Usgabls soTukion Found.

Calculated Results

Solution - Use equations 27.2.5-7 to compute the solution for this problem. Select these by highlighting each
equation and pressing tf8TER] key. Presf?2] to display the input screen, enter all the known variables andfjess

to solve the equations. The computed results are shown in the screen displays above.
Known Variables: Va = -5 V, Vbi = .8578 V, Aj=100. u*2, & = 11.8, TT = 300._°K,

Computed Results: aLG) = 1.4254E30_1/m™4, Cj=3.28547E-14_F, xd =.318005_p

27.3 PN Junction Currents

These equations characterize the relationships for computing currents in PN junctions. They can be classified into foul
categories.

The first three equations define the junction currents. First, the junction dulsepressed in terms of the junction
areaA|, diffusion coefficient©n andDp, diffusion lengthd.Ln andLp, equilibrium densities of minority carriers

npo andpno, applied biad/a, and temperatur€T. The second equation is a simplified form the first equation where
the currentO is defined as the multiplier of the exponential term. In this form, it is often called Shockley equation.
The third equation calculates this saturation curd@in terms of the junction are, diffusion coefficientn and

Dp, diffusion lengthd.Ln andLp, equilibrium densities of minority carrienpo andpno. It is used to simplify the

first equation.

gqVa
| =q[A] [ﬁ—ﬁhpm—[pnoj[éém J Eq. 27.3.1
qVa
I =1 OtéekErT —1} Eq. 27.3.2
10=q[A] ﬂtho+%tpno Eq. 27.3.3
L Lp
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The so-called Generation-Recombination curlB@O0 at O bias is calculated by the fourth equation in terndg of
average recombination tint®, intrinsic densityni, depletion widthxd. The fifth equation shows that applying an
external voltag&/a, the generation recombination curreRG increases exponentially.

IRGo= _3A ZH;EOTT) xd Eq. 27.3.4
CAj Chi( TT) Cxd (v
IRG= ng ) d%éﬂﬂ—q Eq. 27.3.5
(0]

The small signal conducatnce of the junction is defind8a®nd is computed in terms of temperaflifeand
currentd andl0. The last two equations compute the charge storagegiwieen the diode current is switched
externally fromllf tolr. Itis seen from these two equations tisatepends strongly upon the minority carrier lifetime

p.

-9

Go=——[l +I10 Eq. 27.3.6
o o) a
ts= rp[[h(1+l:—f) Eq. 27.3.7
r

1 ts

i =erf| |— Eq. 27.3.8
1+—— »

IIf

Example 27.3.1 A PN Junction is characterized as having a junction area girhf0an applied voltage of 0.5
V, and diffusion coefficients for electrons and holes of 3§s®@ind 10 crts, respectively. The diffusion lengths for
electrons and holes are @6 and 15um. The minority carrier densities are 5 ¥ > (electrons) and 25 cin
(holes). Find the junction current and the saturation current for room temperature conditions.

Fi Fe [ F4 FE Fa Fi [ Fz F4 FE Fa
Toolsw| Zolue | Grarh | Wicw | OFts- | Edit Toolsr| Zolus | Grarh | View | Orks- | Edit

FM Junckion CurrFent FM Junction CUFFent
-Hj:.\w +I1 . O00003_A
m[h: WIS 0 1.12153e-14_A
mlp: 10._cm™Z-= mlln: 25._p
+1: L OOQGG0S_A mlpi 15._p
#I0: 1.12153e-14_A mppo: S.EE_lsom™3
mllne 25._p l|?r'u:|= 25, _lsem™3
mlp: 15._p w]T: Z0E._K
appol S.eE_lscm™3 ulls: IRSEN

Enter: Junction ared

Entet: APeTied uoltgde

Entered Values

Calculated Results

Solution - Use the equations 27.3.1 and 27.3.2 or 27.3.1 and 27.3.3 to compute the solution for this problem. Select
these by highlighting each equation and pressin{Eligr] key. Presg?] to display the input screen, enter all the

known variables and pref§g] to solve the equations. The computed results are shown in the screen displays above.

Known Variables: Aj=100. p*2, Dn=35. cm”2/s, Dp=10. cm”2/s, LiIn=25. p, Lp=15. |,
npo=>5.E6 1/cm”3, pno=25. 1/cm”3, TT=300. °K, Va=.5 V

Computed Results: 1=.000003 A, 10=1.12153E-14 A
Example 27.3.2 Find the generation-recombination current at room temperature for a pn junction biased at 0.85 V,

a junction area of 1Am? a depletion layer width of 0j%m, a carrier life time of 1.5 x 10s.
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Entered Values

One cormplebs Usgabls soTukion Found.

Calculated Results

Solution - Use the fifth equation to solve this problem. Select this by highlighting the equation and pressing the
key. Presg2] to display the input screen, enter all the known variables andf2lesssolve the equation.

The computed results are shown in the screen displays above.
Known Variables: Aj=10. p"2, 10= 1.5 ns, TT=300 K, Va=0.85, xd=.5 p

Computed Results: IRG=.000052 A

27.4 Transistor Currents

The seven equations describe top-level relationships between the emitter, base and collectdEcuBreantslIC,
respectively.

The first equation defines the common base currentogagithe ratio ofC to IE. The second equation defines the
common emitter current gafin terms ofa.

IC
a=— Eq. 27.4.1
IE
a
B=—— Eq. 27.4.2
l1-a

The third equation represents Kirchoff's current law for the bipolar junction transistor.

IE=IB+IC Eq. 27.4.3

The next three equations represent alternate forms of the collector current in tariis o8B, B and the leakage
currentsCEOQ, andICBO.

IC=a E +1CBO Eq. 27.4.4

IC = %DB " 'f_io Eq. 27.4.5

IC=80B+ICEO Eq. 27.4.6
The final equation link$CEO andICBO in terms off3.

ICEO= ICBOB +1) Eq.27.4.7
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Example 27.4 - A junction transistor has the following parametensis 0.98, the base current is L& while
ICBO is 1.8 pA. Find th@, emitter and collector currents.

Fi Fz Fz Fu4 FE FB Fi Fz Fz Fu4 FE& FB
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Solution - A few different choices are available, however the results might differ slightly due to the combination of
equations used. The second, third and fourth equations can be used to solve this problem. Select these by highlight
each equation and pressing key. Presg?] to display the input screen, enter all the known variables and

presdF2] to solve the equations. The computed results are shown in the screen displays above.
Known Variables: a=.98, 1B =1.2_pA, ICB0=1.8 pA

Computed Results: B=49., IC=.000059 A, IE=.00006_A

27.5 Ebers-Moll Equations

K1 o F-1IF

— | L

lIF-= & -=IK

These ten equations show a collection of relevant relationships developed by J. IE
Ebers and J. L. Moll in the mid-1950s recognizing the reciprocal behavior of bipo*
function transistors.

The first three equations connect the emitter, collector and base clEd@sand
IB in terms of forward and reverse current gafranddr and the forward and reverse currdiftsandlr.

IE=IIf —ar ¥ Eq. 27.5.1
IC =af OIf =Ir Eq. 27.5.2
IB=(1-of )OIf +(1-or)@ Eq.27.5.3

The corresponding common emitter current gains in the forward and reverse directions are @iardfr, in
terms ofaf andadr in the fourth and fifth equations.

af
= Eq. 27.5.4
1-aof
ar
pr = Eq. 27.5.5
1-ar

The reciprocity relationships betweahanddr, IIf andlr, and the saturation currelstare defined by the next two
equations. The recognition of this reciprocity relationship has been the basis of computing switching characteristics of
a transistor.

af OIf =1s Eq. 27.5.6
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arr =lIs Eq. 27.5.7

The last three equations defil@@EO0 andICBO in terms ofaf , ar, Bf andIrO.

ICBO=(1-araf)0r0 Eq.27.5.8

ICEO= ICBO{Bf +1) Eq. 27.5.9

ICEO= IrO[Ql—af Dhr) Eqg. 27.5.10
1-aof

Example 27.5.1 -A junction transistor has a forward and reversef 0.98 and 0.10 respectively. The collector
current is 10.8 mA while the forward current is 12.5 mA. respectively. Compute the base, saturation and reverse
currents, in addition to the forward and the rev@se

I’Fi'[rzlrz '[r_u'[rs]’rq]"l [riIrz'[rs Ir_uIrs]’rq]"l
Taolsw| Solug | Grarh | Fick | Orks- | Edib Toolsir| Solug | GParh | Fict | Oeks- | Edik
Ebsrs—-Fo11 E4ans Ebsrsi-Fo11 Eans
mof: mgrt L1
mar! . +[f: 49,
*Gf: 39, sGre L ii1111
sfr: 111111 +1B: 1555, _pA
+1E: 1555, _pA I6: 18.2.mA
wIC: 10.5.mH wIIf: 12.5_mA
mIlf: 12.5_mA +Ir: L GE145_H
+Irl 688135 R +Is:
Ons corfletbe wseabls solukion Found. Enter: faturation currsnk
Display (Upper-half) Display (Lower-half)

Solution - The second through sixth equations are needed to solve this problem. Select these using the highlight ba
and pressing thHeNTER] key. Presf2] to display the input screen, enter all the known variables andfdsssolve

the equation set. The computed results are shown in the screen displays above.
Known Variables: af=.98, dr=.1,I1C = 10.8 mA, lIf=12.5_ mA

Computed Results: ff=49., Br=.111111, IB=1555.pA, Ir=.00145_A, Is=.01225. A

27.6 ldeal Currents - pnp

The four equations in this set form the basis of transistor action resulting in P -+- IE P
emitter, base and collector currents in a pnp transistor. The first three equations

show the emitter, collector and base curréatdC , andIB in terms of emitter LE | HE | LC |-
base areal, diffusion coefficientDE, DB, andDC, the minority carrier densities E DE DE bC

nE, pB, andnC, emitter and collector diffusion length& andLC, base width H1 H HZ2

WB, emitter-base and collector base voltage® andVCB, base collection junctioA2 and temperatur€T. The

last equation shows the relationship betwaeBB, pB, WB, DE, nEandLE. The corresponding equations for an
npn transistor can be derived from this equation set by proper use of sign conventions.

avEs aves
DAlEé DE (hE , D\E/&VEBijEEem _1]_qDCVZBEDB[pB(ekm _1] Eq. 27.6.1
qIVEB aveB
c- %;BMEE e ] oo PEINC, DSVEBDB)EEe -1) . 2762
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IVBE aveB
IB = qDal‘_lE[DEmE[Eekm {94.%:@"1({ ekaT —]_) Eq. 27.6.3
DBLpB

_ WB
a= DETPB,, DETHE Eq. 27.6.4

WB LE

Example 27.6 Find the emitter current gainfor a transistor with the following properties: base width of 0.75
um, base diffusion coefficient of 35 &, emitter diffusion coefficient of 12 &s, and emitter diffusion length of
0.35um. The emitter electron density is 30,000%amd the base density is 500,000%m
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Toolsw| Solug | Grarh [Fict | Oeks- | Edik
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Ons corplebs wsgabls solukion Found.

Entered Values

One corplebs Usgabls soTukion Found.

Calculated Results

Solution - Use the last equation to compute the solution for this problem. Select this by highlighting each equation
and pressing tHeNTER] key. Pres§2] to display the input screen, enter all the known variables andldsssolve

the equation. The computed results are shown in the screen displays above.

Known Variables: DB=35. cm”2/s, DE=12.cm™2/s, LE=.35 p, nE=30000. 1/cm”3,
pB =500000. 1/cm*3, WB=.75 .

Computed Results: 0 =.95778

27.7 Switching Transients

These six equations compute the key relationships in determining switching response times of bipolar transistors. The
work of Ebers and Moll was supplemented by Gummel to model transistor behavior in several different ways. The
concept of charge in the base of the transistor controlling switching times became an important contribution to
switching theory.

The first equation expresses the base charge at the edge of sa@sationterms of the collector saturation current

ICsat and the base transit timfe. The collector saturation is determined (approximately) by the second equation in
terms of supply voltag€CC and load resistande!.

Qsat= ICsatt t Eq. 27.7.1
Vcce
|C:Sfit::-iii' Eq. 27.7.2

The third equation calculates the turn-on transient tinike terms of base recombination tirt, ICsat, base current

IB and base transit tinst. The fourth equation computes the storage dstdlywhen the bipolar transistor is

switched from the saturation region to cutoff by changing the base currernBfran®. The penultimate equation

shows the storage deltgd2 when the base current is switched friBnto -IB. The final equation computes the so

called saturation voltagéCEs, the voltage drop between the collector and the emitter under full saturation, in terms of
the collector and base currei@sandIB and the forward and revera&s af andar.
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1

IB[GB
tsdl = TB[[]’I(%) Eq. 27.7.4
ICsatlit
tsd2 = rBln 208 HBIB =B Eq. 27.7.5
ICsatD‘t[€1+)
ICsatltt
IC
— [1-ar)
VCEs= kE'I-T[Ih 1+ 1B i Eq. 27.7.6
g — [{1-af)
ar 1-1B8 -~
af

Example 27.7 Find the saturation voltage for a switching transistor at room temperature when a base current of
5.1 mA is used to control a collector current of 20 mA. The forward and reveraee 0.99 and 0.1 respectively.
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Solution - Use the last equation to solve this problem. Select the equation by highlighting and preBinerthe

key. Presf?] to display the input screen, enter all the known variables andf2esssolve the equation. The
computed result is shown in the screen display above.

Known Variables: af=.99, ar=.1, IB=5.1_mA, IC=20. mA TT = 300. K

Computed Results: VCEs = .093869 V
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27.8 MOS Transistor |

The seven equations in this section form the basic equations of charge, capacitance and threshold voltage for a MOS
transistor. The first equation shows the Fermi pote@iadefined in terms of temperatufd , the intrinsic carrier
densityni, and the hole density.

oF = kElFT [[h(nl(:)'T)j Eq. 27.8.1

The second equation shows the depletion lagteat the surface of a p-type semiconductor in terms of the relative
dielectric constargs, Fermi potentiatpF, and doping densitija.

xd = \/ZESROEGZ@F) Eq. 27.8.2

gq[Na
The third equation computes the charge der3it§ accumulated at the surface of the semiconductor due to band

bending at a substrate bias of 0_V. The fourth equation shows how surface charg&idbeissitfluenced by the
substrate bia¥SB.

Qb0 = -,/ 2CHNaE $2 012 F Eq. 27.8.3
Qb= -/2H0ONaz $£0(-20p F+ VSB Eq. 27.8.4

A thin oxide layer with a thicknedex on the surface of the semiconductor results in a capaci@mcper unit area in
the fifth equation.

gox[£0
Cox=—— Eq. 27.8.5

tox

The sixth equation defines the body coefficignt terms ofCox, Na, and€s. The final equation computes the
threshold voltage for a MOS system with a work function potentigGEf and residual oxide charge densgigx.

:iszmD\laD}:sE&“O Eq. 27.8.6
Cox
VT0= pGC- 20— 20 _ QOX Eq. 27.8.7
Cox Cox

Example 27.8 -A p-type silicon with a doping level of 5 x *fa&ni® has an oxide thickness of 0.0t and oxide
charge density of 1.8 x ¥® C/cm”2. A -5V bias is applied to the substrate which has a Fermi potential of 0.35 V.
Assume the relative permittivity of silicon and silicon dioxide is 11.8 and 3.9, respectively, and the work function is
0.2V.

Fi Fz Fz Fu4 FE FB
Toolse S-:-1ue|GruPh Wicw | Orks- | Edit

Fi Fz Fz Fu4 FE& FB
Toolsr] 20w | Grarh | View | Orks- | Edik

MOZ Transistar |

MI:I$ Transistor |

N:quﬂammm 3
mEox . + b - EIEIEIE'?? L™
m=z=D 11,5 0: -, Q0342_Com™2
i o 11g4a3_Ju IEDx: l.2e-10_Crom™2
mHat 3.el3 1 cm™3 mhou -
I«#—F sty mliSE: -5,

2 +UTI_Z|: -4@1391 L

*3!-::4— - AEEATV_Com™2

Ons corplebs wsgabls solukion Found.

Display (Upper-half)
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Solution - Use the second through last equations to compute the solution for this problem. Select these by
highlighting each equation and pressing(EN€ER] key. Presf?2] to display the input screen, enter all the known

variables and pre§®] to solve the equation. The computed results are shown in the screen displays above.

Known Variables: €ox=3.9, €s=11.8, Na=5.E15_1/cm”3, @F=.35_V, @GC=.2V,
Qox=1.8E-10_C/cm*2, tox=.01_, VSB=-5. V

Computed Results: Cox=.003453 F/m*2, y=.118483 VvV, Qb=-.000977 C/m*2,
Qb0 =-.000342_C/m*2, VI0=-.401391_V, xd=.427306 |

27.9 MOS Transistor Il

'I_'hese equatio_ns de;cribe the performance characteristics of a MQS transistor. The o Nps
first two equations give two alternate forms for the process corkstann terms of Wigs

electron mobilityin, oxide capacitance per unit a@ax, relative oxide permittivity -'W
€ox, and oxide thicknegsx. The third equation links the process conskaitto the L L d
device constarkn, device length., and widthWw.

WiE
knl= unCox Eq. 27.9.1
knlzm Eq. 27.9.2
oX
kn= kmﬁg Eq. 27.9.3

The fourth equation definédBmod the drain current, when the transistor is operating under saturation, in tdémms of

gate voltage&/GS, threshold voltag® T, modulation parametéy, and drain voltag¥’DS. The basic physics behind
the increase in drain current comes from the channel widths being non-uniform under the gate because f a finite
potential difference between the source and the drain terminals.

IDmod= %E(]VGS— VT {1+ A OVD$ Eq. 27.9.4

The fifth equation computes the drain curdéhtunder linear or saturated conditions in termkrgfVGS, VT, and
VDS.

@mzmves— VJOVDS VDY, VGS W VDS
ID = f Eq. 27.9.5
7”[(]\/68— VT, else

The expression for the threshold voltage is defined in terms of zero substrate bias threshold voltage, body
coefficienty, substrate biagSB, and Fermi potentiapF.

VT:VTO+y[@,/|—2DjoF+ VS —szol:) Eq. 27.9.6

The last four equations calculate performance parameters transcondgectat@nsit time through the chanrigt ,
maximum frequency of operatidfmax, and drain conductancgl.
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The last four equations calculate performance parameters transcondgectat@asit time through the chanrigt ,
maximum frequency of operatidfmax, and drain conductancgl.

gm= kn{{VGS VT Eq. 27.9.7

ﬂ[LZ
- 3
Ttr = Eq. 27.9.8
InVGS- VT |

ff max= gm Eq. 27.9.9
2 r[Cox[(WLIL

gd = kn{{VGS- VT Eq. 27.9.10

Example 27.9 - An nMOS transistor has agwidth and 1.2f gate length. The electron mobility is

500 cn/V/s. The gate oxide thickness is Qu@i The oxide permittivity is 3.9. The zero bias threshold voltage is
0.75 V. The bias factor is 1.1¥/ The drain and gate voltages are 5 V, and the substrate bias voltage is -5 V.
Assuming thah is 0.05 V' andgF is 0.35 V, find all the relevant performance parameters.

- Fz Fu FE Fa Fi Fz Fz Fy FE Fa Fi Fz Fz %] FE FB
Toolse| Zolug | Grarh | Fict | Orkse | Eik Tools+| Zolue | Grarh | Fict | Orks- | Edit Toolsw| Zolue | Grarh | Fick | Orks- | Edit
MO Transistor 11 [HDZ Transister 1 MOZ Transistor 1]
+Cox8 W wyt 05 _1-U mtoxt
msoxt +kn: L AQEEZI_A-UNZ *+TLirt 1 63%??5 -11_=
+ffmax: 1.29571el0_Hz *+knl: QEQ173I_A-UZ ull05:
myi 1.1 U ml: 1,25 mlI55: 5 _U
+gd= CHEZ1EE_siemens mpps SEIEI._C.N"Z/U5 mlISE: -5, U
? EIEIZIEIB siemens mgF: FS_U #UT! 2. 45539_1)
+I0: S_H mtos: LGl mlUTR: 75 L
IDmodl - oniIos_A AT =12 BT
Enter: Oxide caracitancedarsd Enter: Transik kimg One complebe Useabls Solution Found.
Upper Display Middle Display Lower Display

Solution - Use all of the equations to compute the solution for this problem. [Pxiessdisplay the input screen,
enter all the known variables and prgskto solve the equations. The computed results are shown in the screen
displays above.

Known Variables: €ox=3.9,y=1.1 vV, A=.05_1/V, L=1.25 4, In=500_cm™2/Vs, @F=.35_V,
tox=.01 i, VDS=5. V, VGS=5. V, VSB=-5. V, VT0=.75 V, W=6. |

Computed Results: Cox=.003453 F/m*2, ffmax=1.29571E10_Hz, gd=.002108_siemens,

gm= .002108_siemens, ID=.000183_A, IDmod= .003353_A, kn=.000829 A/NV"2,
kn1=.000173_A/N*2, Ttr=1.63777E-11_s, VT =2.45589 V

27.10 MOS Inverter (Resistive Load)

This section lists the design equations for a MOS inverter with a resistive load.

The first equation specifies the device conskéinfor the driver transistor in terms of its gate capacit@mwe
mobility pn, widthWD, and channel lengthD .

kD = HNLCOXOWD Eq. 27.10.1

LD
The second equation specifies the output high voN&id when the input to the driv&DD is below the threshold
voltageVT. The third equation determing®©L , the output low voltagd/o when the input is driven high. This
equation is a quadratic WOL , and the solution is meaningful for positive value¥@iL. The next equation
computes/IH in the linear region of the drain current equation.
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VOH = VDD Eq. 27.10.2

VOL? -2 ;+VDD—VT DVOL+@:O Eq. 27.10.3
kD[RI kD[RI
VDD-Vo
k—thgz [VIH -VT)Wo- V@) = % Eq.27.10.4

The final equation computes the midpoint volt&ié@ for which the driver transistor is in saturation.

(VDD-VM)

Eq. 27.10.5
RI

%?mvm—vnzz

Example 27.10.1 -Find the driver device constant, output and mid-point voltages for a MOS inverter driving a
100_kQ resistive load. Driver properties include pr8 wide gate, a length of O\8n, Cox of 345313 pF/cth The
electron mobility is 500 cAV/s, VIH=2.8 V,VT =1_V andVDD =5 _V.

Fi Fz Fz F4 FE Fa
Toolsw| Zolug | Grarh | View | Orks | Edit
Al e A=A Ty
i EE-Fra Equakion Sek i
39 B useabls selutiens. o
B ] pesived soln #7 -
1 4
I bl
- 1

9
TS 1035939
TVFE + [EMTEEI=0K AMD [EXCI=CAMCEL

Soluton1: -
AEAEAACA AN
HMOZ Inugrker B Load
H o d5l . SR slioot 5. U
mlJTH: Z.8_U
+LM: L E32FEE_L
+lOH: 5._U
+laL: ,o19278 L
+lor | O43045_ L
wlJT: 1,_Ll
w0 : AT
Enter: Oxide COFacitances ared Enter: DFiue Eransistor Width [ EUzY |
Upper Display Lower Display
Solution 2:
Stash | vhew [nitae | £t staen | vhew [nitee | £t
HMOZ Inwerker K Load O3 Inwerker K Lead
u Lot IRy RS ST T sLonT 5. _L
+k0O8 L BLGE slJTH: Z.5_U
sl 0OF .8 _p #6332 FaE_U
lhl OB, _cmtEells #L0OH: 5. _L
sRl: 10@0. _k§ +loL: 2.01161_L)
sllOb: 5. _U +lol | O43E45_L
mlJTH: Z2.8_U alJT: 1,_Ll
+Urd L E3Z2FEE_U u D : ISP
Enter: Dxide COFaCitanc el ared Entck: DFile bransister width
Upper Display Lower Display
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Solution 3:

Fi Fe [E F4 F& Fi
Toolsr] Zolug | Grarh | Vigw | Orks= | Edik

MOE Inuerker B Load

alIIH: 2.
#UML LE32FRE_L

Enkgt: Oxide capacitancearea

Upper Display

Solution 4:

Fi Fe [E F4 F& Fi
Toolsr| Zolug | Grarh | Vigw | Orkse | Edit

alIIH: 2.
*LFL L EI2FRE_U

MO Inuerker K Load

Enkit: Oxide capacitancearea

Upper Display

Solution 5:

FL Fz Fz Fu FE FB
Tools| Zolug | GFarh | Visw | Orks- | Edit

wliTH: 27
#Upd 1. 3364 1

MOS Inuerter B LOICId
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Upper Display

Solution 6:

FL F& F3 F4 F& FB
Toolsw) Solug | GFarh | Vigw | Orks- | Edik

mCo s
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Solution 7:
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FL [3 F3 F4 F& Fi
Toolsw) Zolus | Grarh | Vigw | Orks= | Edik

MOE Inuerker B Load
a0t 5. _U
mlIIH: Z2.8_U
+LM: L E32FmE_L
+LOH: 5, _
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Lower Display

FL [3 F3 F4 F& Fi
Toolsr| Zolus | Grarh | Vigw | Orkse | Edit

MOZ Inuerter  Load
aJont 5, _U

alJTH: 2,2_U

#UH: L B327PEE_L
#U0H: 5, _

+U0L: _8.81161_LU
+loi 3,58784_L

alJT: 1

mli0:

Enktgr: Drive kransiskar widkh

Lower Display

FL Fz Fz Fu FE FB
Tools| Z0lug | GFarh | Vigw | Orks- | Edit

MOS Inugrter B Load

Enktgr: Drivg bransister widkh

Lower Display

FL F& F3 F4 F& Fi
Toolsw) Solug | GFarh | Vigw | Orks- | Edit

MO Inugrber B Load

Enter: DFiug bransiskar widkh

Lower Display

FL Fz F2 F4 FE Fi
Toolse| S0lug | GFarh | Vigw | Orkse | Edib

HMOZ Inugrter B Load

Enktgr: Drive kransiskor widkh

Lower Display
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Solution 8:

u G & IS R =) o e
+E0: L ALGE AL
sl 0O: .53 _p
IEH: SEE, _cpt2olls
aRl: 100, _kQ
sljOn: 5, _L

T 2 L)

wTH: 2.5
+UR 1., 33840

FL Fz Fz Fu FE FB
Toaolsr| Solug | GFarh | Yigw | Orkse | Edit
HMOZ Inuerter K Load

Enter: Oxide capdacitancelared

FL Fz Fz FY4 FE FB
Toolse) Solug | GFarh | Yigw | Orkse | Edit

HMOZ Inuerter K Load

Upper Display

Enter: DFiug bransiskar widkh

Lower Display

Solution - Use all of the equations to solve for the problem. RF8s® display the input screen, enter all the

known variables and pregg] to solve the equation set. Eight complete solutions are generated, in this case, requiring
the user to select an answer most relavent to the situation (ie: physical significance, realistic values for components,
currents, etc). Mathematically setting up and solving the problem takes some time. Anticipate about 20-30 seconds
for EE-Pro to display a dialogue box prompting the user to select a solution set to be displayed. Select the number of
solution to be viewed (ie: 1, 2, 3...etc.) and p{@8§%R] twice.

To view another solution, prefg] to resolve the problem and select the number of another available solution. The
computed results for all four solutions are shown in the screen displays above. In this &@imhpkOL, VIL, Vo

andVM have to be positive and between 0 $D.

Known Variables: Cox=345313 pF/cm”2, LD=.8 p, UN=500. cm*2/Vs, R1=100. kQ, VDD=5. V,

VIH=2.8 V,VT=1 V, WD=3. i

Computed Results:

Solution 1: kD =.000647 AN*2, VM=.632706_V, VOH=5._ V, VOL=.019278 V, Vo=.043048_V
Solution 2: kD =.000647 A/N*2, VM=.632706_V, VOH=5._V, VOL=8.01161_V, Vo=.043048_V
Solution 3: kD =.000647 A/N*2, VM=.632706_V, VOH=5._V, VOL=.019278 V, Vo=3.58784_V
Solution 4: kD =.000647 A/N*2, VM=.632706_V, VOH=5._V, VOL=8.01161_V, Vo=3.58784_V
Solution 5: kD =.000647 A/N*2, VM=1.3364 V, VOH=5. V, VOL=.019278 V, Vo-.043048_V
Solution 6: kD =.000647 AN*2, VM=1.3364_V, VOH=5._V, VOL=8.01161_V, Vo-.043048_V
Solution 7: kD =.000647 AN*2, VM=1.3364_V, VOH=5._V, VOL=.019278 V, Vo=3.58784 V
Solution 8: kD =.000647 AN*2, VM=1.3364_ V, VOH=5._V, VOL=8.01161_V, Vo=3.58784 V

27.11 MOS Inverter (Saturated Load)

The features of a MOS inverter with a saturated enhancement transistor load are described in this section.

The first two equations define the device constants for the load trankistaW[ , LL ) and the driver transistokDD,

WD, LD) in terms of the process parameters, namely molifitand gate capacitance per unit &iex. The third
equation defines the geometry ratiB of the load and drive transistors.

KL = uUnLCoxWL
LL
KD = unLCoxIWD
LD
KR= kD
kL
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Eq. 27.11.2

Eq. 27.11.3



The output high voltag€OH is calculated in terms of the drain supply volts@D, the threshold voltage at zero

biasVTO, the fermi potentiadpF and the body coefficientin the fourth equation. The fifth equation defines the input
voltageVin in terms of the rati&R between the loaklL and drivekD MOS constantsyDD, the threshold of the
load and drive transistok6TL andVTD. The sixth equation defines the threshold voltage of the load transistor,

VOH:VDD—(VTO+y[@1/(VOH+ 20 -2 F)) Eq. 27.11.4

KRO{2[{Vin- VTD Vo- V8) =( VDB Ve VTE Eq. 27.11.5

VTL=VT0+y [{,/Vot 20 F~/2p F) Eq. 27.11.6

The equation that follows computes the input high voltdge in terms ofvDD, VTL , KR andVTO. The eighth
equation computes the output voltagein terms ofvDD, VTL, VTO andKR. The last five equations show the
performance parameters of the inverter circuit.

20VDD-VTY)

VIH =
J3KR+1

TO Eq. 27.11.7

y (VDD—VTL+ VTO+ VIOGE/ KF)
o= Eq. 27.11.8
1+v KR a

The equation fogmL defines the transconductance of the load circuit while the equatioh fitefines the
characteristic time to charge the load capacit&ice

gmL= KL[VDD- VTl Eq.27.11.9
CL

L=—o- Eq. 27.11.10
gmL

The charging timéch is the time required for the output rise to move fddoto V1. The final two equations focus on
the characteristic timeD and discharge timiglis for the circuit.

tch:TL[éV—l— ) Eq.27.11.11
Vo
D= cL Eq. 27.11.12
KDV1-VTO) A
2[(V1-VTD
tdis=1D Mﬂn M— Eq.27.11.13
V1-VTD Vo

Example 27.11 -A MOS Inverter with a saturated MOS transistor as its load. The driver has a length of
1_p and a width of f while the load has a length of|8_and a width of 6u. The Fermi level for the
substrate material is 0.35_V, a zero-bias threshold of 1.00 V. Assume a drain supply voltage of 5_V, and

EE PRO for TI-89, 92 Plus 97
Equations - Solid State Devices



an output voltage of 3.0_V find the output high voltage, the input high voltage, and the threshold of the load
device. Assume a input voltage of 2.5 V.

[riIrzlrs!ru!rs IFEI] [riIlers!ru!rsIrsn [ri]’rzlrz{ru!rslrs”
Toolsw| Zolus | Grarh | Yiew | Orks- | Edit Tools~| Zolug | Grarh | Vigw | Orks+ | Edi Toolsw| Solus | Grarh | Yisw | Orks= | Edik
FOZ Inuerker Sak Ld MOZ Inuerker Sak Ld MOZ Inuerker Sak Ld

wCoxi 345313, pFeocm™2 w4FT L FT_L =0T 5. _U

E LI wli00: "5, 1 +JIH: Z.5329683_U

+k0: L ERIA3Z6_ACUCZE +JIH: Z.59683_1 +J0H: 3, 6281270

#klLi . OEAZAS_A-NE +U0H: 38281270 mllo: 30 0

+ER: wllor ZoiC0 mlT0: 75 L

wl 0 I._p wlITO: . 75U +UTL: 1.30835_U

wll: 3.0 +UTL: 1. 30635_U wliD: &,

mpd SRE, _om™24Ll)s u O =TT mhL:

Ong compleke useable Solukion Found. Enkgr: DFive kFansiskar widkh Enker: Load bransiskor widkh

Upper Display Middle Display Lower Display

Solution - Use Equations 27.11.1-27.11.4 and 27.11.6-17.11.7 to get a complete solution to the problem on hand.
Select these by highlighting each equation and pressifeNtae] key. Presg?] to display the input screen, enter all

the known variables and prdBg to solve the equation. The computed results are shown in the screen displays above.
It takes time to solve this problem.

Known Variables: Cox = 345313 pF/cm”2, pn = 500 cm”2/(V*s), LL = 3 y, LD = 1 _pu, WL = 6_y,
WD =6 i, Y=.5 VvV, @F=.35 V,VDD=5. V,Vo=3.1 V,VT0=.75 V

Computed Results: kL=0.000345_A/V*2, kD = .001036_A/V*2, KR = 3
VIH=2.59683 V, VOH=3.62812_V, VTL=1.30635_V.

27.12 MOS Inverter (Depletion Load)

This section lists the design equations for a MOS inverter with a depletion load.

The first two equations compute device constlhtaindkD for the load and the driver transistors in terms of their
geometriedVD, WL, LD, andLL .

kL = M‘ Eq. 27.12.1
kD :%) Eq. 27.12.2

At the output low and output higfOL andVOH, the driver is in the linear region while the load device is saturated.
The next equation finds the threshold voltadé. for the load device in terms of its zero bias thresk@ldO , Fermi

potential@F, and body coefficieny.

k—zD [{2(VOH - VT0) VOL- VOE) = % VT Eq.27.12.3
VTL=VTO+y{,/Vor 2[p F~/2[p F) Eq.27.12.4
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The charging timéch for the CL is defined next. The current in the depletion Ittas given by the last equation.

CLIVL
tch= o Eq. 27.12.5
|0=KkL[VTL? Eq. 27.12.6

Example 27.12 -A MOS inverter with a depletion mode transistor as the load has a driver transisteidg_and

1_u long while the load is a depletion mode device with a O bias threshold of -4u\gry and 3u wide. Given an
electron mobility of 500_cm”2/(V*s) and a depletion threshold of -4_V; for the load device, compute VOH and VTL
when the output voltage is 2.5 V. Assume VOL to be .4_V and \6 for

mCoxs 343@8 _pF-om™2

¢ED . DEGESE -2
+kL: 000017 _A-USZ2
ml [: 1._u

mll: ZF._p
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u 4 F s
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Fi Fz F2 FYy FE Fa
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wLOHT 4,_U
0L 4drzra_u
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Solution 1: Upper Display

Fz F Fu FE
Toolsw| 2olug | Grarh | Wicw | Orks- | Edit

Enter: Load bransistor width

Solution 1: Lower Display

Fz Fz Fu FE
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+k0O: , QOEOSE_A-1)2 mllg: Z2,5_L)

+kL: 000017 _A-Z2 LT iy

w0 1. _p +UTL: -3.5233_U
mll: 3._p slT . _
mppE S0, _cmtZsls mlJ0: _|
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Entet: Logd Eransistor width

Solution 2: Lower Display

Enter: Oxide capacitancesared

Solution 2: Upper Display

Solution - The problem can be solved when equations 27.12.1 - 27.12.4 are selected. Highlight each of these and
presqENTER]. Pres$r?] to display the input screen, enter all the known variables andfzesssolve the equations.

Two complete solutions are computed for this case and are shown in the screen displays above.

Known Variables: Cox = 34500  pF/cm”2,y = .5 V*5,LD =1 y,LL = 3 ,
Hn = 500 cm*2/(V*s), gF=.35 V, VOH=4. V, Vo=2.5 V, VTO = 1V,
VTLO=-4. V, WD = 5 1, WL = 3 1

Computed Results:
Solution 1: kD=.000086_A/V*2, kL=.000017_A/N*2, VOL=.447272 V, VTL=-3.5239 V
Solution 2: kD=.000086 ANAZ kL=.000017 _. ANAZ VOL=5.55273 V, VTL=-3.5239 V

27.13 CMOS Transistor Pair

These five equations describe the properties of a CMOS inverter. The first two Yoo

equations compute device parameters for n and p channel devices. The second pair

of equations compute input voltagédd andVIL . The last equation computésr  IM out

when the n-channel driver is in saturation and the p-channel device is in the linéar Lqﬂ T *
T

region.
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KP = uUp LCoxIWP

Eq. 27.13.1
IP

KN = unCoxOWN

Eq. 27.13.2
INN

I':E [(vDD-|VTH)

VIH =2Vo+VTN+ {VDD>\VTH  Eq.27.133

1+E
kN
kN
2Vo-VDD- VTP+, SN
VIL = {VDD<|VTR  Eq.27.13.4
kN
1+
kP
E(]Vm VTN)* E(I\/DD Vin-|VTR)’ Eq. 27.13.5

Example 27.13 Find the transistor constants for an N and P MOS transistor pair given:
N transistor: WN=4 um, INN=2. um, in=1250 cni/V/s, Cox=34530 pF/crii VTN=1 V
P transistor: VTP= -1V, Wp=10 um, pp=200 cni/V/s, 1P=2um

rarh | Pt | orter | Bd
CHDS TFansistr Fair
H =t : wlOOF 2. _L)

kM . OREESE _H-L mlITH: 5._LU
+kP: | QOOOES_A-U2 +UIL: 1.4893_1
m JHH: 2 . +loi 1,85714_U
nlP: H mLJTH: 1, _
mpp: 125 _cp2s s slUTP: -1._L)
le 2EIEI _cm2sl)s mliHE 4,

o4 2.1 ulP:

Enker: Oxide capacibancedarea Enker: F=channgd width
Upper Display Lower Display

Solution - The solution can be calculated by selecting the first four equations. Select these equations by highlighting
and pressinfENTER]. Pres$F2] to display the input screen, enter all the known variables and(2lesssolve the

equations. The computed results are shown in the screen display above.

Known Variables: WN=4 p, INN=2. y, ln=1250_cm*2/Vs, Cox=34530_pF/cm*2,
VIN=1.V, VIP=-1..V, IP=2. i, VDD =2. V, dp=200. cm*2/\Vs, WP=10. p

Computed Results: kN =.000086_A/V*2, kP=.000035_A/V*2,, VIL=1.4898 V, Vo=1.85714 V

27.14 Junction FET

T yi3 These five equations describe the characteristics of a symmetrical junction field
i ' D effect transistor. The first equation stipulates the drain cuiPeint terms of the
-FE ; IEB . electron mobilityun, doping densitiNd, channel widttb, channel length, channel
) [ L l depthz, supply voltagd/DD, pinch-off voltageVp, gate voltag&/G, and built-in

voltageVbi. In the next equation, the channel helgl related to the dielectric
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constangs, Nd, Vbi, and the drain saturation voltag®sat. The last two equations display the relationship for drain
voltage and drain current upon saturation.

. 15 . 15
D = 20EENINd Bl 20vbi-vy VDD+Vbi-VG)~_(Vbi-VG £q. 27,141
L 3 Vbi—Vp Vbi-Vp
. 15 . 15
IDsat= 2 ALZHHNNY at-2 [Vbi- Vi VDD+_Vb Ve Vb'._VG Eq. 27.14.2
L 3 Vbi—-Vp Vbi-Vp
b=\/&ismei+VDsat— v@  Wwhed VG< Vp an% VDsast%( Vbi VYp Eq. 27.14.3
alN
VDsat= VG- Vp  whed VG> Vp an% VDsat%( Vbi Vp Eq. 27.14.4
2
IDsat = IDO[ﬁl—\EJ Eq. 27.14.5
Vp

Example 27.14 -Find the saturation current when the drain current at zero bias igA,2l5e gate voltage is 5 V,
and the Pinchoff voltage is 12 V.

Fi Fz Fz FY FE Fa Fi Fe Fz Fu FE F|
Tooliw| Zolue | Grarh | Fick | Orks | Edik Toolsr| Zolus | Grarh | Fict | Orks- | Edik
dunction FET dunction FET
ab! 3, _ mhi F,_p
mzsi 11,8 mzsi 11,8
mHd: 1.el&_1-scm™3 mfd: 1.el&_1-scm™3
mllhis L 85_1) mllhis L 85_L)
LD=at:l +L0=3t.:
wlGz -5, _U mUB: -8,
Enkgr: Drain sakurakion woltade Ong complets Useable soTukion Found.
Entered Values Calculated Results

Solution - Use the third equation to solve this problem. Select the equation by highlighting and pregBinerihe

key. Presf?] to display the input screen, enter all the known variables andfaiasssolve the equation. The
computed result is shown in the screen display above.

Known Variables: b=3. p, es=11.8, Nd=1.E16_1/cm™3, Vbi=.85 V, VG=-8. V
Computed Results: VDsat=60.1569 V

EE PRO for T1-89, 92 Plus 101
Equations - Solid State Devices



Chapter 28 Linear Amplifiers

This section covers linear circuit models (i.e., small signal models) used in making first order calculations using
bipolar or junction transistors in amplifier circuits. These circuit models are referred to by many different names
such as small signal circuit model, AC circuit model, linear circuit model. In addition, popular device
configurations such as the Darlington pair, emitter-coupled pair, differential amplifier, and a source-coupled pair
topics have been included.

X3
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o8

o
*

BJT (Common Base)
BJT (Common Emitter)
BJT (Common Collector)
FET (Common Gate)
FET (Common Source)
FET (Common Drain)

Darlington (CC-CC)
Darlington (CC-CE)
Emitter-Coupled Amplifier
Differential Amplifier
Source-Coupled JFET Pair
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*
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*

*

X3
3

S
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o

X3
3

%

7

8

X3
3

S

o
*

®
0.0

Variables

The table lists all variables used in this section along with a description and appropriate units.

Variable Description Unit
a0 Current gain, CE unitless
Ac Common mode gain unitless
Ad Differential mode gain unitless
Al Current gain, CB unitless
Aov Overall voltage gain unitless
Av Voltage gain, CC/CD unitless
B0 Current gain, CB unitless
CMRR Common mode reject ratio unitless
gm Transconductance S
] Amplification factor unitless
rb Base resistance Q
rrc Collector resistance Q
rd Drain resistance Q
re Emitter resistance Q
RBA External base resistance Q
RCA External collector resistance Q
RDA External drain resistance Q
REA External emitter resistance Q
RG External gate resistance Q
Ric Common mode input resistance Q
Rid Differential input resistance Q
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Rin Input resistance Q
RI Load resistance Q
Ro Output resistance Q
Rs Source resistance Q

28.1 BJT (Common Base)

These six equations represent properties of a transistor amplifier connected in the common base configuration at mid
frequencies. The first equation relates the common base currentaith the common emitter current g30.

The second equation computes the input impedRirtat the input terminals of the amplifier from the emitter and

base resistance® andrb. The third equation equates the output resistRod® the collector resistancec. The

fourth equation represents the current gsin The fifth equation calculates the voltage gainfromre, rb, a0, 0,

and the load resistandgl. The last equatiocomputegheoverall voltage gain for the amplifier systexov from

Rin, rrc, re, a0, B0, and the source impedanis.

a0
0= Eq. 28.1.1
P 1-a0 f
. rb
Rin=re+— Eq. 28.1.2
B0
Ro= rrc Eq. 28.1.3
Ai=a0 Eq. 28.1.4
aO[RI
Av= ——— Eqg. 28.1.5
re+ 2
B0
aQOlirc [ERRTR)
Aov= rlbn > Eq. 28.1.6
re+—
J£{0]

Example 28.1 - A common base configuration of a linear amplifier has an emitter resistanc@ of@ector
and base resistances of INand 1.2 K resistances, respectively. The load resistor iSA.0Ikthe source
resistance is 5@ anda0 is 0.93, findB0 and the gains for this amplifier.

Fi Fe F3 Fu FE Fi
Toolsw| Zolue | Grarh | Vicw | Dekse | Edit

[EJT CCED

migl:

+Hi: .

#+How: _S5304,.51
#Hui 74,2085
+fE: 13,2857
srbi 1,2 kR
mrrcE 1.
arel 35,0

Entir: Currsnt 39ins CE

Upper Screen Display

Fi F& Fz F4 FE Fi
Toolsw| Zolug | Graph | Vicw | Deks= | Edit

BT (CE)
+GOT 13,2857
arbi 1.2 k2

aprtci_ 1. MR
mref 35,

+Eint 125,323_0
sRl: 10, _kR?

#Fo: 1, EE &
=

afs:
Entert SOUFCE FeSitbance

Lower Screen Display

Solution - All of the equations are needed to compute the solution for this problemBrasslisplay the input
screen, enter all the known variables and dFékt solve the equations. The computed results are shown in the
screen displays above.
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Known Variables: a0=.93, rb=1.2 kQ, rrc=1._ MQ, re=35._ Q, RI=10._kQ, Rs=50._ Q

Computed Results: Ai=.93, Aov=5304.51, Av=74.2085, B0=13.2857, Rin=125.323_Q,
Ro=1.E6 Q

28.2 BJT (Common Emitter)

This section contains the equations for an amplifier, at mid frequencies, connected in the common emitter
configuration. The first equation displays the current gdliin relation to the common current gf86. The

second equation computes the inRir, in terms of base resistande, emitter resistances, and the current gain

0. The output resistand®o is defined in terms of collector resistange, in the third equation. The next equation
defines current gaiAi in terms of30. The fifth equation computes the voltage g&infrom 0, the load, source
and input resistancd?d, Rs,andRin. The last equation calculates theerall voltage gaifov from the source
impedanceRs, RI, Rin and[0.

a0
0= Eq.28.2.1
P 1-a0 q
Rin=rb+ B0[re Eq. 28.2.2
Ro= rrc Eg. 28.2.3
Ai =-£0 Eq. 28.2.4
av=_—PORL Eq.28.2.5
BOle+rb
Aov= ﬂ Eq. 28.2.6
Rs+ Rin

Example 28.2 - Using the same inputs as in the previous problem, with the exceptions that the load is a
1 KQ resistor and the output resistance is@,Mnd the gain parameters.

Fl Fz Fz Fu FE Fa
Toolsie| Solue | Grarh | Yigw | Orks- | Edit

Fl Fz Fz Fu FE Fa
Toolsiw| Salue | Grarh | Yigw | Orks- | Edit

[EJT CCE]
mgll
+Hi: - 2

+Hut -7.97941
+h0E 13,2857
arbi 1,2 kR
| Tl R W § [7]
nred 350 1

BT (CED]
+fOt 13,2857
arbi 1,2 kR

mrrci 1. H
el 35._
+Rin: 1665._ 49
sRl: 1._kR
mRo! 1. EE_N
ufs

Enter: Current dains CE

Upper Screen Display

Enker: Zource Fesiskance

Lower Screen Display

Solution - All of the equations are needed to compute the solution for this problem.[FBrassisplay the input
screen, enter all the known variables and dFekto solve the equations. The computed results are shown in the
screen displays above.

Known Variables: 00=.93,rb=1.2 kQ, rrc=1. MQ, re=35._ Q, RI=1. kQ, Ro=1.E6_Q,
Rs=50. Q

Computed Results: Ai=-13.2857, Aov=-7.74677, Av=-7.97941, B0=13.2857, Rin=1665. Q
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28.3 BJT (Common Collector)

These six equations describe the properties of a transistor amplifier connected in a common collector configuration
at mid frequencies. The first equation couples the common emitter curreotQya&ith the common base current
gainB0. The second equation computes the input impedairce terms of base resistandg, emitter resistance

re, B0, and load resistandd. Ro represents the output resistance in terms of the source resistance, common base
current gairf30 and the load resistan&d. The current gaiii is shown in the fourth equation in terms of the

collector resistancec, a0, re, andRI. The final two equations cover the voltage gainand overall voltage gain

Aov for the amplifier systemAov includes the effect of source impedaiRe

a0
0= Eq.28.3.1
p 1-a0 |
Rin= rb+ B0le+(B0+ ) (RI Eq.28.3.2
Rs+ rb
Ro= re+(—) Eq.28.33
: rrc
Ai = Eq.28.3.4
rrc {1-a0)+Rl+re |
aO[RI
Av= Eq.28.35
re+ Rl
0+ ][RI
Aov= (BO+1) Eq.28.3.6

" Rs+ Rin+(80+1)0RI

Example 28.3 - An amplifier in a common collector configuration has a @rof 0.99. The emitter, base and
collector resistances are 25 1000 K2, and 100,000 I®, respectively. If the source resistance i<25%ind all the
mid-band characteristics.

Fl Fz Fz Fu FE Fa
Toolsie| Solue | Grarh | Yigw | Orks- | Edit

[EJT C2Ch]
mg:
+Hit .
+How: L OE97E
#+HUL L FE2
+LE

P99,
arb: 100, kR
mpprcE L EEGEE, MR
nred 2500

Enter: Current dains CE

Upper Screen Display

Fi Fz Fx Fu FE FB
Toolsie| Solue | Grarh | Migw | Orkse | Edit

[EJTccc
+fEt 99,

srbi 10EQ, k)
mrrcd  1E0EEE. MR

el 25._0
*+Rins 11EII31248E6_H

sRl: .
+Ro: 10126.3_0
u = : IS

Enkgr: Zource Fesiskancs

Lower Screen Display

Solution - Use all of the equations to compute the solution for this problem. [Pressdisplay the input screen,
enter all the known variables and prigkto solve the equations. The computed results are shown in the screen
displays above.

Known Variables: 00=.99, rb=1000. kQ, rrc=100000. MQ, re=25. Q, RI=100._Q, Rs=25. Q

Computed Results: Ai=100, Aov=.00978, Av=.792, f0=99, Rin=1.01248E6. Q, Ro=10126.3 Q
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28.4 FET (Common Gate)

The equations in this section focus on an FET amplifier in the common gate configuration. The amplification factor
M is described in the first equation in terms of the transconduagamead the drain resistance. In the second

equation the input resistanBén is described as a function of load resistaRiced andll. The voltage gaiAv is

defined by the third equation in termsRif rd andll. The final equation computes the output resist&®wm

terms ofrd, |, and the external gate resistaRe@®.

u=gmtid Eq. 28.4.1
RI+
Rin= ﬂ Eq. 28.4.2
p+l
+1)[RI
szu Eq. 28.4.3
rd +RI
Ro= rd+(u+1)(RG Eq. 28.4.4

Example 28.4 - An FET amplifier connected in a common gate mode has a load 62.10ke external gate

resistance is 1 K, and the drain resistance is 1Z5.kThe transconductance is 1.6 X*Xemens. Find the mid-
band parameters.

Fi Fz Fz Fu FE Fi Fi F& F2 F4 FE Fb
Toolsw| Zolue | Grarh | Vicw | Dekse | Edit Toolsw| Zolug | Graph | Vicw | Deks= | Edit
[FET {Camrien Gaked] [FET fCarrian Gats)
+Au: 14,8889

[¥H

mgni L OElG6_siemens
n:

mpodi 125, ki

sRE: 1._M@

mgni L B0lG6_siemens

#5200,

ardi 125, ki
EG: 1._M&

Fir =! +Ein!
aRl: 100 kR uRl: .
Ros #Ro! 2.01125e8_4
ERE<F: INFUE Fesiskancs HAIH AL AUTO FUHL  EUz ||

Entered Values Calculated Results

Solution - All of the equations need to be used to compute the solution for this problem[F#@tessisplay the
input screen, enter all the known variables and [ffgs® solve the equations. The computed results are shown in
the screen displays above.

Known Variables: gm=.0016_siemens, rd=125. kQ, RG=1. MQ, RI=10. kQ,

Computed Results: Av=14.8889, L=200, Rin=671.642_Q, Ro=2.01125E8 Q

28.5 FET (Common Source)

These four equations represent the key properties of an FET amplifier in the mid frequency range. The first equation
defines the amplification factqt in terms of transconductangen and drain resistaned. The second equation

computes input resistan&én as a function of load resistanRg rd and. The voltage gaiAv is defined in the
third equation. The final equation computes the output resistance,

U =gmiid Eqg. 28.5.1
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_(RI+rd)

Rin=———= Eq. 28.5.2
pt+l
”{E rd [RI )
Av=-gmll——— Eq. 28.5.3
rd + RI
Ro=rd Eq. 28.5.4

Example 28.5 -Find the voltage gain of an FET configured as a common-source based amplifier. The
transconcductance is 2.5 x 16iemens, a drain resistance of IBand a load resistance of 100.kFind all the
parameters for this amplifier circuit.

Fi Fz Fz Fu FE Fi
Tools=| Z0lug | GFArh | Wi | Orks- | Edik

[FET tCormman fourcel]

S'H | .
mgni L OEZ2S_siemens
TH

nprdi 18, kR

Ein:

wRl: 108, kR

Roi

Fi Fz Fz Fu FE Fi
Tools-] Felue | GPARh | Vigw | Orks- | Edit

Enter: Yoltade dains CCACD

wRl: 100, ki
+Ro: 1EE03. R

Entered Values

Ong cormpleke useabls solukion Found.

Calculated Results

Solution - Use all of the equations to compute the solution for this problem. [Paigsdisplay the input screen,
enter all the known variables and prggkto solve the equations. The computed results are shown in the screen
display above.

Known Variables: gm=.0025 siemens, rd=18. kQ, RI=100._kQ

Computed Results: Av=-38.1356, 1=45, Rin=2565.22_Q, Ro=18000._Q

28.6 FET (Common Drain)

The first equation defines the amplification faqtoin terms of transconductangen and drain resistaned. The

second equation computes input resistdficeas a function of load resistanRg rd andpl. Voltage gairAv is
defined in the third equation. The final equation computes the output resifance,

u=gmiid Eq. 28.6.1

Rin= % Eq. 28.6.2

Av= HIR Eq. 28.6.3
(u+1)RI+rd

Ro= uri+1 Eq. 28.6.4

Example 28.6 -Compute the voltage gain for a common-drain FET amplifier as configured in the previous
example. The transconductance is 5 X &§@mens, the drain resistance is £5 &nd the load resistance is 1a0.k
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T-:-F-:-::Ih S-:f‘lzut Grrugp-h '.'iF:l.-.l I:I:tiv EFdEit T-:-F-:-::Ih S-:f‘lzut Grrugp-h '.'iF:l.-.l I:I:tss' EFdEit
[FET écomraan Dr ain) | [FET iCommaon Dr ain) |

A +HuE 990093
mgmi OES_siemens :gm: HES_siemens

T W .
npdi 25, kR nprdt 25, ki

int +Ein: 992 DeI_4

w1l 10@. ki aR1: lon, kR

Foi!ll Fo: EEREY K
Entr: DUtFUE Fesistance Oné coriFlets Useable solutien Found.  TTERN
Entered Values Calculated Results

Solution - Use all of the equations to compute the solution for this problem. [PXiessdisplay the input screen,
enter all the known variables and prggkto solve the equations. The computed results are shown in the screen
display above.

Known Variables: gm=.005_siemens, rd=25. kQ, RI=100._kQ

Computed Results: Av=.990099, l=125., Rin=992.063_Q, Ro=198.413_Q

28.7 Darlington (CC-CC)

The first two equations yield the input and output resistaRoesand Fi 5
Ro, computed in terms of emitter resistarmeg load resistancRil,

current gair30, base resistanab, and source resistanBs. The final HLE
equation computes overall current gAinfor the transistor pair in terms
of B0, re, Rland the external base resistaR&A.

Rin= B0[{re+ B0[re+ R)) Eq. 28.7.1
Ollre+rb)+ R
Ro= re+ (Fo > )*RY Eq. 28.7.2
B0
B0° [(RBA
Eq. 28.7.3

'= RBA+ SO R+ re

Example 28.7 - Transistors in a Darlington pair havingd@ value of 100 are connected to a load of @0 k
The emitter, base and source resistances afe 2500 K2 and 1K, respectively. The external base resistance is

27 kQ.
[TTTTTTT]TW’] [TTTTTTT]TTT]’]
Tonlse| solue | Graeh | Fict | Opks- | Edit Toalse| Solue | Grarh |Fict | opfs- | Edit
[DarTindtan (CC-CEY] [Darlindton (CC-CEY]
+A] : e m It 10E
wff: LEE arpt 1508, kR
mrhi 1500, ki LI .e
mprel 25, nREBA 27, _ki
mRBA 27, _ki +Hint 1.00255e8_1
+Rin: 1.00253e8_0 sRld 10,
sRl: 10, _EkR +RBo! 15, 0254 kR
+REod 15,0254 kR ufz Y
Enter: Current dains CE Enkir: Source Fesiskanc
Upper Screen Display Lower Screen Display

Solution - Use all of the equations to compute the solution for this problem. [Pressdisplay the input screen,
enter all the known variables and priggkto solve the equations. The computed results are shown in the screen
displays above.
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Known Variables: 30=100, rb=1500. kQ, re=25. Q RBA=27. kQ, RI=10. kQ, Rs=1. kQ

Computed Results: Ai=262.263, Rin=1.00253E8 Q, Ro=15.0254 kQ

28.8 Darlington (CC-CE)

The Darlington configuration connected as a common collector-common emitter
configuration is described in this section. The first two equations define the input k=
resistanc&in and output resistan¢®o, in terms of base resistand®, emitter

resistancee, collector resistancec, and current gaiff0. The final equation F:LE
calculates the voltage galtv, in terms of the emitter and load resistances, the
source impedance, and the current ¢3in

Rin= rb+ B0Cre Eq. 28.8.1
Ro= ;—g Eq. 28.8.2
-RI
AV ——— Eq. 28.8.3
B0

Example 28.8 - An amplifier circuit has a base, emitter, and load resistance of2.83Q, and 10 R,
respectively. The configuration has a valu@@fqual to 100. The source and collector resistances &eahdk
100 KQ. Find the voltage gain, input and output resistances.

Fi Fz Fx F4 FE Fa Fi Fz Fx F4 FE Fa
Toolsw| Zalue | GFarh | Fict | Orks- | Edit Toolsix| Solue | Grarh | Fict | Orks- | Edit

[DarTindkon (CC-CEY

| Ta=H . " H

#+Rin: 4EEH, mRl: 10, ki

mRl: 1o, _kit +FEo: 1. _ki

#REol 1. _kil ey 1. kil

Ons complebe useable soTukion Found. Enkgr: Zource Fesiskancs

Upper Screen Display Lower Screen Display

Solution - Use all of the equations to compute the solution for this problem. [Pressdisplay the input screen,
enter all the known variables and prigkto solve the equations. The computed results are shown in the screen
displays above.

Known Variables: 30=100, rb=1.5 kQ, rrc=100. kQ, re=25. Q, RI=10._ kQ, Rs=1. kQ

Computed Results: Av=-398.406, Rin=4000._ Q, Ro=1._kQ
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28.9 Emitter-Coupled Amplifier

Two classes of emitter-coupled amplifiers are covered in this section. The FL
first equation shows the general relationship betvi@eandaO; the

current gains under common base and common emitter configurations.
The next three equations show the input resistRirctgoutput resistance
Ro, and voltage gaiAv for a common collector-common base method of

RE

connection. The last three equations correspond to cascade configurd FE
of the transistors, which is a combination of common emitter-common
base configuration resulting in a current gairwith corresponding input
resistancdRin and output resistanéeo.
a0
pO= Eqg. 28.9.1
1-a0
0
Av= RI ﬁ— Eqg. 28.9.2
2[B0e+ RI
Ai =-a0[B0 Eq. 28.9.3
Rin= pB0Lte+ rb Eqg. 28.9.4
Ro=rrc Eg. 28.9.5

Example 28.9 - An emitter coupled pair amplifier is constructed from transistors wik0.98. The emitter,
base and collector resistances ar€22000Q, and 56 K, respectively. If the load resistance is 1B knd the
mid-band performance factors.

FAE Fx | F4 | FE | FB FL | Fz Fx | F4 | FE | FB
Toals=| solue [ Grarh |Fict |Opfs- | Edit Tugls=| folue | Grarh | Fict | Drfs- | Edit
[EC Aretifier [EC AretiFier
il +Hut 39, E574
+Hii 48,02 +GEE 49,
#Hui 39,3574 arbi 2000, R
+fE: 49, mprCE D6, ki
nrbi 2000, &
mrrcl SE.
mpel 25._0
+Rind 3225._0
Enker: Current 3ains CE

Upper Screen Display Lower Screen Display

Solution - Use all of the equations to compute the solution for this problem. Select these by highlighting each
equation and pressing tl#TER] key. Presf2] to display the input screen, enter all the known variables and press

to solve the equations. The computed results are shown in the screen displays above.
Known Variables: a0=.98, rb=2000. Q, rrc=56. kQ, re=25. Q, RI=10._kQ

Computed Results: Ai=-48.02, Av=39.3574, B0=49, Rin=3225. Q, Ro=56000. Q
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28.10 Differential Amplifier

The gainAd in the differential mode of operation is given by the first equation. The common modAgan,
defined in terms of the external collector and emitter resist&CésandREA and the emitter resistanoe The
last two equations show input resistance for differential and common modeRig&sRic.

Ad = —%Egm]RCA Eq. 28.10.1
-a0[RCA

C=— Eq. 28.10.2
2[REA+ re

Rid = 2[{rb+ B0Lte) Eq. 28.10.3

Ric= BO[REA Eqg. 28.10.4

Example 28.10 -A differential amplifier pair has a transconductance of 0.005 siera@r€,.98,80=49. The
external collector and external emitter resistances ar@18 K 10 K respectively. If the emitter resistance iS(25
and the base resistance is(2 kind the common mode, differential resistance and gains.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zolue | Grarh | Vicw | Dekse | Edit Toolsw| Zolue | Grarh | Vigw | Orks- | Edit

[DiFFerential Arr DiFFeFentinl Amp
mgli .98 n Ot 49 )
#Hci -, 880899 mgri L HES_siemens
#Holi 45, arbi 2. kR
mfjg: 43 )
mgmi L HES_siemens
nrhi

LI -
sRCAL 18, _kR
Oné coraplete Useable solutien Found. Entk: DFF. inFUE Fesiskance

Upper Screen Display Lower Screen Display

Solution - Use all of the equations to compute the solution for this problem. Select these by highlighting each
equation and pressing tf8TER] key. Presf?2] to display the input screen, enter all the known variables and press

to solve the equations. The computed results are shown in the screen displays above.

Known Variables: a0=0.98, f0=49, gm=.005_siemens, rb=2. kQ, re=25. kQ, RCA=18. kQ,
REA=10. kQ

Computed Results: Ac=-.880899, Ad=-45, Ric=490000._Q, Rid=6450. Q

28.11 Source-Coupled JFET Pair

The first two equations describe the differendidland common modAc gains for a source-coupled JFET pair in
terms of the external drain, drain and source resistd&iods rd andRs. The third
equation shows the amplification facjorin terms of the transconductargm and
the drain resistance. The final equation calculates the common mode rejectio i

vk a eclod il Al

. [gm{rd(RDA
Ad =—2 TTRDA Eq. 28.10.1
r
Ac= “HRDA Eq. 28.10.2
(u+)2[Rs+ rd+ RDA
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u=gmiid Eq. 28.10.3

CMRR= gniJRs Eq. 28.10.4

Example 28.11 Find the gain parameters of a source-coupled JFET pair amplifier if the external drain
resistance is 25Ck, and the source resistance is I0The drain resistance is 12 lkand the transconductance is
6.8 x 10° siemens.

Fi F2 Fz 4 FE Fa
Tools-| eTug | Grarh | Fick | Orks- | Edit

SoUFce=Coupled JFETI

Aci
A
F: .
mgmi L EEEE_siemens
T
mpdil 12, ki

mROA: 25, ki
el LOH .

Fi F2 Fz FY FE Fb
Tools-| FoTug | Grarh | Fick | Oeks- | Edik

Enker: Fource Fesiskance

Entered Values

FOUFCe=CourTed JFETI
+Aci -38. 1166
+Hoi  -Z7 . 5676
+CHER: .62 |
mgmi L B0EE_siemens
L JTH .
mpdl 12, ki
mROA: 25, ki
ufs & IR

Ong cormpleks useabls Solukion Found.

Calculated Results

Solution - Use all of the equations to compute the solution for this problem. Select these by highlighting each
equation and pressing tl#TER] key. Presf2] to display the input screen, enter all the known variables and press

to solve the equations. The computed results are shown in the screen displays above.
Known Variables: gm=.0068 siemens, rd=12. kQ, RDA=25. kQ, Rs=100. Q

Computed Results: Ac=-38.1166, Ad=-27.5676, CMRR=.68, 1=81.6
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Chapter 29

Class A, B and C Amplifiers

This chapter covers the section called Class A, B and C Amplifiers. These amplifier circuits forms the basis of a
class of power amplifiers used in a variety of applications in the industry.

Read this!

attempting to compute a solution.

Note: The equations in this section are grouped under topics which describe general properties of Class A
amplifiers. Equations for a variety of specific cases and are listed together under a sub-topic heading and
necessarily a set of consistent equations which can be solved together. Choosing equations in a subtopic
as to whether the equations represent actual relationships could generate erroneous results or no solution
the description of each equation set to determine which equations in a sub-topic form a consistent subset i

B,and C
are not
/o regard
at all. Read
efore

« Class A Amplifier
« Power Transistor
% Push-Pull Principle

Variables

Class B Amplifier
Class C Amplifier

o
£
7
0.0

The variables used in this section are listed along with a brief description and units.

Variable Description Unit

gm Transconductance S

hFE CE current gain unitless
hOE CE output conductance S

I Current A

1B Base current A

IC Collector Current A

AIC Current swing from operating pt. A
ICBO Collector current EB open A

ICQ Current at operating point A

Idc DC current A

Imax Maximum current A

K Constant unitless
m Constant 1/K

'S Efficiency unitless
n Turns ratio unitless
N1 # turns in primary unitless
N2 # turns in secondary unitless
Pd Power dissipated w

Pdc DC power input to amp W
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Po Power output W

PP Compliance \

Q Quality factor unitless
B8JA Thermal resistance W/K
R Equivalent resistance Q

RI Load resistance Q
RRO Internal circuit loss Q
RR2 Load resistance Q

RB External base resistance Q

Rrc Coupled load resistance Q

Rxt External emitter resistance Q

S Instability factor unitless
TA Ambient temperature K

TJ Junction temperature K
AT] Change in temperature K
VO Voltage across tank circuit \%
V1 Voltage across tuned circuit \%
VBE Base emitter voltage Y
VCC Collector supply voltage \%
AVCE Voltage swing from operating pt. Vv
VCEmMXx Maximum transistor rating \%
VCEmn Minimum transistor rating \%
vVm Maximum amplitude \%
VPP Peak-peak volts, secondary \%
XXC Tuned circuit parameter Q
XC1 Tt equivalent circuit parameter Q
XC2 Tt equivalent circuit parameter Q

XL TISeries reactance Q

29.1 Class A Amplifier

The eight equations in this section form the basis for analyzing a Class A amplifier wit> ~yzp
ideal transformer coupled to a resistive |6dd ”g EL
|

The first equation specifies the equivalent load resistBrfcem the load resistandd® in

the secondary winding of the transformer with a turns rati®he second equation define

the AC current swin@lC in terms of the voltage switljvCE andR. The third equation

computes the maximum collector currémix in terms of current at the operating point —
ICQ andAIC. These three equations are internally consistent and can be used as a sc.. '

R=rf [RI Eq.29.1.1
AIC - AVCE Eq.29.1.2
Imax= ICQ+AIC Eq.29.1.3

The DC power availablBdcis shown in the fourth equation. The DC power measurement is based on the supply
voltage and quiscent operating current.

Pdc=VCCIICQ Eq. 29.1.4
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The compliancé@P is defined as the full voltage swing across the emitter and collector and is expressed in terms of
the minimum and maximum transformer ratingSEmx andVCEmn. VPP represents the peak to peak voltage in

the secondary transformer. The final two equations compute the outputRoamd the conversion efficiendy

PP=VCEmx VCEmn Eq. 29.1.5
VPP= nPP Eq. 29.1.6
AIC? [R
Po=—— Eq.29.1.7
8
Po
=— Eq.29.1.8
¢ Pdc q

Example 29.1 - A Class A power amplifier is coupled to a 8doad through the output of a

transformer with a turn ratio of 2. The quiescent operating current is 60 mA, and the incremental collector
current is 50 mA. The collector-to-admitter voltage swings from 6 V to 12 V. The supply collector voltage
is 15 V. Find the power delivered and the efficiency of power conversion. The maximum current is 110

mA.

Fi Fe F3 FY FE Fa Fi Fe F3 F4 FE Fa
Toolsw| Zolug | Grarh | Fict | Oets- | Edit Toolsw| Zolue | Graeh | Fict | Deks- | Edit
mnICE +Fot 08251
*a I - +PPi 6. _
mICR: GO, _mA +ED Zoo. @
nlmax: 110._mA afl: S0 _§

*C GESd444 mlJCC: 15,_U

"T:H mlICEmx: 12._U

#Pdc: L9_l mlCEmn: Bl _L

+Pol L BEES_I +[FF : R

Enkgr: Current swind Fror oF, FE. Enksr: Feak-Feak wolks: secondars
Upper Display Lower Display

Solution - Use all of the equations to solve this problem. display the input screen, enter all
the known variables and prdgg to solve the equation. The computed results are shown in the screen

displays above.

Known Variables: AIC=50 mA, ICQ=60. mA, Imax=110. mA, n=2, RI=50 Q, VCC=15._V,
VCEmx=12._ V, VCEmn=6._V,

Computed Results: AVCE=10. V, {=.069444, Pdc=.9 W, Po=.0625 W, PP=6. V, R=200. Q,
RI=50. Q, VPP=12. V

29.2 Power Transistor

Power amplifiers generate heat needing rapid transfer to ambient surroundings. The six equations in this section
focus on thermal problems in terms of the junction temperatiyreansistor currentd8 andIC, and the instability
factorS. The first equation defines the junction temperafuras linearly related to the power dissipatiRohand

thermal resistand@JA andTA, the ambient temperature.
TJ=TA+6JAIPd Eq. 29.2.1

The next two equations focus on the collector cui@rdand base curretB in terms of the current gaht-E,
leakage currendCBO, external emitter resistan&xt and external base resistariiB.

IC =hFEOB+(1+ hFE)OICBO Eqg.29.2.2
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-(ICRxt- VBB
Rxt+ RB

IB = Eq. 29.2.3

The fourth equation expresses a more exact form for the collector d@renterms ohFE, Rxt, RB, ICBO, and
VBE. In using this equation, care must be taken to ensure that Eq.29.2.3 and Eq. 29.2.4 are not selected at the same
time. Such a choice will lead to the inability of the solver engine to perform the computation accurately.

__-hFECVBE | hFE(Rxt+ RB
" hFECRXORB hFECRxt RB

acBO Eq.29.24

The instability factoS is given by the fifth equation. Stability is a performance measure for the health of the
amplifier. The final equation comput#&s in terms ofhFE, ICBO, a parametem, S, and the change in junction

temperaturd\Tj.
(1+§B)EH1FE
S= Xt RB Eq. 29.2.5
hFE+—
Rxt
IC =-hFEOB+ SOICBQ{1+ niA T) Eq. 29.2.6

Example 29.2 - A power transistor has a common emitter current gain of 125. A75@se resistance is

coupled to an external emitter resistance of @0 Khe ambient temperature is ¥ and the thermal resistance of

the unit is 10C/W. The power that needs to be dissipated is 12.5W. The base emitter voltage is 1.25V while ICBO
is 1_ma. Find the junction temperature, collector current and the instability factor.

[riIerrsIrulrsIrs_n [riIerrsIru'[rs]’rs_]"l
Toolsw| Zolus | Grarh | Vigw | Orks- | Edi Towlsw| Zolus | GFarh | Yicw | Orkse | Edik
IPA‘.I'.A.I&I" Transiskar IPA‘.I'.A.IM' Tr'unsi:l:-:-r'|
mhFE: wPd: 12,51 T

+IBT - '4‘H we TR L0, PGl
+IC: . OOA5497 wRB: 7SO,

n —mA =te 1, _kQ
wpd: 12,570 +5: 1.07438

we JAz L0, 20 wTH: 75, 5

wfB: 7S50, p +TJ: 4257039k
mfxt: 10, kit + = LIGE : L,

Ong campTeke useable salukion Faund. Enker: Base emikker ualkade
Input variables Computed results

Solution - We note from the equation set that IC is computed in three different ways. To make the
calculations consistent given the data, we use Equations 1, 2, 4 and 5 to solve for this fBebdetthese
equations by highlighting the equation with the cursor bar and pressifitiTere key. Presf?2] to display

the input screen, enter all the known variables and Fegss solve the equation. The computed results are
shown in the screen display above.

Known Variables: hFE=125, ICBO=1._ mA, Pd=12.5. W, 8)JA=10._°C/W, RB= 750. Q,
Rxt=10. kQ, TA=75 °F, VBE= 1.25 V

Computed Results: IB=-1004.4 pA, 1C=.000949 A, S=1.07436, TJ=422.039 K

29.3 Push-Pull Principle

These equations introduce the push-pull principle. Two transistors havi
their collector outputs connected to the center-tapped primary winding ¢
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transformer. The secondary winding is connected to aR&®1 The first equation computes an equivalent
resistancdR based on the maximum current supplied to the logck and the collector supply voltay¢CC. The
power outpuPois computed by the second equation in termg@C andR. The final equation computes the
powerPoin terms of the load resistanB&k2 and the transformer winding&l andN2. Care must be exercised in
selecting the equations. If you select to solve all the equations, ensure that appropriate inputs are selected.

VCC
R= Eq. 29.3.1
Imax
VCC?
Po= Eg. 29.3.2
2[R
2
(Zgjlj wee
Po= Eq. 29.3.3
2[RR2

Example 29.3 -Find the output power for a push-pull circuit with a collector voltage of 15 V, a load resistance
of 50Q. The push-pull transformer secondary winding amplifies voltage by a factor of 2.5.

Fi (3 F3 F4 F& Fa
Toolsw) $0lus | Grarh | Fict [ Orts- | Edit

Fush-Full Princikle:

mHi: 1
mHZi 2.3
Foill
aRREZE 5@, 5
nlJCC: 15,

Enter: Fower autput

Input variables

Fi (3 F3 F4 F& FB
Toolsw) $0lus | Grarh | Fict | Orts- | Edit

Fush-Full Princikls

Ong cormplekbe useable seTukion Found.

Computed results

Solution - Use the third equation to compute the solution for this problem. Select the equation using the
highlight bar and pressing tfETER] key. Pres§2] to display the input screen, enter all the known

variables and pre§2] to solve the equation. The computed result is shown in the screen display above.
Known Variables: N1=1, N2=2.5, RR2=50. Q, VCC=15. V

Computed Results: Po=3.51563 W

29.4 Class B Amplifier

Power transistors that are connected in a push-pull mode and biased to cutoff, operate under the Class B condition
where alternate half-cycles of input are of forward polarity for each transistor. The nine equations in this section
define the characteristic properties of this class of amplifiers.

The first equation represents the power ouBniat any signal level in terms of the constdnsupply voltage

VCC, and an equivalent resistarRe The second equation defines the DC curgms the average value of a
sinusoidal half-wave adjusted By

K? WCC?
Po=——— Eqg. 29.4.1
2[R
2[K max
l[dc=——— Eq. 29.4.2
m

The next two equations focus on the DC poReéc in terms ofVCC, K, R, and the maximum currelthax. The
power calculations are possible in two ways as shown by these equations.
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_2[KOmax[VCC

Pdc Eq. 29.4.3
T
Pdc:—zle vec Eq. 29.4.4
TR

The efficiency of power conversidnis given by the fifth and sixth equations. The power dissipated by the circuit
Pd is computed in the seventh equation. The eighth equation calculates the Val&gess a tuned RLC circuit in
terms of the transconductangm, load resistancBl, and output conductanb®E. The final equation calculates

the average collector currei@ for a half-sine wave frorgm, hOE, Rland the amplitude of the voltayen.

Po
{ :P_dc Eq. 29.4.5
K
{ :T Eq. 29.4.6
2
Pd= % K- K 4BTJ Eq. 29.4.7
T
gmCRILV 1
Vi= Eq. 29.4.8
20/2 1+ hOE[RI
2
_gmiv 1
IC = - » ROECRI Eq. 29.4.9

2

Example 29.4 - A Class B amplifier provides 5 W to an effective load o£&0rhe collector voltage is 25 V. If
the peak current is 500 mA, find the average DC current and the efficiency of power conversion.

[ri]errsIru]rs'{rq“ [ri]raIerru]rs'{rq“
Toolsw| Zolue | GRArh | Yicw | Orts- | Edit Toalsw| Solue | GRArh | Yigw | Orts- | Edit
Class B AmETificr C1ass B AmETificr
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5: ¢5= . FE2481
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mliCC: i IUCE?IE_U
Enker: EqUiu. Fesiskance Ong Cormplebe useabls solukion Found.
Input variables Computed results

Solution - Use the first, second, fourth and fifth equations to compute the solution for this problem.
Select these by highlighting each equation and pressireNtiag) key. Presg2] to display the input

screen, enter all the known variables and fFekto solve the equation. The computed results are shown
in the screen displays above.

Known Variables: Imax=500. mA, Po=5. W, R=50. Q, VCC=25. V

Computed Results: Idc=.284705 A, K=.894427, {=.702481, Pdc=7.11763 W
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29.5 Class C Amplifier

7= | % [Rrc
|2 [[Rrc + RRD)
2
XXC= Vo
Q[Po
><|_:—)3<29gz
Q°+1
xcL= -3
Q

XL:%mm+JM+Rm)

XC2 ::ZZEEE%%

Fi Fz Fx F4 FE F&
Toolsw| Zolue | GFarh | Yiew | Ortse | Edit

Class € AmEelifisk
mPol oL

.
mli: 15, U
e |

Enksr: Tuned ckt. pararacter

Input variables

displays above.

Known Variables: Po=75. W, Q=5,V0=15. V

Computed Results: XXC=.6 Q
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These six equations outline the properties of a Class C amplifier. The first equation defines the efficiency of
conversiort in terms of the current the coupled-in loaRrc, and the equivalent internal circuit loss resistance

RRO. The next equation computes the tuned circuit parameters which have a capacitive reakté@cembiich is

given in terms of the load voltay®, quality factorQ, and powePo. XL is expressed in terms ®XC,Q, load
resistancdRl, and resistancd@R2 in the fourth and sixth equations. The remaining two equations calculate the load
harmonic suppression resistance values in the output ck€diandXC2. Remember the equations to compute XL
have two distinct forms. If this equation is part of your selection, be advised to ensure that the proper inputs are

Eq. 29.5.1

Eqg. 29.5.2

Eq. 29.5.3

Eq. 29.5.4

Eq. 29.5.5

Eq. 29.5.6

Example 29.5 - A Class C amplifier is supplying a tuned circuit, with a quality factor of 5. If the output voltage
is 15 V and the power delivered is 75_W, find the capacitive reactance of the circuit needed in the tank circuit.

Fi Fz Fx Fu FE FB
Toolsie| Solue | Grarh | Migw | Orkse | Edit

[C1ass € Araplifier
wFo: 7oLl
a5
mllg: 15, _L
+ A0

Ons complebe useable solukion Found.

Computed results

Solution - Use the second equation to compute the solution for this problem. Select this by highlighting
the equation with the cursor bar and pressindether] key. Presf2] to display the input screen, enter all

the known variables and prdBg to solve the equation. The computed result is shown in the screen




Chapter 30 Transformers

The contents in this chapter is divided into two topics.

« Ideal Transformer + Linear Equivalent Circuit

Variables

All variables used in this section are listed here with a brief description and units.

Variable Description Unit
11 Primary current A
12 Secondary current A
N1 # primary turns unitless
N2 # secondary turns unitless
RR1 Primary resistance Q
RR2 Secondary resistance Q
Rin Equiv. primary resistance Q
RI Resistive part of load Q
Vi Primary voltage Y
V2 Secondary voltage \%
XX1 Primary reactance Q
XX2 Secondary reactance Q
Xin Equivalent primary reactance Q
Xl Reactive part of load Q
Zin Primary impedance Q
ZL Secondary load Q
30.1 Ideal Transformer
1+ +|¢
Four equations describe the properties of an ideal transformer. The first equation relatesllll |IIE
the primary and secondary voltagék andV2 in terms of the primary and secondary turns Hl HE

N1 andN2. The second equation shows the corresponding relationship between the

primary and secondary curretitsandl2. In the same fashion, the third equation relates

primary and secondary power. The final equation calculates the effect of a load impaddamnperienced at the
primary winding terminal with a primary impedancia
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Vi _ N1

— = Eqg. 30.1.1
V2 N2
[1IIN1=12[N 2 Eq. 30.1.2
vidil=v2d2 Eqg. 30.1.3
2
Zin= (Mj ZL Eq. 30.1.4
N2

Example 30.1 -An ideal transformer has 10 primary turns and 36 secondary turns. The primary side draws 500

mA when subjected to a 110 V input. If the load impedance i€17ifd the input impedance at the primary side
of the transformer in addition to the voltage and current on the secondary end.

[Fi'[ra]‘rz ]‘r_uIrs ]‘rs_'[] I’ri]‘rz'[rz '[F_HIFS ]FE_I"l
Toelsw| 2eTue | GRarh | Fict | OFks- | Edit Toolsw] Soug | Grarh | Fick | Orks- | Edik
[1deal Transformer ldeal Transformer |
nll: S0E,. _mA mll: S0E._mA
I2: #1278 (138889 A
iz 103 sMi: 1@
wbZ: 3E sMZ: 365
slliz 11@,_L mljiz 111G,
L2z #l21 F9g, L
Zint +2int 135.5031_0
u 7L : I 2L : I
Enter: Secondary load One compleke Useable solution Found.
Entered Values Calculated Results

Solution - Use all of the equations to solve this problem. display the input screen, enter all

the known variables and prdBg to solve the equation set. The computed results are shown in the screen
display above.

Known Variables: 11=500. mA, N1=10, N2=36,V1=110. V, ZL=175. Q

Computed Results: 12=.138889 A, V2=396. V, Zin=13.5031_Q

30.2 Linear Equivalent Circuit

The first two equations define the primary voltage and cuk&randll in terms ofvV2 andl2. The last two
equations expand the equivalent resistaioeand reactanck¥in at the primary terminals in terms of the primary
winding resistanc®R1, secondary winding resistanR&2, load resistancBl, reactanceXX1 andXX2 and load
reactancel.

Vi= (M) V2 Eq.30.2.1

N2
[2IN2

11=—— Eq. 30.2.2

N1
. N1)°
Rin= RRL+ N2 (RR2+ R) Eq. 30.2.3
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N1

2
Xin = xx1+(—) [IXX2+ XI)

N2

H ggggg;_ﬁ
1o

LY

1: 18._§%
mRERZ: 5

. i
#Rin: 902,992 0
mRll 12, Do ki

I
I
H
H
R

L o L

EEE 4N

Enker: Frimary current

Known Variables:

Computed Results:

Upper Screen Display

Eqg. 30.2.4

Example 30.2 -The transformer in the above problem has a primary and secondary resistanteafd 8Q,
respectively. The corresponding coils have a reactance of 6 afdd IBe secondary side is loaded with an
impedance of 12.5(&. Find the voltage and current on the secondary side in addition to the equivalent impedance
on the primary side.

Fi Fz Fz F4 FE Fi Fi Fz Fz F4 FE Fi
Tools=| E0lug | GFArh | Wi | Orks- [ Edik Tools=] Selue | GRARh | Visw | Orks- | Edit

[Linear Equiv. Ckt
+REint 98%. g9z 4
] H .

Enker: Reackivg park of Toad

Lower Screen Display

Solution - All of the equations are used to solve this problem. F@sge display the input screen, enter
all the known variables and prégg to solve the selected equation set. The computed results are shown in
the screen displays above.

11=500. mA, N1=10, N2=36, RR1=18._ Q, RR2=5. Q, RI=12.5 kQ,

V1=110.V, XX1=6. Q, XX2=2.5 Q,XI=10. Q
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12=.138889 A, Rin=982.892 Q, V2=396. V, Xin=6.96451_Q




Chapter 31

Motors and Generators

This section has thirteen topics covering various aspects of motors and generators. The topics are organized under

these headings.

Read this!

Note: The equations in this section are grouped under topics which describe general properties of semicor
devices. Equations for a variety of specific cases and are listed together under a sub-topic heading and a
necessarily a set of consistent equations which can be solved together. Choosing equations in a subtopic
as to whether the equations represent actual relationships could generate erroneous results or no solution
the description of each equation set to determine which equations in a sub-topic form a consistent subset b
attempting to compute a solution.

ductors or
e not

/o regard
at all. Read
efore
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Variables

Energy Conversion

Separately-Excited DC Generator
DC Shunt Generator

DC Series Generator
Separately-Excited DC Motor

DC Shunt Motor

X3

o

DC Series Motor

3

*

3

*

Induction Motor |
Induction Motor Il

X3

*

7
.0

*

X3

8

Permanent Magnet Motor

Single-Phase Induction Motor
Synchronous Machines

All the variables used in this section are listed with a brief description and units.

Variable
A

ap

B

Ea
Ef
Ema
Es
Eta
F

H

la

1f

IL

Ir
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Description Unit
Area A

# parallel paths unitless
Magnetic induction T
Average emf induced in armature \%
Field voltage \
Phase voltage \
Induced voltage \%
Average emf induced per turn \%
Magnetic pressure Pa
Magnetic field intensity A/m
Armature current A
Field current A
Load current A
Rotor current per phase A
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Rel
Rf
RI
Rr
Rs
Rst

sf
sm

Tb

Tf
Tgmax
TL
Tloss
Tmmax
TTmax
Ts

Va

Vi

Vfs

Vit

wme

Wi
XL

EE Pro for TI-89, 92 Plus

Backward stator current
Forward stator current
Machine constant
Field coefficient
Induction motor constant
Length of each turn
Phase delay

Total # armature coils

# stator coils

Resistivity

Flux

# poles

Power

Mechanical power
Power in rotor per phase
Mechanical power

Rotor power per phase
Rotor resistance per phase
Armature resistance
Adjustable resistance
Ext. shunt resistance
Magnetic reluctance
Field coil resistance

Load resistance
Equivalent rotor resistance
Series field resistance
Stator resistance

Slip

Slip for forward flux
Maximum slip

Internal torque

Backward torque
Forward torque
Breakdown torque

Load torque

Torque loss

Maximum positive torque
Pullout torque

Shaft torque

Applied voltage
Field voltage

Field voltage
Terminal voltage
Mechanical radian frequency
Electrical radian frequency
Electrical rotor speed
Electrical stator speed
Magnetic energy
Inductive reactance
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A
A
unitless
A/Wb
unitless
m
r
unitless
unitless
Q/m
Wb
unitless

ss.=%

A/Wb

POV POV

unitless
unitless
unitless
N*m
N*m
N*m
N*m
N*m
N*m
N*m
N*m
N*m

<<<<

r/s

r/s
r/s

r/s



31.1 Energy Conversion

The four equations in this section describe the fundamental relationship amongst electrical, magnetic and mechanical
aspects of a system. For example, the first two equations show two ways of computing energWéleshsisd in
a magnetic field. The first equation uses the field intehbignd flux densityB in a magnetic region with length

and ared\. The second an electric analogy to the magnetic circuit as it uses the magnetic reReltandelux@
to computenf.

1

Wi :EEHEBDLDA Eq. 31.1.1
1

Wi :EEIReIEo2 Eq. 31.1.2

The third equation defines the mechanical predsSutae to the flux densiti.

BZ

F= Eq. 31.1.3

20

The last equation shows the r.m.s. value of thelesmfiduced byNs turns moving with an angular velocitgs
sweeping a magnetic flux ¢f

£o NSTosp

V2

Example 31.1 -A conductor having a length of 15 cm and a cross sectional area of Oi$ subjected to a

magnetic induction of 1.8 T and a field intensity of 2.8 A/m. The magnetic reluctance is 0.46 A/Wb. The conductor
has 32 turns and is moving at a rotational speed of 62 rad/s. Find the magnetic flux, the magnetic energy, the
induced electric field and the mechanical pressure on the coil.

Eq. 31.1.4
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mH: Z2.8_Asm fﬁ: - ALIEAES_lLb
mlL: 15, _cm mReli L 46_A<Whk
mHsi 32 mpsi B2, s
+4) - EOFOES_Wh +|))f = JFe]oe o F .
Entk: Area Enter: Madnetic gnerdy
1st Solution: Upper Half 1st Solution: Lower Half
[T‘[TTTWTTTD [TTTTTWTW’]
Tooliv| Solue | Grarh | Yigw | Orkse | Edit Toolir| 2olue | Grarh | Yigw | Orkse | Edit
[Ener 3y Conuersien] [Enerdy Conugrsien]
lFHW +F1T 1.28916e6_Fa
= HE mH: Z2.8_A<m
+E=z: 12.7173_ mlL: 15, _cm
+F: 1.28916e6_FPa mf=s: 32
sH: 2.8 _R-m *ﬁ: < EEIEES Lk
ml: 15._cnk mRel: . 4&_A<Wb
mH=: 32 mpsi BF, _pos
*4l L DEILES_Wb +0l & IEIe]eTe R ]
Mulkiels compleks US¢abls SoTns Faund. Enkgr: Madnekic ¢nerdy

2nd Solution: Upper Half 2nd Solution: Lower Half

Solution - All of the equations are needed to solve this problem. Pzess display the input screen,
enter all the known variables and prggkto compute the solution. Since the flux is a squared term in the

second equation, there are two equal and opposite results calculapshttits.

Known Variables: A=5 cm®2,B=1.8 T,H=2.8 A/m, L=15. cm, Rel=.46_A/Wb,
Ns=32, Ws=62. /s
Computed Results: Es=12.7173 V (or-12.7173 V), F=1.28916E6_Pa,

=.009065_Whb (or -.009065_Wb), Wf=.000019 |
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31.2 DC Generator

The first equation describes the relation between electrical radian frequergcyhe mechanical radian frequency
wm, and the number of poles in the generptoiThe next equation expresses the emf generated p&tsuwith
the relative motion of the coil with respect to the magnetic ¢eld

oume:gl]um Eg.31.2.1
Eta=—[Ldumlp Eq. 31.2.2
m

The next two equations illustrate two ways to express the induced armatita amé function of number of
armature coil$\, the number of parallel patap, number of polep, the mechanical radian frequer@n, a

machine constar, and flux@. The machine constalt is seen to be dependent purely on the characteristics of
the machine.

Ea=N P ammp Eq. 31.2.3
ap 11

Ea= Klomigp Eq. 31.2.4

K= N_Ep Eq. 31.2.5
aplit

The sixth equation shows the conversion of mechanical energy available adtargienechanical angular
velocity 0m to its electrical counterpart — namely, the emf and current in the arreaiusadla and the voltage
and current in the field windindsf andIf. The next equation for torque connéettwith K, @, and the currena.

Tlom= Eadla+ EfOIIf Eq. 31.2.6
T=KOa Eq. 31.2.7

The armature resistance is given by the equatioRdadn terms ofN, ap, coil lengthL, areaA and its resistivityp.

PN [L

Ra==
ap’ A

Eq. 31.2.8

Vf represents the voltage across the field winding carrying a clifrearid a resistandef. The terminal voltag¥'t
represents the induced voltage minus the IR drop in the armature..

Vi = Rf OIf Eq. 31.2.9
Vt = Klumlp—- Ralla Eq. 31.2.10

The final equation represents the shaft torgsieeeded to generate the induced emf, assuming a given value for
equivalent loss of torquEloss

Ts= KipLla+ Tloss Eq. 31.2.11

Example 31.2 - A six-pole DC generator rotates at a mechanical speed of 31 rad/s. The armature sweeps across
a flux of 0.65 Wb. There are eight parallel paths and 64 coils in the armature. The armature currentis 12 A. The
field is supplied by a 25 V source delivering a current of 0.69 A. Find the torque and the voltages generated in the
armature.
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T-:-F-:-::Ih S-:f‘lzut Grrugp-h '.'iF:l.-.l I:I:tiv EFdEit T-:-F-:-::Ih S-:f‘lzut Grrugp-h '.'iF:l.-.l I:I:tss' EFdEit
(D€ Generator | (B Generator |

lap=% nIIfT .63_mA

+Eai A0F.8E69_L) +Ki 15,2789

mEf: . aHi 64

+Eta: 32,4837_U mgl L ES_ Wb

'SEH . -l?: [

nllf: .E9_mA T 119,176 _Mm

#k: 15,2789 mpni 31, _pos

aHl G +inre i IERTEE

Ong corapleks LEeabls SoTukien Found. Enkgr: E1¢c, Fadian Freaushoy

Display: Upper Half Display: Lower Half

Solution - Choose the first six equations. Select these by highlighting each equation and pressing
(ENTER]. Pres$r2] to display the input screen, enter all the known variables and[lesssolve the
selected equation set. The computed results are shown in the screen displays above.

ap=_8, Ef=25 V,la=12. A, llf=.69_mA, N=64, §=.65 Wb, p=6
wm=31. r/s

Known Variables:

Computed Results: Ea=307.869 V, Eta= 38.4837 V,K=15.2789, T=119.176_Nm,

wme=93. /s

31.3 Separately-Excited DC Generator

The equations in this section describe the properties of a separately excited DC generator. The first equation
computes the field currefif in terms of field voltag&/fs, external shunt resistance and field coil resistandef.
The next equation evaluates armature induced volfages a function of machine const&tmechanical radian
frequencywm, and fluxq.

Vfs
f =—— Eq. 31.3.1
Ret+ Rf
Ea= Klomlp Eqg. 31.3.2

The third and fourth equations are alternate forms of expressing terminal Wiltagierms of load curredt , load
resistancdl, armature resistandea.

Vt=IL[RI Eq. 31.3.3
Vt = Ea- RdllL Eqg. 31.3.4
Finally the armature currefit in terms ofK, ¢, wm, Ra andRI.
K [pLdum
L= —w Eq. 31.3.5
Ra+ RI

Example 31.3 - A DC generator with a machine constant of 3.8 is driving a load of4#nkl rotates at a speed
of 31 rad/s. The magnetic flux is 1.6 Wb. The field is driven by a 24 V source. The field coil resistance is
10Q. The armature resistance isQ3n series with an external resistance ofb5Find the field current, armature
induced voltage and the terminal voltage.
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T-:-F-:-::Ih S-:f‘lzut Grrugp-h '.'iF:l.-.l I:I:tiv EFdEit T-:-F-:-::Ih S-:f‘lzut Grrugp-h '.'iF:l.-.l I:I:tss' EFdEit
[£ep Excite DC Gen | [£ep Excite DC Gen |

L1 .ﬁT 1.6 Wk

+1If: . —MA mRal 135, 9

+IL 5 . QE4E95_A mf=: 55,0

uffr 3.8 mREfs 10,0

l$= 1.6 Uk mRl: 45, _kil

mRal 13,9 mllf=z 24, L

sRel 55._4 +ltr 1898,427_U

aRfd 10._% Ll 1. =)

Ons corikleke USeabls Solukion Found. Entgr: Mech. radian Frequency

Display: Upper Half Display: Lower Half

Solution - Use all the equations to compute the solution for this problem. [Piassdisplay the input
screen, enter all the known variables and drekt solve the equation set. The computed results are
shown in the screen displays above.

Known Variables: K=3.8, =1.6 Wb, Ra=13. Q, Re=55. Q, Rf=10._Q, Rl= 46. kQ,
Vis=24. V, (om=31. /s

Computed Results: Ea=188.48_V, llf= 369.231_mA, IL=.004096_A, Vi=188.427 V

31.4 DC Shunt Generator

The first equation in this section expresses the induced armature \Edtageerms of the machine constéhtthe
mechanical angular frequenayn, and flux@.

Ea= Klomigp Eq. 31.4.1

The second equation defines terminal voltegén terms of the field currenlf , external resistandRe, and field
coil resistanc&f. The third equation comput®$ in terms of load curredt and load resistand®l. The fourth
equation expressé4 as the induced enifa minus armature IR drop.

Vt = (Re+ Rf) OIf Eq. 31.4.2
Vt=IL[RI Eq. 31.4.3
Vt= Ea- Rdlla Eq.31.4.4

The armature curremd is the sum of the load curreiit and field currentf .
la=IL +IIf Eq.31.4.5
The final equation is an alternate form of expressioféor

Ea= Rallat+ (Ret+ R)IIIf Eq. 31.4.6

Example 31.4 -Find the machine constant of a shunt generator running at 31 rad/s and producing 125 V with a
1.8 Wb flux.
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Fi Fe Fz Fu FE Fi
Toolsw| Zolue | Grarh | Vicw | Dekse | Edit

OC Fhunt GEI‘IEFEHIFI
.E?= 125._1

Entsr: Flux

Entered Values

Fi Fe Fz Fu FE Fi
Toolsw| Zolue | Grarh | Vigw | Orks- | Edit

OC Zhunt GEI‘IEFEHIFI
mEa: 125._1)
+Ki 2.24014
Ty
LI . s

Ons Corpleks Ustabls SoTukich Found.

Computed Results

Solution - Use the first equation to solve this problem. Select this by pre@siteg). Pres$r2] to
display the input screen, enter all the known variables and(pesssolve the selected equation. The
computed result is shown in the screen display above.

Known Variables: Ea= 125. V, =1.8 Wb, (dm=31._r/s

Computed Result: K=2.24014

31.5 DC Series Generator

The two equations in this section describe the properties of a series DC generator. The first equation specifies the
field current and the armature current to be the same. The second equation computes the terminél woltage
terms of the induced erifa, load currentL , armature resistané®a, and series field windinggs.

la = IIf Eq. 31.5.1

Vt=Ea—-(Ra+ RpUIL Eqg. 31.5.2

Example 31.5 -Find the terminal voltage of a series generator with an armature resistance @ QA%
series resistance of 0.4D The generator delivers a 15 A load current from a generated voltage of 17 V.

Fi Fe F3 Fu FE Fi Fi Fe F3 Fu FE Fi
Toolsw| Zolue | Grarh | Vicw | Detse | Edit Toolsw| Zolue | Graph | Vigw | Oeks- | Edit

D SgFigs Eehgrakar DEC Sebigs @engrakar
mEz: I7._U mEz! 7. U
m]l: 15._H mll: 15._H

mfR=: L4
+lty 9,95 1

Ons complebe useable solukion Found.

Computed Results

Enksr: Armakture resistance

Entered Values

Solution - Use the second equation to solve this problem. Select this with the highlight bar and press
(ENTER]. Pres$F2] to display the input screen, enter all the known variables and{gesssolve the

selected equation. The computed result is shown in the screen display above.

Known Variables: Ea=17. V,IL=15. A,Ra=.068 Q, Rs=.4 Q

Computed Results: Vt =998 V
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31.6 Separately-Excited DC Motor

These equations form the working foundation for a separately excited motor. The first equation calculates the field
voltageVf in terms of the field currenif and field coil resistandef.

Vi = Rf OIIf Eq. 31.6.1

The second equation computes the terminal voléga terms of the machine constdtit magnetic fluxg,
mechanical radian frequenoym, armature currerifs, and armature resistanBa.

Vt = Klpldom+ Ralla Eq. 31.6.2

The load torqud'L, in the third equation is defined in termskgf(, la andTloss

TL= KlpOa-Tloss Eqg. 31.6.3
Ea, the back emf induced in the rotor, is calculated by the next equation. Toligis withK, ¢, andla.
Ea= Klomigp Eq. 31.6.4

T=K0Oalp Eq. 31.6.5

The reciprocal power relationship betwaem and by the inverse quadratic relationship. The next set of
equations show the relationship betw@&emhe torque lost due to frictioclossand the torque loatlL. The last
equation in this set shows relationship of power with toiigaed angular velocitgom.

om=—L_ _RaT Eq. 3166
Klp (Kip)

T =Tloss+ TL Eq. 31.6.7

P = Tldom Eq. 31.6.8

Example 31.6 -Find the terminal voltage, field current and machine constant for a motor with an armature
current 0.5 A and resistance of 1QQotating at an angular velocity of 31 r/s. The back emfis 29 V. The field is
driven by a 15 V source driving a 8Dload. The flux available in the armature is 2.4 Wh.

Fi Fe F3 Fu FE Fi
Toolsw| Zolue | Grarh | Vicw | Dekse | Edit

Sxf Excits DC Makor
L1=FH

mla: (G

#«I1If: 300, _mA

+E31 389735
Wk

l§= 2.4

sRgi 10E, i
wR{: SO, 0

#TL 467742 _Hm

Fi Fe F3 Fu FE Fi
Toolsw| Zolue | Grarh | Vigw | Orks- | Edit

Ons CorbTeke USgabTe SoTukioh Found.

Sxf Excits DC Makor

+E T 389785

.$= 2.4_lk

aRal 100G, _§)

nRf SO 9

+T: L 4E77P42_Hm

mlifs 15, L)

+#L: 7o, L

| 15IgH

Display: Upper Half

Enkir: Mech. Fadian FEeAUghey

Display: Lower Half

Solution - Solve the first, second, fourth and fifth equations. Select these by highlighting and pressing
(ENTER]. Pres$F2] to display the input screen, enter all the known variables and{iesssolve the
selected equation set. The computed results are shown in the screen display above.
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Known Variables: Ea=29. V,la=.5 A, @=2.4 Wb, Ra=100._ Q Rf=50._ Q, Vf=15. V,
wm=31._r1/s

Computed Results: I1f=300. mA, K=.389785, T=.467742 Nm, Vt=79. V

31.7 DC Shunt Motor

These seven equations describe the principal characteristics of a DC shunt motor. The first equation expresses the
terminal voltage/t in terms of the field currenlf and field resistandef along with the external field resistance
Re. The second equation defines the terminal voltége terms of the back emf (expressed in terms of the

machine constari, flux swept, and angular velocitgom) and the IR drop in the armature circuit.

Vt = (Ret+ Rf) OIf Eq.31.7.1

Vt = K [@liom+ Ralla Eq. 31.7.2

The third equation refers to the torque available at theTeadue to the currera in the armature minus the loss of
torque Tlossdue to friction and other reasons.

TL= KpOa-Tloss Eq. 31.7.3

The fourth equation gives the definitive relationship between the badkanf, (p andem.

Ea= Klomigp Eq. 31.7.4

The next equation displays the reciprocal quadratic relationship betmeghit, K, ¢, armature resistandea,
adjustable resistané&d andT.

vt (Ra+ RJOT
- Eq. 31.7.5

wm= K
Klp (K@)

The last two equations compute torqui terms ofTloss load torqueTL, flux @, la, andK.

T =Tloss+ TL Eq. 31.7.6
T=KpOa Eq. 31.7.7
Example 31.7 -Find the back emf for a motor with a machine constant of 2.1, rotating at 62 rad/s in a flux of
2.4 Wh.
Fi Fz Fx FY FE F& Fi Fz Fx [&] FE F&
Tooalir| Zalue | GFarh | Yiew | Oetse | Edik Toolse| Zolwe | Grarh | View | Orks= | Edit
OC Shunk Mc-tc-r'| OC Shunk Mc-tc-r'|
Ea: +Ea= 31z 431
mf mf
[ F'H g.g_b.lb [ F'H g.g_b.lb
mpmE B2, _Fos mpmi B2, _Fos
Enker: Maching conskank On cormpleke useable solukion Found.
Entered Values Calculated Results
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Solution - Use the fourth equation to solve this problem. Select the equation with the cursor bar and
presqENTER]. Pres$r?] to display the input screen, enter all the known variables ans(fze® solve the
selected equation. The computed result is shown in the screen display above.

Known Variables: K=2.1, =2.4 Wb, dm=62. r/s

Computed Result: Ea=312.48 V

31.8 DC Series Motor

These eight equations describe the performance characteristics of a series DC motor. The first equation links the
terminal voltagevt to the back emfEa defined by the third equation) and the IR drop through the armature due to
armature resistandea, adjustable resistanétd, and series resistamRs. The second equation calculates the load

torqueTL with the machine constaK, flux @, load currentL , and the torque losdoss
Vt = K [pldom+(Ra+ Rs+ Rd) 0L Eq.31.8.1
TL=KplL-Tloss Eqg. 31.8.2

The third equation defines the back emf in the arredarin terms oK, ¢, and mechanical frequenoym. The
fourth equation shows torque generated at the rotor due the magnegyafid currentL .

Ea= K ldumlp Eq. 31.8.3
T = KgpOL Eq. 31.8.4

The next equation shows a reciprocal quadratic link betweervt, K, @ Ra, Rs, Rd, and torquél.

_Vt (Ra+Rs+Rd)EI'
wm= - 2
Kigp (K@)

Eq. 31.85

The sixth equation computes the torque genérhtas the sum of load torq&. and lost torqué&loss The last
two equations show the connection betwige @, a field constankf, load currentL , and torquél.

T=Tloss+TL Eq. 31.8.6
Klp=Kf L Eqg. 31.8.7
T=Kf OL2 Eq. 31.8.8

Example 31.8- A series motor, with a machine constant of 2.4, rotating at 62 rad/s, is supplied with a terminal
voltage of 110 V and produces a torque of 3 Nm. The armature resistafc¢e, ihé series resistances$2, and

the adjustable resistance is AL@. Find the average voltage induced in the armature, the flux, and the load
current.
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Toolsr| Solue | Grarh | Yicw | Orkse | Edik Toolir| Z0lue | GFarh | Yicw [ Orkse | Edik
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*ﬁ: » 2EEEGZ_Wh LI
mRat 10, _ H
mRd: L0010

L= 1o
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Enter: Aud. emf inducsd in armt.

Solution 1: Upper Display Solution 1: Lower Display

[riIerrz]’f&Irs]rq]] [riIernI_Fu'[rs]'rs_]"l
Teolsw) Z0Tug | Grarh | View | Orks= | Edit Toolsie) Z0Tue | GFarh | View | Orks- | Edik
OC Serics Mokap OC Serics Mokar
STp i a7
+IL: Y, — +E= AP ZERS5_WE
ki 2.4 a: 10._%
*ﬁ: L Ar2EES_Whb LI
a: 10, _
mRd: .BE1_Q
t 5.0
uTd F._Hm
Fulkiele complgbe useabls SoTns Found.

Solution 2: Upper Display Solution 2: Lower Display

Solution - The first, third and fifth equations are needed to compute a solution. Select these by
highlighting and pressin@NTER]. Pres$F2] to display the input screen, enter all the known variables and
presgF?] to solve the selected equation set. There are two possible solutions for this example. Type the
number of the solution set to be viewed and twice. To view another solution set, prégto

and select another number. The computed results are shown in the screen displays above.

Known Variables: K=2.4,Ra=10Q, Rd=.001 Q, Rs=5. Q, T=3. Nm, Vt=110._V,
wm=62. r1/s
Computed Results: Ea = 70.3236_V (39.6764_V), IL=2.64491_A (4.68793_A),

=.472605 Wb (.266642 Whb)

31.9 Permanent Magnet Motor

These five equations characterize the basic features of a permanent magnet motor. The first equation shows the back
emfEa in terms of machine constagt flux @, and radian velocitgom. The second equation shows the connection

between generated torquieK, @ and armature currefd. The terminal voltag¥t is the sum of back entfa and
the inductive-resistance drop in the armature. The fourth equation shows conservation of various totqees

Tloss The final equation displays the quadratic relationshigrofin terms ofK, Vt, @, T andRa.

Ea= Kplom Eq.31.9.1

T=KpOda Eq. 31.9.2

Vt= Ea+ Rdlla Eq. 31.9.3

T =Tloss+ TL Eq. 31.9.4
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Example 31.9-Find the machine constant for a permanent motor rotating at 62.5 rad/s in a magnetic flux field of

__Vt__ Ram
Kp (K

1.26 Wbh. Assume a 110 V back emf.

Fi Fz Fz F4 FE F&
Toolsw] Solus | Grarh '.'i-zwll:lpth Edit

L 2. o

Ferr Madngt Mokor
IE§= 1i@. U

mii 1,26 1k
R

Enker: Fech, Fadian Freauency

Entered Values

Eq. 31.9.5

Fi Fz Fz F4 FE F&
Toolsw] S0lus | Grarh | Yicw | Orks- | Edik |

Ferr Madngk Makor
mEx:
L]

Ong comkleke usgable selukion Found.

Calculated Results

Solution - The first equation is needed to compute the solution. Select it by highlighting and pressing
(ENTER]. Pres$r2] to display the input screen, enter all the known variables andlesssolve the

equation.

Known Variables: Ea=110._V, ¢=1.26 Wb, tm=62.5 1/s

Computed Result: K=1.39683

31.10 Induction Motor |

These eleven equations define the relationships amongst key variables used in evaluating the performance of an
induction motor.

The first equation expresses the relationship between the radian frequency induced in tbre toéosngular speed
of the rotating magnetic field of the statos, the number of polgs, and the mechanical angular spead.
W =aB-— g Ldum

The second, third and fourth equations describe the ggur andws, wm, p, the induced rotor power per
phasePr, and the power transferred to the rotor per pRasa

Eq. 31.10.1

s= 1—£E(I@ Eg. 31.10.2
2 s
Pr
——=5 Eg. 31.10.3
Pma
w =sldus Eg. 31.10.4

Pmais defined in the fifth equation in terms of the rotor curherand the rotor phase voltagena.
Pma=3LIrLEma Eqg. 31.10.5

The sixth and seventh equations account for the mechanical pavegn terms ofp, wm, ws, Pma, and torqud’ .
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Pme= 3[—?9 ﬁ*)—mDDma Eg. 31.10.6
2 ws

Pme= Tdom Eg. 31.10.7

The eighth equation expresses torque in ternps Bfma, andos.
[—E Pma
T=3EF—— Eg. 31.10.8
2 ws

The last three equations show an equivalent circuit representation of induction motor action and links tRa power
with rotor resistanc®r, rotor currentr, slips, rotor resistance per phaR&1 and the machine constati .

Pma= RiTIF + - S[Rr0r? Eq. 31.10.9
s

1_S 2

Pa=——I[Rr0dr Eg. 31.10.10

s

RRL

Rr=—— Eq. 31.10.11
KM

Example 31.10-Find the mechanical power for an induction motor with a slip of 0.95, a rotor current of 75 A ,
and a resistance of 1R
Toolsw| 20lue | Grarh | Vicw | Orks- | Edit Toolsw| Solue | Grarh | Wicw | Orks- | Edit

Induction Maotar | Induction Maoker |

nlr: 7S._AH nlr: F5._H
Pat +Pal 532,895 1

at
o o

Entsr: Equin, Fokor Fesiskancs Ons Complets useabls soTukien Feund.

Entered Values Calculated Results

Solution - Choose the next to last equation to compute the solution. Select by highlighting and pressing
(ENTER]. Pres$F2] to display the input screen, enter all the known variables and{gesssolve the

equation.
Known Variables: Ir=75. A,Rr=1.8 Q,s=.95
Computed Result: Pa=532.895 W

31.11 Induction Motor Il

These equations are used to perform equivalent circuit analysis of an induction motor. The first equation shows the
power in the rotor per phasama, defined in terms of the rotor currdnt rotor resistancBr, and slips.
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Rr
Pma=—10r? Eq.31.11.1
s

The second equation shows the expression for tarquaerms of polep, Pmaand radian frequency of the
induced voltage in the stataxs. The third equation is an alternate representation of torque in terms of the applied
voltageVa, stator resistandest, Rr, inductive reactanckL , andws.

T=3pfme Eq. 31.11.2
2 " s
2
=3P R va Eq.31.11.3

2 ws S 2
(Rst+Rrj + X2
s

The equation folfmmax represents the maximum positive torque available at the rotor, given the parameters of the
induction motor stator resistanBst, XL, Va, p, andws.

3 va’®
Tmmax:—E-IBD Eg.31.11.4
4 w5 /Rsf + XE + Rst
The maximum sligm in the fifth equation represents the condition when dT/ds=0.
Rr
sm= Eq. 31.11.5

VRS + XP

The sixth equation defines the so-called breakdown torgueax of the motor. The final equation relates with
machine consta€M and the rotor resistance per phR$¥L.

Tgmax=-3gPg__ V& Eq. 31.11.6
4 ws R+ XB - Rst o
RRIL
Rr=—-— Eq. 31.11.7
KM

Example 31.11-An applied voltage of 125 V is applied to an eight pole motor rotating at 245 rad/s . The stator
resistance and reactance is 8 an@I2spectively. Find the maximum torque.

Fi Fe Fz F4 FE Fi
Toolse) Solug | GRarh | Yicw | Orks- | Edik

Fi Fe Fz F4 FE Fi
Toolse) Solug | GRarh | Yicw | Orks- | Edik

Induction Mokar Il

IE: =
mp=t: 2. 4
Trmaxt
mllz: 125, _L
lms:

L .

Induction Mokar Il

IE: =

mp=t: 2._0

*+Tmmaxt 17, D658 _Hm
mlls: . _L

.|:'\:|5=

L .

Enker: Elgc. skakor sFecd

Entered Values

Ong comiklebe usgable solukion Found.

Calculated Results

Solution - Use the fourth equation to compute the solution. Select by moving the cursor bar,
highlighting, and pressir{@NTER]. Pres$r2] to display the input screen, enter all the known variables and
presqF2] to solve the equation.
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Known Variables: p=38, Rst=8. Q, Va=125. V, ws=245. /s, XL=12._ Q

Computed Result: Tmmax:=17.0658 Nm

31.12 Single-Phase Induction Motor

These three equations describe the properties of a single-phase induction motor. The first equation defines the slip
for forward fluxsf with respect to the forward rotating flgx the radian frequency of induced current in the stator

ws, the number of polgs, and the angular mechanical speed of the wtor The final two equations represent the
forward and backward torqué$ andTb for the system with respect $6 the number of poleg, the electrical

stator speedys, the equivalent rotor resistanRe and the currentisf andisb. The forward torque is given by the

power dissipated in the fictitious rotor resistor.

sf = 1-Pm Eq. 31.12.1
2 ws
2
Tf :Egidm Eq. 31.12.2
2 s 203f
2
Th= —EEILGM Eq. 31.12.3
2 ws 2002~ sf)

Example 31.12- Find the forward slip for an eight pole induction motor with a stator frequency of 245 rad/s,
and a mechanical radian frequency of 62.5 rad/s.

[riIerrsIru]rsIrqn [riIerrsIru'{rs]’rq]"l
Toolsr| 20Tug | GFArh | Vicw | Orks- | Edik Tools~| 20Tug | GFaph | Yiew | Orks- | Edik
1 # Induction Makar 1 # Induction Motk

api 2 mpi B

=f8 +=f1 -, Q204028

mpni B2, 5_rs mpni B2, 5_rs

[T L ToE]

Entar: Elec. sbator Skaed HAIN FAD ALTO FUNC TE|
Entered Values Calculated Results

Solution - The first equation is needed to compute the solution. Select by highlighting and pressing
(ENTER]. Pres$rF2] to display the input screen, enter all the known variables andfdsssolve the

equation.
Known Variables: p=38, m=62.5 r/s s =245. 1/s
Computed Results: sf=-.020408

31.13 Synchronous Machines

These five equations focus on the basic properties of a synchronous machine. The first equation relates the radian
mechanical and electrical spe&d® andws with the number of polgs. The second equation shows maximum
torqueTTmax (sometimes referred to as pull out torque) in terms of culiferapplied voltag&/a, p, andws.

Pma represents the power produced in the load with a phase déayTdie last two equations show torque
relationships with mechanical poweme, cdm, Pma, andws.
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= —Lds Eq.31.13.1

P
TTmax= 3[—!9[-!'”& Eq. 31.13.2

2 ws

Pma= Valladtog6) Eq.31.133
T=Pme Eq.31.13.4

wm

_ E—B Pma
T=3F—° Eq.31.135
2 ws

Example 31.13-Find the stator radian frequency and the maximum torque for a synchronous machine with a
mechanical rotational velocity of 31 rad/s. The motor has eight poles, a field current of 1.8 A, and experiences an
applied voltage of 130 V.

Fi Fz F2 F4 FE Fi
Toolse) S0lug | Grarh | Yigw | Orkse | Edik

IS!:'I'IChY\?II‘IOUS Haching
nllfi 1.8_A
mpi H.

Trmaxt
mllg: 1300 _L
mgri 31, _ros
usill

Enter: Elec. skakor skecd

Entered Values

Fi Fz F2 F4 FE Fi
Toolse| S0lug | Grarh | Yicw | Orkse | Edik

IS!:'I'IC"IYCII'H?IIJS Muchin-z|
nlIf:i 1.3_R

mp: 2.

+$Tmax= 22,6452 _Hm
mllg: 1300 _L

mpri 31, _ros

st

Ong cormpleke useable selukion Found.

Calculated Results

Solution - The first and second equations are needed to compute the solution. Select these using the
cursor bar and pressifETER]. Pres$r?] to display the input screen, enter all the known variables and press
to solve the equations.

Known Variables: If=1.8 A, p=8,Va=130._V, om=31. r/s

Computed Results: TTmax=22.6452 Nm, s=124. /s
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Chapter 32 Introduction to Reference

This chapter guides the user throughReferencd®art of EEPro. The information in th®eferencesection of the

software is organized in a similar fashionfamalysisandEquations except the information is generally non-
interactive.

32.1 Introduction

Fi

FZ Fx F4
TheReferencéart is organized in nine sections that include topics the [t wmire S e
following topics:Resistor Color ChartStandard(or preferred)Component  |Tee1Bar tkor Tines and Status areq thotter

. . A Frovide conbect-derendsnt usads hinks.
Values Semiconductor PropertieBoolean ExpressionBoolean Algebra — [ENTER sften duss the sams thind 2 Fa.
. . . EZC 'backs Up' ko bhe BF¢UIoUS SCFESh,
FL:Tools/B:CT 3 back to the bedinnind.
Properties, Fourier, Laplacandz transforms propertiecommonly used PLT 0TS/ Iaar Jocs back to the bedinnin:

Fundamental ConstantSI prefixesand theGreek Alphabet ERUATIONS are 3reured inks sets aprlicable

bo SEECific SikUakions.

MAIN RAD AT FLNE
rr_Ti-m Fz . FE, Fi Trs ]
ReFerince f—|Analusis+|Equations~|Referencer|a
iRes O =|rf- - EE Fro o [
H ] 3 2 1. -_-1_. -1 .1
il 3iSemiconductor Data. #ggigagﬂé thes Lolot Ih:'r+ botton)
E tBoolean Expressions id H =) B
r1| 2:Boolean Algesbra rowloe

P TR aRE D HTER of| %:zemicobductor Data

Boolean Exprezsions
Constant E5SC 'bac| oo 3
e it Fraries ARALYSTE 2 Boolean Alasbra
EEFEEEMCE has hanade lookup bables, :
TVFE OF USE €311 + [EMTER] Ok [EZC] EEHT?Hﬁ EDHE‘LEH‘LE

IS Prefixes
applicabl g -
FEFERENCL 2 Gresk Alphabet

Pull down menu on Tl - 89 and
Tl - 92 Plus

TYFE OF UZE €%t} + [EMTERI=0K AMD [EZCI=CAMCEL

Unlike AnalysisandEquations the screen formats for the topics in Referencesection can differ significantly,
depending on the information presented. Some Reference tables, sucResister Color CharandStandard

Component Valugsire dynamically interactive and perform calculations. Many sections include pictures for more
clarification.

32.2 Finding Reference

TheReferencélart is accessed by starting BE.

1. Start EEPro:
« TI89and Tl 92 Plus: Preg®PS] key to display the pull down menu. USekey to move the high-light

bar to EEPro and presfNTER]. Alternatively, type irfA] when the pull down menu appears.

EE Pro for Tl - 89, 92 Plus 1
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«  PressingF4] accesses the menu for fReferencesection listing the topics. EEro is structured with a
hierarchy of screens for choosing a specific topic.

2. Select a topic dReferencdoy moving the highlight bar to the desired section usingathesy and pressing
[ENTER]. Alternatively, type in the number corresponding to the section desired. For examplg] poess
accessSemiconductor Dataor pres$6] to access th&ransformssection.

Fi Fz Fz F4 3
Toolse|Analesis~|[Equations- Rtfertncvhl-:-: |
e TrARSFOF S
o= -6 Lanpounds rFourier Transforms..
E: Ei Ennnr‘tLeuE 1= 1 ; : Fllr T+ 5...
251 Hoceptor Lewels Iiz— i
S:5i02-515N4 Colors £_LAnsiorhs
TYFE OF USE <*1} + [ENTER] OF CEZC] TYFE OF USE 311 + [EMTEFR] OF [E5C]
Semiconductor Data Menu Transforms Menu

32.3 Reference Screens

The semiconductor data section has been chosen to illustrate how to navigate within a toitefefémeasection.

¢ When accessing tHgemiconductor Dataection, a dialog box appears listing the available topics@Jkey to
move the highlight bar t8-5 and 2-6 Compoundsmd presgNTER]. This displays the electronic, and physical
properties of the compound gallium phosphide, GaP.

Fi L B F4 FE |7 Fi e i: T FY |
Toolse| $oizn | iwar i [ Wigw |Opkse Tonlse] 5% id% [Choose Compound

3-Es #~B CamFoUnds E {:G53F E |
EIEE

F&
Choose

1z CEE?Dund= GaP
5 —6 Lompounds :
3221 Donor Leugla - ks '993
4251 Hoceplor Lewels HEZ .
5:3102-51 34 Colors mni .1
Pi .
ai JGET
MRl 1238
TVPE OF UZE <+l + [EWTER] OF CE2C] Fesult: Band GaF MAIN EAD AUTO FUME
Sections in Semiconductor Data Properties of GaP Materials available in 3-5, 2-6

Compounds section

Fi L HE F4 FE |
Toolse| tniug |23k | Wigw | Orkse
3=Fs =5 Compounds|
Compound: CoS+
ElG:

HHIRESE
HPE .
LI %2
MEs .
a: o435
MFL 1465
Fesult: Band Gar

Properties of CdS

* Note that GaP has an arrowto its right indicating that there are other materials whose properties are also
listed. Move the highlight bar to GaP, pre88ER] to view the other materials. The list of other materials
includes GasSb, InAs, InP, InSh, CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe. To display the properties of CdS, use
the® key to move the high light bar to CdS and pfE&ER]. Alternatively, type iri6] when the pull
down menu appears.

« The data displayed automatically updates to list the properties of CdS as shown above.
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e Other properties available in the section inclDd@mor and Acceptor levela Silicon shown in the screen
displays below.

Fi i BE] Fu FE Fi B BE] F4 FE
Tools| v |Sress [ Migw |Opks- LETRH AR I-E:'c;:: Vigw |Orks- ]
SiDoenor Leusls S ACEkPEor Liwgls
Li: Mg(can:n‘!!
Shi ., MaiCE»: .
Pr .045 Czf .5
As: . 054 Bat .3
Bi: .0E% SioLd48
Te: .14 fn: .45
Ti: .21 HS{EB}: 36
cl .25 CddCEYL
Silicon Donor Level Silicon Acceptor Levels

The last topic irSsemiconductor Propertgancludes the colors observed for Silicon dioxide and Silicon Nitride

thickness. These colors are arranged in order of thickpegs Some colors appear multiple times due to multiple
diffraction orders.

ToFo’:I:- L L Er:.;..:.;.g n;F.;I."|.;.r- EE Fsosvzﬂ |T0F-:-::I:-| 15;?-;.2]-'” : '.'f:w I:IE:rlthF-:-Eoser\l
'9'1“51 1ic File/ TizMY Colors]
Colo AL ht "r'EllDl.d I:::-lnr*:lal%
Sid BiYellao Si0Z v oL dE-.31
Si3 C: |:|F‘-E|F|'EIE' Fed SiZH4: L Z21-.23
Ord DiRed Order: Zhd
E![ark Eed
we—l5reen
TVFE OF USE €311 + [EMTER] OF [EZC] Choote: Choese Color
Si02/Si3N4 Color Choices Properties of SiO2/Si3N4

(thickness in um)

32.4 Using Reference Tables

The Transformsection is used as an example of viewing reference tablagsformsallows the user to inspect

Fourier, Laplaceor Z-transforms Each of these topics are divided into three sub-topefinitions, Propertiesnd
Transform Pairs For example, navigate fromransforms— Fourier Transforms- Transform Properties A

screen display below shows the lists the equations displaying the fundamental propEdiggeotransform pairs.

Note that the name of the selected transform equation appears in the status line. For example, if the highlight bar is
moved to the sixth equation, the status line displays "Rectangular Pulse" as the description of the property.

[ [0 e o | EEAEATA AN
[Transform Fairs| [Transform Fairs|

2k Co o DI 13

12 &cCtl AHCLDE ;

e et O ACL—LOD F R 0 W e e a At

mrE I+l A 4kt it WLR=—, 0, AL -T2 e
irmRdCACal, wi-1 %21 i ks n*é(lee’(i*m)
24Thsintonl i cpaTat uit+) tauchd s dkmEdpdaial -1
T2 iaintodT 40 CowT 400 Wik ATr—yih-To: ZkTHsing.
2408 %n 2 boabs(b) 1-24ABS (LY Td T2%0=sinda..
Conskank Conskank
Normal View Inverse View (press [F4])

To view the equation iRretty Printformat, pres®). The contents on the right side of the colon () are displayed in

Pretty Print while the contents to the left of the colon are displayed in regular type above the status line. To reverse
this display (display the inverse of the property), pisss to exitPretty Printmode, presg4] to display theénverse

form of the transform property, d@ to view the inverse transform PrettyPrint.
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E3 Ihi I 3

Transforr Fair!
1

(s-a)"

LrCn=13s0n=10 ke (%t )

- I B I B
o Eern feerss

MigLu:

Transform Fairs

tn—l

LLa-t
[n=11!

ls0s—al"n

Regular View of Laplace Transform
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Chapter 33

This section of EEPro allows the user to enter the color sequence of a
physical resistor and compute its value and tolerance. Most physical

resistors come with a band of colors to help identify its value. There ar
variations of color bands used in practice: 3, 4 or 5 band of colors. Th

table below identifies the hierarchy used in practice. A picture of the
color chart is included in the software and is displayed when the functio

key(F4] is pressed.

Table 33-1 Description of Colors in resistors

Band positions represent:

Resistor Color Chart

Fies Color Chark

=WHHH H—

3-Band 4-Band 5-Band
Band 1 digit digit digit
Band 2 digit digit digit
Band 3 multiplier multiplier digit
Band 4 N/A tolerance multiplier

Band positions represent:

3-Band 4-Band 5-Band
Band 1 digit digit digit
Band 2 digit digit digit
Band 3 multiplier multiplier digit
Band 4 N/A tolerance multiplier
Band 5 N/A N/A tolerance

Colors represent:

DIGIT MULTIPLIER  TOLERANCE
SILVER - +E2 10%
GOLD - +E1 5%
BLACK 0 xEO -
BROWN 1 XE1 1%
RED 2 xE2 2%
ORANGE 3 xE3 -
YELLOW 4 XE4 -
GREEN 5 XE5 0.5%

EE Pro for Tl - 89, 92 Plus
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BLUE 6 XE6 0.25%
VIOLET 7 xE7 0.1%
GREY 8 xE8 0.05%
WHITE 9 XE9 -
Field Description
Input Fields
Num. of Bands : (Number of Bands PressindENTER] displays choice of 3, 4, or 5 bands.
Band 1: (see table above) Press[BRTER] displays choice of colors.
Band 2: (see table above) Press{BRIER] displays choice of colors.
Band 3: (see table above) Press[ERIER] displays choice of colors.
Band 4: (see table above) Press[ERIER] displays choice of colors.
Band 5: (see table above) Press[ERIER] displays choice of colors.
Output Fields
Value: (Resistor Valup Returns a Resistor Value.
Tolerance : (Resistor Tolerange Returns a percent.

33.1 Using the Resistor Color Chart

Select this topic from thReferencesection and presENTER].

1. Select the number of bands on the resistor (display automatically updates for the entry).
2. In eactBand field , select a color usin@ and pressinfENTER].

3. The results are displayed in ¥Melue andTolerance lines of the display.

Example 33.1: Find the value and tolerance of a resistor with band colors yellow, black, red and gold.
Using the steps outlined above.

1. Enter 4 foNum. of Bands . rTTT] = IT[TT_D
Sto~: Toolse| Solug | i i | Fick | Deksr
2. Forthel™ Digit Band , select Yellow color. e
3. For the2™ Digit Band , select Black color. TuE.DqF_EaEdsé 4Lrlb?r1'|d5:;
T =) 191 and: e [=l0]
4. For theMultiplier Band , select Red color. ﬁr‘uiitl;ligit E:Endé Eéaglﬁ
H -
5. ForTolerance Band , select Gold. Talerance Band: Golds
6. The results show 400Q in theValue field, and + Hadue: BEITPEIY
5% in theTolerance field as shown to the right. :
Zoluind now...
EE Pro for Tl - 89, 92 Plus 6
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Chapter 34  Standard Component Values

In this section, the software computes the inverse of the color chart computation described in the previous chapter
(i.e.: given a value and a tolerance for a resistor, a color sequence is generated). As a side benefit the calculation
algorithm also allows the user to estimate suitable “off-the-shelf” standard components for needed resistors,
inductors and capacitors. These are also referred to as "Preferred Values" of components available from
manufacturers.

Field Descriptions

Input Field

Value: (Desired Value or Design Spgc. Enter a real number.

Tolerance : (Tolerance of Componént Pres$ENTER] to display selection.
The values range from toleran&20% down to
+.0.05%.

Component : (Type of Component Pres$ENTER] to display component choices: Resistor,
Inductor, or Capacitor.

Output Field

Value: (Closest Standard Value to the Desired Value Returns a "Preferred Value".

Bands : (Resistor Color Bands - if the Component is a Res)stor Returns the color bands in a resistor.

Example 34.1 -A design calculation yields 2.6 microfarads for a capacitor. Find the closest preferred value with
a tolerance of 1%.

Use the following directions:

Press thRI0DE] setting and sedisplay Digits to FLOAT 8, presqENTER].

2. IntheValue field, enter2.6E-6 T =
3. IntheTolerance field, pres$ENTER] to display choices; us® key Sl e L
[£td Component Yaluz]
to move the highlight barl % and presENTER). aldrince: Sika _
4. IntheComponent field, pres$ENTER] to display; use® key to A e £

move the highlight bar to "Capacitor" and prigBER] to select.
5. The Standard Component Value is displaye2l @BE-6_F.

Choose: Cormpancnt THFE

EE Pro for Tl - 89, 92 Plus 7
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Chapter 35 Semiconductor Data

Physical, chemical, electrical, electronic and mechanical properties of common semiconductors are presented in this
section. The information is organized under five (5) topics listed in detail in Table 35-1. All properties are listed at
300°K, unless otherwise specifically stated. Details of how to access the information is included in the table.

Table 35-1 Semiconductor Data

Section Label Data Fields Description

Semiconductors Input Field: Press to display options (Si
Semiconductor: or GaAs), use @ to move the

highlighter to Si or GaAs and press
to select
Atoms: (Atoms) 1/cm?®
At Wt: (Atomic Weight) g/mol
Br Fld: (Breakdown Field) Vicm
xtal: (Crystal Structure) structure name
p: (Density) glcm?
€r: (Relative permittivity) unitless
Nc: (Density of states, CB) 1/cm?®
Nv: (Density of states, VB) 1/cm?
mle: (Longitudinal e- mass) unitless
mte: (Transverse e-mass) #
mih: (Light hole mass) #
mhh: (Heavy hole mass) #
@ (Electron affinity) \%
EG: (Band gap) eV
ni: (Intrinsic Density) 1/cm?®
a: (Lattice constant) nm
ath: (Thermal expansion coefficient) | 1/°K
MP: (Melting Point) °C
T: (Catrrier lifetime) s
pn: (Electron mobility) cm?/(V*s)
up: (Hole Mobility) cm?/(V*s)
Raman E: (Raman Photon Energy) | eV
Sp Ht: (Specific heat) J/g
Th. Cond: (Thermal conductivity) W/(cm*°K)
Diff Cons: (Diffusion Constant) cm?/s
Vapor Pr: (Vapor Pressure 1600°C) | torr
Vapor Pr: (Vapor Pressure 930°C) | torr
Work Fn: (Work Function) Vv
EE Pro for TI-89, 92 Plus 8
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-V, 1-VI
Compounds

Input Field:
Compound:

GaP > Press to display pull
down menu listing the 111-V and II-VI
semi-conducting compounds. They
are:

1.GaP

2:GaSb

3:InAs

4:InP

5:InSb

6:CdS

7:CdSe

8:CdTe

9:ZnS

A:ZnSe

B:ZnTe

To select a compound, use the ®
key to move to highlight bar to the
item and press (or enter the
item number).

EG: (Energy Gap) eV

un: (Electron mobility) m2/(V*s)
Up: (Hole mobility) m2/(V*s)
mn: (Electron Effective mass) unitless
mp: (Hole Effective mass) unitless
a: (Lattice constant) nm

MP: (Melting point) °C

gr: (Dielectric constant) unitless
p: (Density) glcm®

Si Donor Levels

Output Field:

Silicon Donor levels are displayed
relative to the conduction band.
The donor list includes the

All values are displayed in electron
volts (eV) relative to the conduction
band. In some cases there is a
(VB) designation next to the

following: element. In these cases, the
Li: location of the donor level is
Sh: referenced relative to the valence
P: band.
As:
Bi: For example, the donor level for Te
Te: is displayed as 0.14_eV indicating
Ti: that the donor level is 0.14 eV
C: below the conduction band. On the
Se: other hand Gold has (VB)
Se: appended. Thus the value 0.29 eV
Cr; displayed reflects that the donor
Ta: level of Gold (i.e., Au) is 0.29 eV
Ta: above the valence band.
Cs:
Ba: Some elements have multiple
S: energy levels and therefore appear
Mn: more than once.
Mn(VB):

EE Pro for TI-89, 92 Plus
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Ag(VB):
Pt(VB):
Si(VB):
Si(VB):
Na(VB):
Au(VB):
V:

Mo:
Mo(VB):
Mo(VB):
Hg(VB):
Hg(VB):
Sr:
Sr(VB):
Ge:
Ge(VB):
K:
K(VB):
Sn:

W:

W:

W:
W(VB):
W(VB):
Pb:

O:

O:

Fe:

Fe:
Fe(VB):

Acceptor Levels

Output Field:
Silicon Acceptor levels are
displayed relative to the valence
band. The acceptor list includes
the following:

Mg(CB):

Mg(CB):

Cs:

Ba:

S:

Mn:

Ag(CB):

Cd(CB):

Cd(CB):

Cd:

Pt(CB):

Pt:

Si:

B:

Al:

Ga:

In:

TI:

All values in are in electron volts
(eV) relative to the valence band.
For some elements, there is a (CB)
appended to the element name. In
these cases, the location of the
acceptor level is referenced relative
to the conduction band.

For example, the acceptor level for
Mg is displayed as 0.11_eV. (CB)
follows the element name Mg
indicating that the acceptor level is
0.11 eV below the conduction
band.

On the other hand, Platinum (Pt)
has a value of 0.36 eV, with no
additional information. This is an
indicator that Pt produces an
acceptor level 0.36 eV above the
valence band.

Some elements have multiple levels

EE Pro for TI-89, 92 Plus
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Pd:

Be:

Be:
Zn(CB):
Zn:
Au(CB):
Co(CB):
Co:

Co:

V:
Ni(CB):
Hg(CB):
Hg(CB):
Cu:

Cu:

Cu:

Sn:

Pb:
o(CB):
o:

and appear more than once.

SiO2/Si3N4 Colors

Input Field:
Compound:

Once the specific color choice has
been made, the display fields show
the information for the following
parameters:

SiO2: Value in pum
Si3N4: Value in um
Order: Value as a number

Silicon > Press to display
the pull down menu listing the color
of silicon with SiO2 or Si3N4
deposited on the surface.

1:Silicon
2:Brown
3:Golden brown
4:Red

5:Deep Blue
6:Blue

7:Pale Blue
8:Very Pale Blue
9:Silicon

: Light Yellow ZnSe
: Yellow

: Orange-Red
:Red

: Dark red

Blue

: Blue Green

: Light Green

I: Orange Yellow
J: Red

IOITMUO®>

To select a specific compound,
enter the item number (or use ®
key) and press [ENTER

EE Pro for TI-89, 92 Plus
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Chapter 36  Boolean Expressions

This section covers the Boolean expressions reference table,

which includes 16 commonly-used Boolean expressions. This

section also contains a diagram of the most commonly-used logic =7 =TT

components. T DOF —T MO
Si— WOk - WMOR
—{=— ELUFFER —{>=— IMYERTEF

36.1 Using Boolean Expressions

This section displays a list of rules for Boolean algebra for two
variablesx andy:

"+" is used to indicate the OR function.
"."is used to indicate AND function.
"' " represents a logical inversion.

The logic element symbols for AND, OR, NOR, BUFFER, NAND, INVERTER, XOR and XNOR, INVERTER
are shown in this section and can be viewed by pressing the functifakeyhe Boolean algebra rules are
sixteen in number and are listed as functiB@g=15. They are also identified by their name as shown in the
Table 36-1.

2N D EEE

Boolean EXFressions

Example 36.1 - Find the properties of a@xclusive OR (XOR)

(L CRTLPE ST

1. Use the arrow ke@® to move the highlight bar down the list. Continug

scrolling until the status line readsxXclusive OR (XOR) Fé
2. To view the expression Pretty Print pressF5] to display the pull dovyn Mt bk fw

menu and press either key or(i]. This will display the

Boolean expression for XOR Rretty Printform.
3. Pres$SC] to revert to the previous level.

Table 36-1 Boolean Expressions

Function Name Boolean expression Description of Function

FO 0 Null

F1 X.y AND

F2 X.y' Inhibition

F3 X Transfer

F4 Xy Inhibition

F5 y Transfer

EE Pro for TI-89, 92 Plus 12
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F6 (x.y)+(x.y) Exclusive OR (XOR)
F7 X+y OR
F8 (x+y)' NOT OR (NOR)
F9 (x.y)+(x.y") Equivalence (XNOR)
F10 y' Complement NOT
F11 X+y' Implication
F12 X' Complement (NOT)
F13 X'+y Implication
F14 (x.y)' NOT AND (NAND)
F15 1 Identity

EE Pro for TI-89, 92 Plus 13
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Chapter 38 Transforms

This section accesses a series of tables containing transforms of common interest to electrical engineers. The
transforms are listed as three topié®urier, Laplaceandz-Transforms Each topic contains information
categorized under three sub-topics - Definitions, Properties and Transform pairs. All formulae can be viewed in
Pretty Printequation-display format. These sub-topics are not interactive, i.e., one cannot specify an arbitrary
expression and expect to compute a transformed result.

38.1 Using Transforms

When theTransform section is selected, a dialog box is appears. To choose a topic, move the highlight bar using
®@ or@keys and pres&NTER] (alternatively, press the number associated with the topic).

1. SelecFourier Transforms, Laplace Transforms, or N ]fs]]
G015+ |Ana1vsis-|[EqUatichs~|R¢FiF ghog-|!

z-Transforms.
2. SelecDefinitions, Propertiesor Transform Pairs
3. Use th& or@® keys to move to the transform line

Transforms

1:Fourier Transforms..
tLaplace Transforms..
Siz—Transforms..

desired.
4. The forward transforms are displayed by default.

PressingF4] toggles between the forward and  inverse TVFE OF USE €314 + (ENTER] OF (€301
formats.

5. Pres$) to view the transform property Fretty Print.

» Information is presented on either side of the colon as shown below. The term on the left side of
the colon, FQ) represents the function in the frequency domain, while the right side of the colon
represents the exact definition fordf(n terms of the time domain function f(t), integrated over
all ime modulated by 8@

Forward and Inverse Formats
* The information can be displaced in the inverse (as opposed to forward) form, meaning that the
information on either side of the colon changes positions when the Invergg kepressed. A

‘=‘ symbol appears in tH&4] tool bar to indicate the inverse form of the transform function is
being displayed.

F(co): J( f (t) @“im) dt Forward Fourier Transform

—00
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+00

f (t):%_[ I(F (w) Ee‘e_im) dw Inverse Fourier Transform

—00

Status Line Message

e The status line gives a description of the equation highlighted. The descriptions use standard
mathematical terminology such ls®dulation, Convolution, Frequency Integratjatc.

Example 38.1 what is the definition of thiverse Fourier transform

1. Inthe mainlfransforms screen, move the highlight barRourier Transforms and presgENTER].
2. Pres$§ENTER] a second time to acceBegfinitions.
3. Move the highlight bar to the second definition and pgess display the equation iAretty Printformat.
4. Presg) or® to scroll. Press any key to return to the previous screen.
., I,.i Ie:--s-::: : lis g
|Deiiniti-:-n:
J"fm[rct)-e ]y,
Fean
Fourigk Transfarm Yigt: Fouriet TFansform
Fourier Definitions Pretty Print of Fourier
(Time domain Transform)
Example 38.2

View thelLaplace transform of the time functioit)=t .

1. Inthe initialTransforms screen, move the highlight barltaplace Transformsand presgNTER].
2. Move the highlight bar tdransform Pairs and presgNTER].
3. Scroll down to t: 1/s"2 and pr&psto view the equation iRretty Printformat.

e e i ], I\.i Ie:.-s-::: B ]is g
|Tr-:|nsF-:-rn'| Fairs Transfarm Fair
fitys Fisd
&itiz 1 1
Ait—z332 o700 maks) =
uctas 1s= =
EEL—a): =T o0 P,
EATR-107(n=1311 175
e (aptdd 1-0s—ad t.
[
Laplace Transform Pairs Pretty Print of ‘t’

EE Pro for Tl - 89, 92 Plus 17
Reference - Transforms



Chapter 39

This Constants Reference Talslection lists the values and units for 43 commonly-used universal constants. These
constants are embedded in equations irfEtugationssection of EEPro and are automatically inserted during

computations.

39.1 Using Constants

Constants

The Constantsection inReferencés designed to give a quick glance for commonly used constants. It lists values
of accuracy available by the standards of measurement established by appropriate international agencies. This

section does not include any information of the uncertainty in measurement.
Table 39-1. Constants Reference Table

Const. | Description Const. Description
s circle ratio Mg mass [ / mass e-
e Napier constant @0 magnetic flux quantum
y Euler constant uB Bohr magneton
[0) golden ratio ue e- magnetic moment
a fine structure MUN nuclear magneton
c speed of light up p+ magnetic moment
€0 permittivity [Tq01 K magnetic moment
F Faraday constant a0 Bohr radius
G Newton’s R Rydberg constant
Gravitational
constant
g acceleration due cl 1st radiation constant
gravity
h Planck constant c2 2nd radiation constant
hb Dirac constant b Wien displacement
k Boltzmann constant| o Stefan-Boltzmann
constant
no permeability XC e- Compton wavelength
q e- charge XN n Compton wavelength
em e- charge / mass Xp p+ Compton wavelength
me e- rest mass SP standard pressure
mn n rest mass ST standard temperature
mp p+ rest mass Vm molar volume at STP
mp M rest mass NA Avogadro constant
pe mass p+/ mass e- R molar gas constant
re classical e- radius
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These constants were arranged in the following order: universal mathematical constants lead the list followed by
universal physical constants, atomic and quantum mechanical constants, radiation constants, standard temperature
and pressure, universal gas constant and molar constants. To view a constant, use the @rriosy iteymove the

highlight bar to the value and press Ytiewkey[F4]. The status line at the bottom of the screen gives a verbal
description of the constant.

Example 39.1-Look up the value oft

1. Piis the first value to appear in the constant sections. Make sure it is selected by the highlight bar using the
arrow keys.
2. Access th&/iewfunction by pressing keg4).

3. Press any key to return to the constants screen.

The number of significant digits displayedRretty Printcan be changed in tiMODE] setting.

i B ih EE [
R I-E:'cs:: I'.'Eﬂ.-- Iﬁ?::- [ |
Constants]
3.141359
n
Wittt CiFCTe Faki
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Chapter 40

The Sl Prefixes section displays the prefixes used by the Systeme International [d’Unit[eacute]s] (SI).

40.1 Using Sl Prefixes

S| Prefixes

The prefixes are listed in the order shown in Table 40-1Gtey is used to |[p75 | & [0, ok |ocke-
move the highlight bar to select a Sl prefix multiplier. The name of the prq.,,

]

Sl PPaFines

Wi 124
is displayed in the status line. The prefix and multiplier can be viewed by |£: 1e51
. E: leld
pressing thelF4] key. F: 1eiS
T: {elZ
g 1e3
Ms
ki 1E
) mida
Table 40-1 Sl Prefix Table
Prefix Multiplier Prefix Multiplier
Y: (Yotta) 1E24 d: (deci) 1E-1
Z: (Zetta) 1E21 c: (Centi) 1E-2
E: (Exa) 1E18 m: (Milli) 1E-3
P: (Peta) 1E15 W (Micro) 1E-6
T: (Tera) 1E12 n: (Nano) 1E-9
G: (Giga) 1E9 p: (Pico) 1E-12
M: (Mega) 1E6 f: (Femto) 1E-15
k: (Kilo) 1E3 a: (Atto) 1E-18
h: (Hecto) 1E2 z: (Zepto) 1E-21
da: (Deka) 1E1 y: (Yocto) 1E-24
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Chapter 41

This section displays the Greek Alphabet and their names.
There are several Greek letters supported by the Tl - 89. To e
the Greek letters, the sequential keystrokes are listed in the Tl
manual. They are repeated here for convenience of the user.
Alternatively,[2nd] [+](or [CHAR]) followed by(] will access an
internal menu listing several Greek characters.

Table 40-1

Greek Alphabet

ZETH
ETh H=
THETR ®H

10TH I.
EAPPA kK E
LAMEDA
MU M
HU M
nl I=
OFILROM (o
Pl Tl

KHO Pr
IIGMA T F
TAl Tt
UPSILON u T
PHI Dz
CHI i
Pzl iy
OMEGA 1a[]

GREEE. ALPHREET

Greek
Letter

Key stroke
Sequence

Key stroke Sequence

Greek
Letter

a

[+] [ [aloha] [=]

[+] [T [aloha] [ B

(] [ [aloha] [} 3

[+] [T [aloha) * [

[+] (] [alpha] (=]

(e2]

[+] [ [alpha] (1]

[+] [T [aloha) [7]

[+] [T [aloha) ¥ [7]

[+] [T [aloha) [4]

(+] [T (aloha) [5]

[+ (1) [alpha) [STO]

[¢] () [alpha) F[STO»]

[+] [T [aioha) [2]

alo|g3|l=|>|< |6

[+] [T [aloha) 3]

[+] [T [aloha) (3]

—~

(+] [ [aloha] [T}

(] [ (aipha] (]

[+] [ [alpha] *[.]

[+] [ [alpha] [X]

[+] [T [aloha] [Y]

N &= |m e

[+] [ [aloha) [Z]
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Appendix A Frequently Asked Questions

A complete list of commonly asked questions about thé>EFare listed here Review this list for your questions
prior to calling for Technical support. You might save yourself a phone call! The material is covered under four
general headings.

A.1 Questions and Answers

+ General Questions +« Equations Questions
« Analysis Questions + Reference Questions

A.2 General Questions

The following is a list of questions about the general features ¢frBE.

Q. Where can | find additional information about a variable?

A. A brief description of a highlighted variable appears in the status line at the bottom of the screen. More
information, including its allowable entry parameters (i.e.: whether complex, symbolic or negative values can be
entered, etc.) can be accessed by pref&ii@pts and2:Type.

w n

Q. What does the underscore next to a variable mean?
A. This designates a variable which allows entry or expression of complex values.

Q. laminthe middle of a computation and nothing seems to be occurring. How can | halt this process?

A. Some computations can take a long time, particular if many equations and unknowns are being solved or a
complex analysis function has been entered. Notice if the message in the status line at the bottom-right of the
screen reads BUSY. This indicates that the TI math engine is attempting to solve the problem. Pr@ging the

key usually halts a computation and allows the user to regain control of the software. If, for some reason, the
calculator locks up and does not allow user intervention, a “cold start” will have to be performed. This can be
done by holding down the three keyaid], ©, and®, and pressindoN]. WARNING: This will delete folders

containing any defined variables or stored programs. Use it as a last resort. A "cold staot'deilkte EE®ro
from your calculator.

Q What do three dots (...) mean at the end of an item on the screen?
A. The three dots (an ellipsis) indicate the item is too wide to fit on the available screen area. To view an item in
its entirety, select it by moving the highlight bar and pi@$s(or ®, in some cases) to view the itemAretty

Print. Presg) or ® to scroll the item back and forth across the screen to view the entire object.

Q. How can I recall, or view values of a previously computed problem?

EE Pro for TI-89, 92 Plus 1
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A. EE*Pro automatically stores its variables in the current folder specified by the {igebEhor the HOME

screens. The current folder name is displayed in the lower left corner of the screen (default is “Main”). To create
a new folder to store values for a particular session dPEEpresgri):/TOOLS, [3]:/NEW and type the name of

the new folder (see Chapter 5 of the TI-89 Guidebook for the complete details of creating and managing folders).
There are several ways to display or recall a value:

« The contents of variables in any folder can be displayed usifigpeRENK], moving the cursor to the
variable name and pressiiig] to display the contents of a particular variable.

* Variables in a current folder can be recalled in the HOME screen by typing the variable name.
»  Finally, values and units can be copied and recalled usirfgiifi@ols 5:COPY and6:PASTE

feature.

All inputs and calculated results frofmalysisandEquationssection are saved as variable names. Previously
calculated, or entered values for variables in a folder are replaced when equations are solved using new values
for inputs.

Q. Why is it that some of the values of variables saved earlier are cleared when | graph an equation or analysis
function which uses the variable name(s)?

A. When an equation or analysis function is graphedPEiereates a function for the Tl grapher which expresses

the dependent variable in terms of the independent variable. This function is stored under the variable name
pro(x). When the EBRro’s equation grapher is executed, values are inserted into the independent variable for

pro(x) and values for the dependent value are calculated. Whatever values which previously existed in either of
the dependent and independent variables in the current folder are cleared. To preserve data under variable names
which may conflict with EB®ro’s variables, run EBroin a separate folder using the guidelines above.

Q. An item which is supposed to be displayed in a menu doesn’t appear.
A. Some menus have more than eight items. If an afrappears next to the digit 8, use the arrow®eto

scroll the menu and view the remaining topics or jump to the bottom of the menu.

Q. Is there a help section in the software?
A. There is a short series (slides) of general hints which can be accessed from the main scréeo onéEte
(F5)/Info . A different message appears each {ifsleis pressed. We've attempted to keep most of the explanation

of certain topics to the manual in an effort to keep the software compact. Consult the chapter corresponding to the
appropriate section of the software. If your are still in need of clarification, contact Texas Instruments (contact
information in thewarranty and Technical Suppaection of the manual) A compiled list of the received

guestions and answers will be posted periodically on the da Vinci wetigitéwww.dvtg.com/fag/eepro

A.3 Analysis Questions

These are some commonly asked questions aboAnidigsissection of EB®ro.

Q. The screen display of computed results does not look identical to the example in the manual.
A. The[MODE] setting, which controls the number of floating point digits displayed in a value and whether an

answer appears in exact or approximate form, may have been set differently on the calculator used to make the
screen displays for the example problem. Pres§itibe] key to view or change the mode settings. The first page

will display the number of floating point digits, whether the display is in NORMAL, SCIENTIFIC, OR
ENGINEERING exponential formats. Pressiegwill display whether computed answers are displayed in

APPROXIMATE or EXACT formats. The default mode setting for IEeis Float 6, RadianandApproximate
calculations.
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Q. The calculated angle or radian frequency result isn't correct.
A. Check to be sure tH0DE] settings listdlegreesor radians for angleunits and make sure it matches the units

of your entered value or desired value. Secondly, if the result is greatermthate8s than 1 (Oresult]> 360),
the Tlsolve(...)function may be generating a non principal solution. A principal solution is defined as a value
between 0 andm® (or between 0 and 380A non principal solution can be converted to a principal solution by
adding or subtracting integer multiples af @r 360) until the remainder is within the range of 0 amd@ 0 and
360°). The remainder is the principal solution.

Example: Imagine solving the equation sin(=p 5.. Non principle solutions include: 30°, 390°, -330°, 750°, etc.,
but theprincipal solution is 30°.

Q. The solution for an analysis function is expressed in symbolic terms or variables, whereas a numerical value
was expected. Why?

A. If a variable name is entered as an input,FE&will calculate a solution in symbolic form. In cases where a
parameter entry is left blank, the variable’s name will be used in a symbolic computation. A name cannot be
entered which is identical to the variable name (i.e.: C for capacitance) instead, leave the entry blank.

Q. Units are not displayed idnalysiscomputations. Why?

A. TheAnalysissection incorporates methods for calculation which are unique to each topic in analysis (as
opposed tdcquationswhich uses similar methods of calculation in all of the sections). Unit management was
omitted for simplicity. All entries and computed result@\imralysisare assumed to be in common Sl units (F, m,

A, Q, etc.) which are stated in the status line for each parameter. In some cases, variables will be expressed in
units arbitrarily chosen by the user (example: The variabla Transmission Linescan be entered ikm, m,
mileshowever the answers will be expressed in unitergf

If a value is entered that is inconsistent with the expected data type, an error dialog will appear which lists the
entry name, the description, and the expected data type(s). See Appendix E for details on error messages.

Q. What is the multiple graph feature in Capital Budgeting and how do | get it to plot several projects
simultaneously?

A. Activating the multiple graph feature allows successive graphs to be overlayed on the same. To do this, the
graphing execution must be repeated each time a new project is plotted.

Make sure the cash flows for all the named projects have been entered.

Enable thdultiple Graphs feature by highlighting and pressing key.

Select the name of a project you wish to graph and [psess
To overlay a second project on the first, select a different project name arjfgBpteggaph.

o M~ W DhdpE

Repeat step 4 each time a new project is to be graphed on top of previously plotted functions.

A.4 Equations Questions

These are some common questions about the Equations sectiorPof.EE.

Q. There are already values stored in some of my variables. How do | clear or use those values?
A. These values remain from previous solving operations. It is okay to ignore the values. As long as they aren’t
selected s* they will be overwritten by new solutions. If you want to reset the values, clear one or all of the

variables. A value can be re-used in a computation by highlighting the displayed value and [BKEEgjifgice.

Q. Why do the values of the entered or calculated results change when the Units feature is deactiv@#&d in the
options menu?
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A. When the Units feature is on, values can be entered and saved in any unit. When units are off, values can be
entered in any unit, but the values will automatically be displayed on the screen in the default Sl units. This is
necessary so that when a series of equations are solved, all the values are consistent.

Q. When solving a set of equatiofi$oo many unknowns to finish solving.” is displayed. Why?

A. Sometimes the solver doesn’t have enough to solve for all the remaining, unknown variables. In some cases, a
Partial Solutionset will be displayed. If the unknown value(s) is not calculated, more known values (or selected
equations) will need to be selected to compute the solution.

Q. If I view the value of a variable iRretty Print | notice that the units contain an extra character (suakas

A. In a few cases BfPro and the TI-89 and TI-92 operating systems use slightly different conventions for

displaying units. The unit system in 8o is designed to conform to the convention established by Sl, however,

in order to CUT and PASTE a value and units from B to another area of the Tl operating systerm,FE&

must insert extra characters in the units to match TI's syntax. This causes extra characters to appear or symbols to
appear differently ifPretty Print.

Q. There are already values stored in some of my variables. How do | clear those values?
A. The values can be accessed via VAR-LINK menu. To delete variables in VAR-LINK, use the file management
tool provided (usé1] key to access file management tools), ciggkhe variables you want deleted and delete

the variables.

Q. The solution to my problem is clearly wrong! An angle might be negative or unreasonably large. Why?

A. This is most likely to happen when angles are involved in the equation(s) you are solving. The Tl 89 may have
found a non-principal solution to your equation, or may have displayed the angle in radians (see the answer to the
second question in thenalysissection).

If a non-principal solution is found, it may then be used to solve other equations, leading to strange results.
Example: Imagine solving the equatigr y=90°. If x is 30°, then y should be 60°. But if a non-principal

solution for x was found, such as 750°, then the value of y will be -660°, which although technically correct, is also
not a principal solution.

A.5 Reference

For more information, see Chapter 33, “Reference: Navigation Guide” and your Tl 89 User’'s Guide.

Reference : Standard Component Values

* The messag®Out of range" will occur if an entered component value is not in the rangeiﬁf.lo
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Appendix B Warranty, Technical Support

B.1 da Vinci License Agreement

By downloading/installing the software and/or documentation you agree to abide by the following
provisions.

1.

License:da Vinci Technologies Group, Inc. (“da Vincigyants you a license to use and copy the software
program(s) and documentation from the linked web/CD page (“Licensed Materials”).

Restrictions: You may not reverse-assemble or reverse-compile the software program portion of the Licensed
Materials that are provided in object code format. You may not sell, rent or lease copies that you make.

Support: Limited technical support is provided through Texas Instruments Incorporated. Details are listed
below.

Copyright: The Licensed Materials are copyrighted. Do not delete the copyright notice, trademarks or
protective notice from any copy you make.

Warranty: da Vinci does not warrant that the program or Licensed Materials will be free from errors or will
meet your specific requiremeni&he Licensed Materials are made available “AS IS” to you are any
subsequent user.

Although no warranty is given for the License Material, the media (if any) will be replaced if found to be
defective during the first three (3) months of use. For specific instructions, contact the Tl webstore via
www.ti.com. THIS PARAGRAPH EXPRESSES da Vinci's MAXIMUM LIABILITY AND YOUR SOLE
AND EXCLUSIVE REMEDY.

Limitations: da Vinci makes no warranty or condition, either express or implied, including but not
limited to any implied warranties of merchantability and fitness for a particular purpose, regarding the
Licensed Materials.

Restricted Rights: The Licensed Materials are provided with Restricted Rights. Use, duplication or disclosure
by the United States Government is subject to restrictions as set forth in subparagraph [c](1)(ii) of the Rights
in Technical Data and Computer Software clause at DFARS 252.227-7013 or in subparagraph [c](1) and (2)
of the Commercial Computer Software — Restricted Rights at 48 CFR 52.227-19, as applicable.

In no event shall da Vinci or itssuppliers, licensers, or sublicensed liable for any indirect, incidental
or consequential damages, lost of profits, loss of use or data, or interruption of business, whether the
alleged damages are labeled in tort, contract or indemnity.
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Some states do not allow the exclusion or limitation of incidental or consequential damages, so the
above limitation may not apply.

B.2 How to Contact Customer Support

Customers in the U.S., Canada, Puerto Rico, and the Virgin Islands

For questions that are specific to the purchase, download and installatiorPod Eisquestions regarding the
operation of your Tl calculator, contact Texas Instruments Customer Support:
phone: 1-800-TI-CARES (1-800-842-2737)

e-mail: ti-cares@ti.com

For questions specific to the use and features oPBEeontact da Vinci Technologies Group, Inc.
phone: 1-541-757-8416 Ext. 109, 9 AM-3 PM, P.S.T. (Pacific Standard Time), Monday
thru Friday (except holidays).
email:  support@dvtg.com

Customers outside the U.S., Canada, Puerto Rico, and the Virgin Islands

For questions that are specific to the purchase, download and installatiorPod Ei«questions regarding the
operation of your Tl calculator, contact Texas Instruments Customer Support:

e-mail: ti-cares@ti.com

Internet: www.ti.com
For questions specific to the use and features ofPBEeontact da Vinci Technologies Group, Inc.

e-mail:  support@dvtg.com
Internet: www.dvtg.com

EE Pro for Tl - 89, 92 Plus 6
Appendix B: Warranty and Technical Support
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Appendix D: TI-89 & TI-92 Plus-

Keystroke and Display Differences

D.1 Display Property Differences between the TI-89 and TI-92 Plus

The complete display specifications for both the TI-89 and TI-92 Plus calculators are displayed below.

Table D-1 TI-89 and TI-92 Plus display specifications.

Property T1-89 T1-92 Plus
Display size
Pixel 160 x 100 240 x 128
Aspect ratio 1.60 1.88
Full Screen 26 characters/line 40 characters/line
10 lines 13 Lines

Horizontal Split Screen

156 x 39 pixels
25 characters

236 x 51 pixels
39 characters, 6 lines

4 lines
Vertical Split Screen 77 x 80 pixels 117 x 104 pixels
12 characters 19 characters, 13 lines
10 lines
Vertical Split Screen (1/3rd) Not supported 236 x 33 pixels
39 characters, 4 lines
Vertical Split screen (2/3rd) Not supported 236 x 69 pixels
39 characters, 8 lines
Horizontal Split Screen (1/3rd) Not supported 77 x 104 pixels
12 characters, 13 lines
Horizontal Split Screen (2/3rd) Not supported 157 x 104 pixels

26 characters, 13 lines

Key legends

16 pixel rows

20 pixel row

D.2 Keyboard Differences Between TI-89 and TI-92 Plus

The keystrokes in the manual for €o are written for the TI-89. The equivalent keystrokes for the TI-92
Plus are listed in the following tables.
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Table D-2 Keyboard Differences, Representation in Manual
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Function Specific Key | TI-89 Key TI-92 Plus | Representation
strokes key strokes | in the manual
Function Keys F1
F2
F3
F4
F5
F6 2nd
F7
F8
Trig Functions Sin 2nd
Cos C0S
Tan TAN TAN
sinl [+] SIN [SIN-1]
cosl [ COS [COs-1]
Tarrl ] [TAN-1]
Alphabet keys A =) A
B B
C C
D L) D
E (] E
F (1] F
G G
H H
| (@) |
J J
K [EE] K
L L
M M
N (6) ) N
0 G [ o)
P P
Q Q
R R
S S
T T
U U




\Y% [ \Y
w CJ w
X X
Y Y
2
Smace »
Function Specific Key  TI-89 Key TI-92 Plus  Representation
strokes key strokes in the mapual
Log, EXP LN (N
& ) [e7]
Special i (]
Characters
0 © [6]
: B) B)
Negation
i | [¢]
o ] J [>]
Graphing Y= ] ] W [v-]
Functions
Window [ F)E [winoow]
Graph (2] [¢]R [GRAPH]
Editing Cut [+ [ouT]
Functions
Copy [+] [coPY]
Paste [+] [PASTE]
Delete ® ] [oEL]
Quit ESC [uIT]
Insert [vs]
Recall STO> [Rel
Store STO» STO»
Backspace
Parenthesis, (
Brackets
)
{ 2nd 2nd
} L]
[ B J [r]
] B B 1]
Math Addition
Operations
Subtraction = -] ]
Multiplication
Division (=] (5] =
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Raise to power
Enter 2nd
Exponent for
power of 10
Equal (=) =]
Integrate [1]
Differentiate 2nd) (8] [d]
Function Specific Key  TI-89 Key TI-92 Plus  Representation
sétﬁkﬁ s&or]okes in the nff)jnual
Math Less than 2nd
Operations Greater than B 2nd) (] [>]
cont. Absolute value K (1
Ang|e m [4]
Square root ]
Approximate ] [¢] [=]
Tables ThISet [+ T [ThiSet]
Table 4] (¢] Y [TABLE]
Modifier Keys 21 2nd
Diamond g] (e] g
t
lphabet
Alphabet lock [a-lock]
Special Areas Math [MATH]
Mem 2nd] (6] 6 [MEM]
var-Link -] 0 [VAR-LINK]
Units [UNITS]
Char [CHAR]
Ans 2nd [ANS]
Entry 2nd) (ENTER 5nd| [ENTER [ENTRY]
Special Single Quote = [']
Characters
Double Quote nd) L [']
Back slash 2 B [\]
Underscore [+] (MODE] [-]
Colon 4] [:]
Semicolon £l M [:]
Number keys One 1
Two 2
Three 3
Four (4] 4
Five 5
Six (6] 6 6
Seven 7
Eight 8




Nine (9] (9] 9
Zero [ (0] 0
Comma L] CJ ,
Decimal point [ (] .
Main Functions Home (¢] Q
Function Specific Key  TI-89 Key TI-92 Plus  Representation
strokes key strokes in the manual
Main Functions Mode (MODE]
cont. Catalog
Clear [CCULSET?)RIVI]
Custom
Enter
ON
OFF [OFF]
ESCAPE
Application
Cursor Top S ® S
Movement
Right ® o ®
Left © © ©
Bottom © @) @
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Appendix E Error Messages

General Error Messages « Equations Error Messages
Analysis Error Messages % Reference Error Messages

7
0.0
R/
0‘0

E.1 General Error Messages

1. NOTE: Make sure the settings in tfiM8DE] screerdo not have the following configuration.

Angle: DEGREE
Complex Format: POLAR
EE<Pro works best in the default mode settings of your calculato€{implex Format: REAL , or Angle:
RADIAN). If one of a set of error messages appears which incltAgesrror has occurred while
converting....”, Data Error” , “Domain Error” , and/or‘Internal Error” , check to see if the above
settings in thMODE] screen exists. If it does, change the or reset your calculator to the default mode settings

((2nd) [MEM] ENTER]).

2. “Syntax Error " -- occurs if the entered information does not meet the syntax requirements of the expected
entry. Check to make sure extra parenthesis are removed and the entered value meets the legal rules for
number entry.

3. 'Insufficient Table Space " or"Insufficient Memory " can occur when the system is low on available
memory resources. Consult your TI-89 manual on methods of viewing memory status and procedures for
deleting variables and folders to make more memory available.

4. The messad&Jnable to save EE <Pro data " will be displayed if EEPro is unable to save information of
its last location in the program before exiting due to low memory availability. Consult your TI-89 manual
under the index headinlylemory-manage

5. "The variable prodatal was not created by EE ¢Pro..." EE*Pro uses a variable called “prodatal” to
recall its last location in the program when it is re-accessed. If this variable list is changed to a format which
is non-recognizable to EEro, it displays this message before overwriting.

6. "Data length exceeds buffer size. The variable name will be displayed instead. The variable's
value may be viewed with VAR-LINK using  [Fé] or recalled to the author line of the HOME

screen."

7. "An error has occurred while converting this variable's data for display . (The name of the
variable is in the title of this dialog box.) There may be something stored in the variable that
EEe«Pro can't make sense of. You may be able to correct the problem by deleting the
variable ."
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8. ‘“storage error...” This message is set to occur if the user attempts to enter a value into a variable which is
locked or archived, or a memory error has occured. Check the current status of the variable by pressing
[VAR-LINK] and scrolling to the variable name, or check the memory parameters by piging

9. “Invalid variable reference. Conflict with system variable or reserved name.” This can occur if
a variable name is entered which is reserved by the Tl operating system. A list of reserved variable names is
included in Appendix F.

E.2 Analysis Error Messages

AC Circuits Error Messages

1. "No impedances/admittances defined” This message is displayed if an entry for impedance
ZZ_or YY_admittance is not a real, complex number or a defined variable VWfottege Divider
andCurrent Divider sections ofAC Circuits .

Ladder Network Error Messages

1. When displaying a list of ladder network elements, an element may be Hank&dwn
Element" if it contains erroneous element-type information. This may occur if the variable "ladnet",
which contains information of the components and arrangement of the ladder network, has been
altered or corrupted. View "ladnet" [WAR-LINK], and delete it if necessary. If deleted, the user will

need to re-enter the ladder network information.

2. Adialog displayingLadNet invalid. Delete and try again.”  may occur if a ladder network
contains one or more elements with erroneous data. See above.

3. Adialog displayingNo ladder elements exist."  will occur if an attempt is made to solve a
ladder network that contains no defined elements. Add elements to the network by fréssing

4. “Invalid variable reference. Conflict with system variable or reserved name.” This
error is displayed if a variable name is entered as an input which is identical to a variable name used
by EEPro. This message is also displayed if an entered variable name is a reserved system variable.
A complete list of variables reserved by the Tl operating system is listed in Appendix F.

Filter Design Error Messages
5. A dialog displaying Invalid freq. ratios. " will occur if an attempt is made to design a passive
filter using frequency data that does not apply to the particular filter topology. Check your entered
values, you may need to try a different filter design.

Gain and Frequency: Transfer Function/Bode Diagrams

6. The computed transfer function H(s) may contgimtry error]” rather than an actual transfer
function. This will occur when the number of zero (or numerator) terms greater than or equal to the
number of pole (or denominator) terms.

7. An empty plot or the following dialogue may occur if an attempt is made to graph the transfer
function before one has been definddndefined variable. Usually this error is caused by
graphing the Bode diagram before the transfer function Hs has been defined.

F2:Analysis 5:Gain and Frequency/1:Transfer Function calculates Hs."

Computer Engineering:
7. An'Invalid number format” message will be displayed if an entered number does not follow the
legal rules of the number base, or if a decimal term is entered. The format of nuntbers in
Computer Engineeringection of EB®ro is (p)nnnn..., wherep is the letter prefio, o, d, orh
indicating binary, octal, decimal, and hexadecimal, number systenmsrapdesents the legal digits
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for the number base. If a number does not begin with a letter prefix in parenthesis, then it is assumed
to be in the number base set inf@#Mode dialog.

8. “Entry truncated " will appear if an entered value exceeds the binary word size allocated in the
(F4)/Mode dialog. For example, the decimal number 100 is expressed as a 7 bit binary

number:1100100. If word size of 6 bits is designated in tff@)/Mode dialog, the latter six digits
of the number (100100) will be entered into the available word space.

Computer Engineering : Binary Arithmetic
9. The messad#ndefined Result" will be displayed if an attempt is made to divide by zero.

Computer Engineering: Karnaugh Map

10. “Two few unique letters in Vars.”  This occurs when, the number of unique, single-letter
variables invars does not meet the criteria thatrlust be greater than the largest number appearing
in theMinterms or Don't Care series. Thus if the largest number is 15, there must be no less than
four unique, single-letter variables sinée 25.

Capital Budgeting
11. When changing the name of a project, the éDaplicate project variable name."  will occur if
the entered name is already in use by an existing project.
12. The"Too few cash flows" message will be displayed if an attempt is made to solve a project
which contains too few or no cash flow entries.
13. The messad®ata Error. Reinitializing project."  will occur if the project data has been altered
or is inconsistent with current state. PEs will restart.

E.3 Equation Messages

If a value is entered that is inconsistent with the expected data type, an error dialog will appear which lists the
entry name, the description, and the expected data type(s), and the expected units.

If an error occurs during a computation that involves temperdtarep conversion err"  or
"deg/watt conversion err*  will be displayed.

When solving equation sets, several messages can be displayed. These messages include:

*  “One or more equations has no unknowns..... This message occurs if one or more of the
selected equations in a solution set has all of its variables defined by the user. This can be remeglied by
pressindEsc], deselecting the equation(s) where all of the variables are defined and resolving the folution

set by pressingi2] twice. To determine which equation has all of its variables defined,[B&s® view
the equations, select an equation in question by highlighting the equation and EeESihand
pressindF2] to view the list of variables. As*‘ next to a variable indicates a value has been specifieq for
that variable by the user. If all of the variables in an equation are marked wifma tinknown
variables exist for that equation. This equation should not be included in the solution s€ES®tess

view the list of equations. Select the equations to be sawxetljding the equation with no unknowns
and presf2] twice to resolve the set of equations.
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"Unable to find a solution in the time allowed. Examine variables eeinput and eeprob to
see the exact statement of the problem. EE\xB7Pro sets Exact/Approx mode to AUTO

during solve.”
“No equations have been selected. Please select either a single equation to solve by

itself, or several equations to solve simultaneously.”
"Too many unknowns to finish solving"-  generally occurs if the number of equations is less tha
the number of unknowns

"It may take a long time to find a complete solution, if one can be found at all. You may

abort the calculation at any time by pressing the ON key." -this occurs if there are many
unknowns or multiple solutions.
“No input values provided....”  occurs if none of the variables have values designated when sol

an equation set.

"The nsolve command will be used. The existing value for the unknown, if any, will be

ng

used as an initial guess." Thensolvefunction is used when a single unknown exists in the equatjon

and the unknown variable is an input in a user defined function (an example is the error &rhction
Semiconductor Basics &olid Stateor theeegalvin Wheatstone Bridge ikleters and Bridggs The
nsolve function will not generate multiple solutions and the solution which nsolve converges upon
not be unique. It may be possible to find a solution starting from a different initial guess. To spec

may

fy an

initial guess, enter a value for the unknown and then use F5:0pts/7:Want to designate it as the v4riable to

solve for. More information on the differences betweerstiee nsolveandcsolvefunctions is listed in
the T1-89 manual.

"One complete useable solution found." All of the unknown variables were able to be solved
the selected equations.
"One partial useable solution found." Only some of the variables in the selected equations we

able to be solved.

“Multiple complete useable solns found
two possible values

"Multiple partial useable solns found." One or more variables in the selected equations have t
possible values, however not all of the unknown variables were able to be solved.

One or more variables in the selected equations h3

The following messages can appear when attempting to graph equation set functions:

"Independent and dependent variables are the same."
"Unable to define Pro(x)"- cannot resolve the dependent and independent variables.

"Undefined variable" too many dependent variables or dependent variable unable to be defined in

terms of the independent variable.

"Error while graphing.”

E.4 Reference Error Messages

For more information, see Chapter 33, “Reference: Navigation Guide” and your Tl 89 User’s Guide.

Reference : Standard Component Values

The messag¥®ut of range" will occur if an entered component value is not in the rangeic’xf.lo
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Appendix F: System Variables and
reserved names

The TI-89 and TI-92 Plus has a number of variable names that are reserved for the Operating System. The table
below lists all the reserved names that are not allowed for use as variables or algebraic names.

Graph y1(x)-y99(x)* y1'(t)-y99'(t)* | Yil-yi99* r1(6)-r99(e)*
Xt(t)-xt99(t)* yt(1)-y99(t)* z1(x,y)-299(x,y) ul(n)-u99(n)*
uil-ui99* XC yc bdv
tc rc 6c nc
xfact yfact zfact Xmin
Xmax xscl xrid ymin
ymax yscl ygrid Xres
AX Ay zmin zmax
zscl eye0 eyep eyeap
ncontour Bmin Bmax Bstep
tmin tmax tstep to
tplot ncurves diftol dtime
Estep fldpic fldres nmin
nmax plotStrt plotStep sysMath

Graph Zoom Zxmin Zxmax Zxscl Zxgrid
Zymin Zymax Zyscl Zygrid
Zxres zmin zOmax ZBstep
Ztmin ztmax ztstep ztOde
Ztmaxde ztstepde ztplotde zzmin
Zmax zzscl zeyd zeyap
zeyeah znmin znmax zpltstrt
zpltstep _

Statistics X y X ox
¥x2 Xy Ty oy
Ty?2 corr maxX maxyY
medStat medx1 medx2 medx3
medyl medy?2 medy3 minX
minY nStat ql q3
regCoef regEq(x)* seed| seed?
Sx Sy R2

Table tbiStart Atbl tblinput

Data/Matrix C1-c99 SysData

Miscellaneous | Main Ok Errornum

Solver Egn* Exp*
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