3 "\
Circuit Analysis
Alyssa J. Pasquale, Ph.D.




Table of Contents

Table of Contents

Table of Contents

Author Note

License and Attribution Information . . . . ... ... ... ..

Symbol Notation . . . ... .. ... ... .. .

Changelog

1 Properties of Electric Circuits

1.1 Charge. . . . . . oo it
1.2 Voltage . . . . . e
1.2.1 Voltage as a Difference . . . . . . . ... ... ...
1.2.2  Measuring Voltage . . . . .. ... ... ... ...
1.3 Current . . . . . . ..
1.3.1 CurrentasaFlow . .. ... ... ... ... ..
1.3.2 Measuring Current . . . . . . ... ... .. ....
1.4 Power . .. .. . . e
1.4.1 Conservation of Power . . . . . .. ... ... ...
1.5 Power Sources. . . . .. .. .. Lo
1.5.1 Direct Current (DC) Sources . . ... .......
1.5.2  Alternating Current (AC) Sources . . . .. .. ..
1.5.3 Dependent Sources . . . . .. ... ... ... ...
1.5.4 Equivalent Sources . . . . . .. ... .. ... ...
1.6 Elementary Signals . . . . .. .. ... ... ...
1.6.1 Dirac Delta Function . . . . . . ... ... .....
1.6.2 Step Function . . . . . ... ... .. ... ... ..
1.6.3 Ramp Function . . . . .. ... ... ... .....
1.6.4 Rectangular Pulse . .. ... .. ... ... ....
1.6.5 Triangular Pulse . . . .. ... ... ... .....
1.6.6 Exponential Decay . . . ... ... ... ... ..
1.6.7 Damped Sinusoid . . . . . .. ... ... ... ...
Example Problems . . . . ... ... 0oL

2 Circuit Laws

2.1 Definitions . . . . . . . ...
2.2 Resistor . . . . . . e
2.2.1 Resistor Color Codes . . . . . ... .. ... ....

2.2.2 Variable Resistors and Potentiometers

E@®®© Alyssa J. Pasquale, Ph.D. 2

.................... 18
.................... 19
.................... 20

.................... 31

Last updated: 2024,/04/18



Table of Contents Table of Contents

2.2.3 Measuring Resistance . . . . . . .. L e 36
2.2.4 Resistorsin Series . . . . . . . Lo e 37
2.2.5 Resistorsin Parallel . . . . . .. .. o 38
2.2.6 Equivalent Resistance . . . . . . . . .. . e 39

2.3 Delta-Wye and Wye-Delta Transforms . . . . . . .. ... ... . . 43
2.3.1 Delta-Wye Transforms . . . . . . . .. . L e 44
2.3.2 Wye-Delta Transforms . . . . . . . . .. .. . e 46

24 Ohm’s Law . . . . . o e 48
2.4.1 Calculating Voltage from Current and Resistance . . . . . . ... ... . ... .. .. 49
2.4.2 Calculating Current from Voltage and Resistance . . . . . . ... ... ... ... ... 50
2.4.3 Calculating Resistance from Voltage and Current . . . . . . . ... ... ... ... .. 51
2.4.4 Ohm’s Law and the Power Equation . . . . . ... ... ... ... ........... 52

2.5 Voltage Divider . . . . . . . . L e e 53
2.5.1 Wheatstone Bridge . . . . . . . . .. e 55

2.6 Current Divider . . . . . . . . L L e 56
2.7 Kirchhoff’'s Laws . . . . . . . o . L e 58
2.7.1 Kirchhoff’s Current Law (KCL) . . . . . . . ... . i 58
2.7.2  Kirchhoft’s Voltage Law (KVL) . . . . . .. ... . .. . 59
2.7.3 Finding Matrix Equations from KCL and KVL . . . .. .. ... ... ... .... 60

2.8 Mesh Analysis . . . . . . L e 62
2.8.1 Branch vs. Mesh Currents . . . . . . . . . ... L 63
2.8.2 The Mesh Analysis Method . . . . . . . . .. . 63
Example Problems . . . . . . . . e 66
3 Circuit Theorems 73
3.1 Superposition . . . . ... L. e e e e 73
3.2 Source Transformation . . . . . . . . .. L e 7
3.3  Open-Circuit Voltages and Short-Circuit Currents . . . . . .. . . .. ... ... ... 80
3.3.1 Open-Circuit Voltage . . . . . . . . . . . . e 80
3.3.2  Short-Circuit Current . . . . . . ... e 81

3.4 Thévenin’s Theorem . . . . . . . . . . . e 83
3.5 Norton’s Theorem . . . . . . . .. e 86
3.6 Maximum Power Transfer . . . . . . . . .. . e 88
Example Problems . . . . . . . .. 92

E@®®O Alyssa J. Pasquale, Ph.D. 3 Last updated: 2024/04/18



Table of Contents Table of Contents

4 Operational Amplifiers (Op-Amps) 97
4.1 Amplifiers . . . . L e e 97
4.2 Differential Amplifiers . . . . . . . oL 98
4.3 Comparator Circuits . . . . . . . . oo L o e e 99

4.3.1 Analog to Digital Conversion (ADC) . . . . . . .. . . e e 102
4.3.2  Pulse-Width Modulation (PWM) . . . . .. . ... . e 103
4.4 Feedback Circuits . . . . . . . . . o e 105
4.4.1 Voltage Follower . . . . . . . . . e e e e e 106
4.5 Divided Feedback Op-Amp Circuits . . . . . . . . . . 108
4.5.1 Inverting Op-Amp . . . . . . . . . e 108
4.5.2 Non-Inverting Op-Amp . . . . . . . . o e e 110
4.5.3 Cascaded Op-Amps . . . . . . o o i i i e e e 110
4.5.4 Summing and Difference Amplifiers. . . . . . . . ... Lo 112
4.5.5  General Op-Amp Circuits . . . . . . . . .. . e 113
4.5.6  Implementing Mathematical Functions with Op-Amps . . . . . . .. .. ... .. ... 115
4.5.7 Solving Linear Equations . . . . . . . ... . . e 116
4.6 Op-Amp Output Current . . . . . . . . . ... 118
Example Problems . . . . . . . . L e e e e 121

5 Capacitors and RC Circuits 124

5.1 Types of Capacitors . . . . . . . . . o e e 125
5.1.1 Non-Polarized Capacitors . . . . . . . . . . o 125
5.1.2  Variable Capacitors . . . . . . . . . . e 126
5.1.3 Polarized Capacitors . . . . . . . . . .. L e 127

5.2 Measuring Capacitance . . . . . . . . .. L e e e 129

5.3 Voltage-Current Relationship in a Capacitor . . . . . . . . .. ... ... ... ... ..... 129

5.4 Equivalent Capacitance . . . . . . . . . . . L e 130
5.4.1 Series Combinations of Capacitors . . . . . . . . .. ... o 130
5.4.2 Parallel Combinations of Capacitors . . . . . . . . . ... ... ... ... ....... 131

5.5 Differentiator and Integrator Circuits . . . . . . . . . . . . . L 133

5.6 Resistor-Capacitor (RC) Circuits . . . . . . . . .. 0 i e 135
5.6.1 Discharging Transient Response . . . . . . . . . . .. ... L o . 135
5.6.2 Charging Transient (Step) Response . . . . . . . . ... . 138
5.6.3 General Transient Response . . . . . . . . . .. .. Lo 141

Example Problems . . . . . . . . e 148

E@®®O Alyssa J. Pasquale, Ph.D. 4 Last updated: 2024/04/18



Table of Contents Table of Contents

Practical Application: The 555 Timer 151
Astable Mode . . . . . . . e e 152
Monostable Mode . . . . . . . . . e e 156

6 Inductors and RL Circuits 159
6.1 Parasitic Effects . . . . . . .o 160
6.2 Measuring Inductance . . . . . . . .. oL e 160
6.3 Voltage-Current Relationship in an Inductor . . . . . . . . . ... .. ... ... ... ..... 161
6.4 Equivalent Inductance . . . . . . . .. 161

6.4.1 Series Combinations of Inductors . . . . . . . . .. .. 161
6.4.2 Parallel Combinations of Inductors . . . . . . . .. .. ... . L . 162
6.5 Resistor-Inductor (RL) Circuits . . . . . . . . o o000t 163
6.5.1 Discharging Transient Response . . . . . . . . . ... ... . .. 164
6.5.2 Charging Transient (Step) Response . . . . . . . ... ... ..., 167
6.5.3 General Transient Response . . . . . . . . . . . ... 170
Example Problems . . . . . . . .. 177

7 Second Order Circuits 180

7.1 Homogeneous Second Order Circuit Responses . . . . . . . . .. ... ... ... ... 180
7.1.1  Overdamped . . . . . . .. L e e 181
7.1.2  Critically Damped . . . . . . . . . . e 181
7.1.3 Underdamped . . . . . . . ... e 182

7.2 Homogeneous Series RLC Circuit . . . . . . . ... . .. e 183

7.3 Homogeneous Parallel RLC Circuit . . . . . . . .. . .. o o 186
7.3.1 Analysis with Parasitic Resistance . . . . . . . ... .. L oL 189

7.4 General Homogeneous Second Order Circuits . . . . . . . . . .. ... .. 192

7.5 Non-Homogeneous Second Order Circuits . . . . . . .. . .. . . .. 196
7.5.1 Constant Input Non-Homogeneous Second Order Circuits . . . . . . . ... ... ... 197
7.5.2  Variable Input Non-Homogeneous Second Order Circuits. . . . . . . . . ... .. ... 202

Example Problems . . . . . . . .. 208

8 Phasors and Impedances 212

8.1 Phasor Arithmetic . . . . . . . . . e 213
8.1.1 Cartesian to Polar Conversion . . . . . . . . . . ... 214
8.1.2 Polar to Cartesian Conversion . . . . . . . . . . . . . vt i it 215
8.1.3 Phasor Addition and Subtraction . . . . . . ... .. oL 215
8.1.4 Phasor Multiplication and Division . . . . . .. .. . ... . L0 0oL 217

E@®®O Alyssa J. Pasquale, Ph.D. 5 Last updated: 2024/04/18



Table of Contents Table of Contents

8.2 Impedance . . . . . . . . . e e e e 218
8.2.1 Resistors . . . . . . . 219
8.2.2 Capacitors . . . . . ..o e e e 219
8.2.3 Inductors . . . . . . . e 220
8.2.4 Equivalent Impedance . . . . . . .. L 221

8.3 Delta-Wye and Wye-Delta Transforms . . . . .. .. ... ... . ... ... 222

Example Problems . . . . . . . . L 230

9 Analysis of Phasor Transformed Circuits 234

9.1 Complex Circuit Analysis Techniques. . . . . . . . . .. .. 234
9.1.1 Voltage Divider . . . . . . . . . . e e e e e 234
9.1.2 Current Divider. . . . . . . . . e 236
9.1.3 KCL and KVL Analysis . . . . . . . .o e 237
9.1.4 Mesh Analysis . . . . . . . .. e 240
9.1.5  Superposition . . . . . . . ... e e 242
9.1.6 Source Transformation . . . . . . . .. . L L 245
9.1.7 Thévenin and Norton’s Theorems . . . . . . . . ... ... .. . ... 247

9.2 Passive Filters . . . . . . . e 254
9.2.1 Low-Pass Filters (LPF) . . . . . . . . 254
9.2.2 High-Pass Filters (HPF) . . . . . . . . . . . e 257
9.2.3 Band-Pass Filters (BPF) . . . . .. ... . e 259
9.2.4 Band-Stop Filters (BSF) . . . . . . . . o o e 262
9.2.5 Determining Filter Type . . . . . . . . . . . 264

9.3 Active Filters . . . . . . . L e 267
9.3.1 First Order Active Filters . . . . . . . . . .. o e 267
9.3.2 Cascaded Filters . . . . . . . . e 269
9.3.3 Other Active Filter Topologies . . . . . . . . . . .. . e 271

9.4 Transfer Functions . . . . . . . .. L e 272
9.4.1 Relating Transfer Functions and Differential Equations . . . . . . ... . ... ... .. 277
9.4.2 Understanding Transfer Function Poles and Zeros . . . . . ... .. ... ... .... 278

Example Problems . . . . . . . . e e 284

10 AC Power 297

10.1 Phase and Root Mean Square (RMS) . . . . . . . ... .. 297

10.2 ACPOwer . . . . o o e 298
10.2.1 Instantaneous Power . . . . . . . . . . .o L 298
10.2.2 Complex and Apparent Power . . . . . . . .. . ... L 299

E@®®O Alyssa J. Pasquale, Ph.D. 6 Last updated: 2024/04/18



Table of Contents Table of Contents

10.2.3 Average Power . . . . . . . . ... e 300
10.2.4 Reactive Power . . . . . . . . . L L e 301
10.2.5 Power Triangle and Power Factor . . . . . . . . . . .. .. .. o 0. 301

10.3 Maximum Power Transfer . . . . . . . . . .. . 304
10.4 Power Factor Correction . . . . . . . . . . . . 0 i i e e 307
10.4.1 Correcting an Inductive Load . . . . . . . . . ... L oo oo 307
10.4.2 Correcting a Capacitive Load . . . . . . . .. .. .. L 309
Example Problems . . . . . . . . e e 311
11 Laplace Transforms and s-Domain Analysis 318
11.1 The Laplace Transform . . . . . . . . . . . . . e 318
11.2 Inverse Laplace Transform . . . . . . . . . . . .. .. . 321
11.2.1 Partial Fraction Expansion . . . . . . . . ... o 321

11.3 s-Domain Analysis . . . . . . . . L e 326
11.3.1 Resistor . . . . o o o e e e e e 326
11.3.2 Capacitor . . . . . . . o e e e 327
11.3.3 Inductor . . . . . . . oL e e e 328
11.3.4 Switched Sources . . . . . . . . L e e 328
Example Problems . . . . . . . . L e 335
Solutions to Example Problems 339
Chapter 1 . . . . . e 339
Chapter 2 . . . . . o e e 341
Chapter 3 . . . . . e 344
Chapter 4 . . . . . . e 346
Chapter 5 . . . . . e e e 346
Chapter 6 . . . . . . o e e e 347
Chapter 7 . . . . . e e 348
Chapter 8 . . . . . . e e 349
Chapter 9 . . . . . e 351
Chapter 10 . . . . . . o e e 357
Chapter 11 . . . . . e e 359
Index 364

E@®®O Alyssa J. Pasquale, Ph.D. 7 Last updated: 2024/04/18



Author Note

Author Note

This book is an attempt to compile together my notes for Circuit Analysis (ENGIN-2210 at the College of
DuPage). I want students to have a free resource that they can use instead of paying hundreds of dollars for
a book that they may not read and does not align exactly with my course content.

That said, this book will always be a work in progress. I cannot guarantee that it is free from typos. I
will, however, do my best to implement your feedback if you find any issues with the text. Feel free to e-mail

me at pasqualeal85Qcod.edu with your notes.

License and Attribution Information

This book is licensed under creative commons as CC-BY-SA-NC. This license allows reusers to distribute,
remix, adapt, and build upon the material in any medium or format for noncommercial purposes only, and
only so long as attribution is given to the creator. If you remix, adapt, or build upon the material, you must
license the modified material under identical terms. For more information, visit https://creativecommons.
org.

This license (CC-BY-SA-NC) includes the following elements:

® BY - Credit must be given to the creator

® NC — Only noncommercial uses of the work are permitted

® SA — Adaptations must be shared under the same terms

The suggested attribution for this book is “Circuit Analysis” by Alyssa J. Pasquale, Ph.D.,
College of DuPage, is licensed under CC BY-NC-SA 4.0.

The entirety of this work was created by Alyssa J. Pasquale, Ph.D. The cover photograph is by the author
and is a collection of circuit components (capacitors, trimmer pots, trimmer capacitors, soft potentiometers,
inductors, toggle switches, transistors, resistors, diodes, light-emitting diodes, and incandescent lamps). All

circuit diagrams, equations, and figures in this text were created by the author using IXTEX libraries.

Symbol Notation

A note about symbols used in this text: DC quantities will be represented by capital letters such as V for
voltage, I for current, and P for power. Time-varying quantities will be represented by lowercase letters

such as v(t) for voltage, i(t) for current, and p(t) for power.
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2021-09-14 all First edition of this book published online
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Corrected typo in chapter 7 question 10 (solution is underdamped)
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2022-05-11 contents Corrected formatting issue
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1 Properties of Electric Circuits

1 Properties of Electric Circuits

Electric circuits have many different properties. Some of these properties describe quantities that we are
interested in measuring in a circuit. Properties such as voltage and current are things that engineers are
interested in designing circuits around; we want circuits to have particular values of voltage or current at
specific points in a design. It’s important for engineers to have a solid understanding of these properties.

They will form the basis for the remainder of the content of this textbook.

1.1 Charge

Charge is a fundamental property of matter, just as mass is a fundamental property of matter. Charge is
important because it interacts through electromagnetic forces. By physically separating two or more charges,
an electric field is generated that creates either attractive or repulsive forces. These forces can direct the
movement of charges throughout a circuit. Charge comes from protons and electrons. Protons each contain
one unit of positive charge (usually denoted as +e), which is equal to 1.6 x 107!? C. C stands for coulomb,
which is the ST unit used for charge. Electrons each contain one unit of negative charge, which is equal to

—1.6 x 1071 C. The symbol used for charge is Q.

1.2 Voltage

Voltage, also referred to as electric potential, potential difference, or electromotive force, is another important
property of circuits. Voltage defines how much work is done per unit of charge to move a “test charge”
between two points. While voltage can be an abstract property to understand, it is one of the three most
important properties of electric circuits (they are: voltage, current, and resistance). The symbol used for
voltage is V' and the units are V (volts).

A useful way to understand voltage can be to compare it with its gravitational equivalent. While grav-
itational forces and electromagnetic forces have many differences, they also have many similarities. Grav-
itational potential energy describes the amount of energy that an object has by virtue of its mass and its
distance away from a reference mass. However, if that object were to disappear, the reference mass would
still exist, and that reference mass has the potential to generate energy if an object of mass were to find itself
some distance (r) away from the reference mass. This is depicted schematically in figure 1.1. This potential

to have energy is known as gravitational potential.
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1 Properties of Electric Circuits 1.2 Voltage
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Figure 1.1: Schematic depiction of gravitational potential energy and gravitational potential.

As humans living on the planet Earth, gravitational potential depends on the mass of the Earth, the
radius of the Earth, and the universal gravitational constant (G = 6.7 x 107! Nm? /kg?). While gravitational
potential energy is a concept that you have probably studied extensively in your physics classes, you have
probably not spent as much time on gravitational potential.

Electric potential energy describes the energy that an object has by virtue of its charge and its distance
away from a reference charge. However, if that object were to disappear, the reference charge would still
exist, and that reference charge has the potential to generate energy if an object of charge were to find itself
some distance (r) away from the reference charge. This is depicted schematically in figure 1.2. This potential
to have energy is known as electric potential, or voltage.

EPE = kqq1/r EP = kq/r

¢ r > ¢ r

Figure 1.2: Schematic depiction of electric potential energy and electric potential (voltage).

~

Voltage therefore depends on the charge of the reference object, the distance between the two objects, as
well as Coulomb’s constant (k = 8.99 x 10° Nm?/C?).

What is important in the context of circuit analysis is where voltage comes from and how it will be treated
as a quantity. Voltage can be generated in several different ways. Static electric fields are generated by
physically separating charges and keeping them apart from each other, which is what a battery accomplishes
using chemical means. Voltage can also be created by a time-varying magnetic field or charges moving
through a static magnetic field. These methods are how generators and power plants work.

In an electromagnetic physics class, the emphasis is generally on using Maxwell’s equations to solve for
voltage as a quantity. In electrical engineering, we will treat voltage as either a source that is applied to a
circuit (by means of a power supply, batteries, or function generator) and as a quantity to be measured over

various circuit elements.
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1 Properties of Electric Circuits 1.2 Voltage

1.2.1 Voltage as a Difference

It is important to reiterate that voltage is a potential difference. This implies that voltage must be measured
with respect to two points in a circuit. The terminology used in this book is to mention the “voltage dropped
over an element.” Voltage is also relative, which means that care needs to be taken in the measurement
or calculation of voltage drops. In other words, measuring the voltage drop with voltmeter leads in one
orientation will lead to the negative value of the measurement with the leads in the other orientation. (In
mathematical terms, V,;, = —V,,.) Because voltage is relative, it is important to keep in mind what the
reference is when understanding what is meant by a positive or a negative voltage drop.

It is also important to discuss the concept of a reference potential. Generally, we use ground as a reference
potential of zero volts. The symbol for ground that is used on a circuit diagram resembles an upside-down

tree and is depicted in figure 1.3.

1

Figure 1.3: Circuit symbol used for ground.

The Earth serves as a good choice of zero potential (ground) in circuits. The Earth can absorb very
large amounts of charge without experiencing a change in this potential. Equipment with Earth ground
connections will typically have a copper wire that is buried into the Earth in order to facilitate this ability
to transfer charge.

Some objects (such as cars, airplanes, and some consumer electronic devices with portable power sources)
do not have a physical connection to Earth ground, but still make use of a reference voltage of zero potential.
For example, an airplane will typically use the metal chassis as a ground. However, this can lead to static
buildup as charge cannot always dissipate from the metal chassis. When an airplane is refueled, this can
be a particular hazard. For this reason, a fuel truck will ground itself to the airplane chassis to reduce
any possibility of static buildup and discharge. Electrostatic discharge can also be a hazard when using
integrated circuits, particularly those used for assembling computers. Care and consideration must be taken

to ensure that people are properly grounded before and during working with these objects.

1.2.2 Measuring Voltage

Voltage can be measured in a circuit using a device called a voltmeter. (A device that can measure multiple
properties — such as voltage, current, and resistance — is called a multimeter.) The circuit symbol for a
voltmeter is shown in figure 1.4. A voltmeter contains two leads: a positive and a reference (or common)
lead. When placed across the elements of a circuit, the potential difference between the two points (potential
at positive lead minus the potential at common lead) is measured. Modern digital voltmeters typically use
analog to digital converters and microcontrollers to turn a voltage measurement into a digital readout. Note

that it is important to establish the reference potential and ensure that the reference lead is in the correct
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1 Properties of Electric Circuits 1.3 Current

location. Otherwise the voltmeter will display the negative of the desired value. (V,p = —Vi4)

O

Figure 1.4: Circuit symbol used for a voltmeter.

Due to Kirchhofl’s voltage law (explained in section 2.7.2 in this book), voltages must be measured in
parallel. In other words, if the voltage drop over a particular circuit element is to be measured, then one
lead of the voltmeter should be on one end of the element with the other lead of the voltmeter on the other

end of the element. This is shown graphically in figure 1.5.

J

Q? Q

Figure 1.5: A diagram of how voltage is measured in parallel (across a component).

It is important for a measuring tool to provide minimal impact on the functionality of a circuit. Because
a voltmeter is placed in parallel with a circuit element, it is important for current flow into the voltmeter
to be minimal. If current were to flow into the voltmeter, then it would change the current flowing through
the circuit and would impact the measurement of the voltage. For this reason, voltmeters are designed with
a very high internal resistance. This makes voltmeters rather safe to use, as placing a voltmeter incorrectly

cannot lead to an accidental low-resistance short circuit.

1.3 Current

Current quantifies the amount of charge moving past a point per unit of time (Q/t); if charge changes with
time, then current is equal to the time derivative of charge, depicted in equation 1.1. The symbol for current

is 1.

i(t) = == (1.1)

Because the units of charge are coulombs and the unit of time are seconds, the unit for current is C/s,
also known as A (ampere, or amp).

Negatively charged particles will move through a conductor in the presence of an electric field to an area
of high potential (positive charge). Current is defined opposite to the motion of negative charges. In other

words: current is defined opposite to the motion of electrons in a circuit.
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1 Properties of Electric Circuits 1.3 Current

1.3.1 Current as a Flow

Current relates to the flow of charge through an object. Because the charge is moving in a particular direction,
the sign of current correlates to the direction of the current. It is possible to calculate or measure current in
any arbitrary direction. If the calculation or measurement yields a positive result, it means that the direction
that was chosen is indeed the direction in which current is flowing. If the calculation or measurement yields
a negative result, it means that current is flowing in the opposite direction.

As an example, let’s assume that we have a circuit element and we believe that current is traveling from
left to right, as shown in figure 1.6. If we measure or calculate the current and obtain a positive result, it
means that the current is indeed flowing from left to right. However, if our measurement or calculation leads

to a negative result, it means that the current is flowing from right to left.

—

—
I

Figure 1.6: A circuit element; we are assuming that current flows from left to right.

1.3.2 Measuring Current

Current can be measured in a circuit using a device called an ammeter. The circuit schematic for an ammeter
is shown in figure 1.7. An ammeter contains two leads. Current enters through one lead and exits through
the reference (common) lead. When placed in series with a circuit element, the current flowing through the
ammeter is measured. An ammeter will measure the current flowing from one lead to the common lead;
therefore it is important to establish which connection to make with the common lead to ensure that the

readout is not going to be the negative value of what is desired.

O

Figure 1.7: Circuit symbol used for an ammeter.

Modern digital ammeters use a resistor with a very small value (called a shunt resistor) over which the
voltage can be measured using an analog to digital converter. Using Ohm'’s law, the current can be calculated
using a microcontroller and displayed on a screen.

Due to Kirchhoff’s current law (explained in section 2.7.1 in this book), currents must be measured in
series. In other words, the path of the circuit must be broken open, and the ammeter must be inserted into

that path in order to measure the current flowing through that path. This is shown graphically in figure 1.8.

5

Figure 1.8: A diagram of how current is measured in series (in the same path as a component).

E@®SO Alyssa J. Pasquale, Ph.D. 14 Last updated: 2024/04/18



1 Properties of Electric Circuits 1.4 Power

Just as with a voltmeter, is is important for an ammeter to disturb the functionality of the circuit as
little as possible. An ideal ammeter would contribute no voltage drop to the circuit. However, as a shunt
resistor is required to measure current, that means the shunt resistor should have as small a value as possible.
Because the internal resistance of an ammeter is so low, it is imperative to use caution when connecting an
ammeter. If a lot of current is caused to flow through an ammeter (by connecting the ammeter in a path
with very low resistance, for example by connecting it in parallel with an element rather than in series with

an element), then the internal circuitry can be damaged or a fuse blown.

1.4 Power

Energy is lost or gained at particular rates in each element in a circuit. This rate of energy loss (or gain) is
known as power. The symbol for power is P, and the units are W (watts). In general, power is defined as
the time derivative of energy or work in a circuit element (dw(t)/dt). The instantaneous power consumed

by a circuit element is given in equation 1.2.

1.4.1 Conservation of Power

Conservation of power, which comes from conservation of energy, is an important concept in electric circuits.
This tells us that all power that is created or delivered in a circuit is equal to all of the power
that is absorbed or consumed in that circuit. Some circuit elements create or deliver power. Other
circuit elements absorb power. To determine which thing (delivering or absorbing) a circuit element is doing,
there are two methods to use. The first by being told what the circuit element is. Batteries, power supplies,
and function generators deliver power. Resistors absorb power.

The second method is by analyzing the voltage drop over and current flow through a circuit element. If
current flows from high potential to low potential in a circuit element, the element absorbs power. If current

flows from low potential to high potential in a circuit element, the circuit delivers power.
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1 Properties of Electric Circuits 1.5 Power Sources

Example: Determining if circuit elements deliver or absorb power
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Current flows from high to low potential in elements B and D: therefore B and D are absorbing power.

Current flows from low to high potential in elements A and C: therefore A and C are delivering power.

1.5 Power Sources

Power sources are used in a circuit to generate energy and distribute it to other circuit elements. The types
of power supplies that are typically used in circuits include batteries, constant voltage sources, constant

current sources, and function generators.

1.5.1 Direct Current (DC) Sources

Some sources are direct current (DC), which means that the value of the current or voltage supplied by the

source does not change with time. Three circuit symbols for DC power sources are shown in figure 1.9.

L
-

DC Voltage Battery DC Current

Figure 1.9: Three types of DC power sources: a voltage source, battery, and current source.

The DC voltage power supply contains plus and minus symbols. The plus sign represents the side of the
supply that corresponds to high potential. The minus sign represents the side of the supply that corresponds
to low potential. The battery does not contain plus or minus signs but instead has two lines: one long and
one short. The long end (which is the upper line in figure 1.9) corresponds to high potential, and the short
end corresponds to low potential. In the symbol for a current source, the arrow depicts the direction of

current flow (assuming that the source is properly connected in a complete circuit).
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1 Properties of Electric Circuits 1.5 Power Sources

1.5.2 Alternating Current (AC) Sources

In alternating current (AC) sources, the voltage or current supplied by the source is time-varying. Four

circuit symbols for AC power supplies are shown in figure 1.10.

Vs Is

Sinusoidal Voltage Sinusoidal Current Square Wave Triangular Wave

Figure 1.10: Four types of AC power sources: sinusoidal voltage, sinusoidal current, square wave, and triangu-
lar wave.

The key to analyzing AC power supply circuit symbols is to look at the labels on the sources. The symbol
within the circle depicts the nature of the time-varying source: sinusoidal, square wave, or triangular wave.

The label or units on the label (given in V, A, or mA) depicts if the source is a voltage source or current

source.

While square waves and triangular waves will be explored in this textbook, the major type of time-varying

source that will be used is a sinusoidal wave. It is important to recall the anatomy of a sine wave, shown

below in figure 1.11.
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Figure 1.11: A timing diagram of a sinusoidal voltage source.

A cosine wave is expressed mathematically in equation 1.3.
2mt
v(t) = Vi, cos T + ¢ | = Vi cos(2mft + ¢) (1.3)

While the equation is given in terms of voltage, it is also the same format that is used to describe current,
power, or any other quantity that oscillates with respect to time. Each of the terms in the equation gives

important information about the source.

e V), is the amplitude of the source, which is defined as the maximum displacement from the equilibrium

position.

e Vpp, while not part of the equation, describes the peak-to-peak value of the source. This is equal to

twice the amplitude, or the difference between the maximum and minimum values.
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1 Properties of Electric Circuits 1.5 Power Sources

e Vpe is not shown in either equation 1.3 or in figure 1.11, but is a constant added to a sine wave if the

equilibrium of the wave is not equal to zero. This parameter is known as the DC offset of the wave.

T is equal to the period of the wave, which describes how long it takes for one oscillation to occur.

f is the wave frequency. This is the inverse of period (f = 1/T) and describes how many oscillations

occur per unit of time.

¢ is the phase of the wave. It describes the angular offset of the start of the wave.

1.5.3 Dependent Sources

All of the sources described in the previous two subsections are independent sources. That is, the values of
the sources are independent of any other property or characteristic of the circuit. This is the type of source
that you would expect when using a power supply or a battery that has a given voltage rating. It doesn’t
matter what values exist elsewhere in the circuit; a AA battery will always supply a voltage of 1.5 V.

This subsection describes dependent sources. These sources deliver voltage and current proportionally
to other circuit characteristics. It is important to note that dependent sources aren’t generally describing
something that you can buy and put into a circuit (such as a battery) but are used to model otherwise
complicated circuit elements (such as operational amplifiers and transistors).

There are four types of dependent sources. The circuit symbols are shown in figure 1.12. Note that

whereas independent sources are circular, dependent sources are diamond-shaped.

VCVS VCCS CCVS CCCS

Figure 1.12: The four types of dependent sources: voltage-controlled voltage source, voltage-controlled cur-
rent source, current-controlled voltage source, and current-controlled current source.

Each dependent source has a magnitude that’s equal to a proportionality constant multiplied by a con-

trolling value. Each of these values is described in table 1.1.

Source Type | Magnitude | Proportionality Constant | Controlling Value
Voltage-controlled voltage source (VCVS) | V4 (V) k (unitless) Ve (V)
Voltage-controlled current source (VCCS) | I; (A) gm (A/V) Ve (V)
Current-controlled voltage source (CCVS) | V4 (V) rm (V/A, Q) I. (A)
Current-controlled current source (CCCS) | I (A) k; (unitless) I. (A)

Table 1.1: Descriptions of the magnitude, proportionality constant, and controlling value for each type of de-
pendent source.
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1 Properties of Electric Circuits 1.5 Power Sources

1.5.4 Equivalent Sources

If a circuit contains multiple sources (whether they be DC or AC; dependent or independent), it may be
possible to combine sources together into an equivalent source. This is the first tool that we can use to help
simplify circuits.

Voltage sources can be added together if they are in series with each other. If there are any other
components between the sources, then the sources can still be added together as long as every circuit
component is in series. If it is necessary to measure the voltage at a node in between sources, then the

sources should not be combined.
Example: Combining voltage sources that are in series

5v 3V

jopie;
o

The two voltage sources can be combined because they are in series with each other. The total voltage
drop between nodes a and b are =2 V + 5V = 3 V. The two voltage sources can therefore be combined

into a single voltage source with the equivalent voltage of 3 V.

Example: Combining voltage sources that are in series with other components

6V

Even though a resistor is placed between the two voltage sources, they can still be combined because
the voltage sources are in series with each other. Note that if the voltage drop between node x and ground
(or between node y and ground) needs to be measured, combining the voltage sources will lead to incorrect

measurements.

Current sources can be added together if they are in parallel with each other. If there are any other
components between the sources, the sources can still be added together as long as every circuit component

is in parallel.
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1 Properties of Electric Circuits 1.6 Elementary Signals

Example: Combining current sources that are in parallel

FORONES

T O

The two current sources can be combined because they are in parallel with each other. The current flow
from b to ais 2 mA — 1 mA = 1 mA. The two sources can therefore be combined into a single source with

the equivalent current of 1 mA.

Example: Combining current sources that are in parallel with other components

11 mA

The two current sources can be combined because they are in parallel with each other. The presence of
the two resistors does not change anything about the configuration of the circuit. The total current flow

fromatobis 6 mA+ 5 mA =11 mA.

1.6 Elementary Signals
Elementary signals are used to mathematically describe the types of signals used as sources, or signals that
are commonly encountered in the analog circuit world. Each of the signals can be expressed mathematically.
1.6.1 Dirac Delta Function

The Dirac delta function is a useful approximation of a “spike.” It is used to model an impulse, and is
commonly used in signal processing (including Fourier analysis). It is defined as a normal (Gaussian)

distribution when the variance is equal to zero. The mathematical expression used to define the Dirac delta
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1 Properties of Electric Circuits 1.6 Elementary Signals

function is given in equation 1.4, where A is the amplitude and 7 is the time at which the function occurs.

f(t)=As(t—71) (1.4)

The Dirac delta function defined in equation 1.4 is depicted graphically in figure 1.13.

A

t (s)

Figure 1.13: Graphical depiction of a Dirac delta function.

Example: Plotting a signal composed of Dirac delta functions

Plot f(t) = 49(t-1) — 26(t+3). The first term has an amplitude of 4 and is located at t = 1 s. The second

term has an amplitude of —2 and is located at t = —3's.
4
S T I t (s)
= >
= J l —2 0 2 4
—4

The Dirac delta function has a sifting property. It is capable of being used to determine the value of a

continuous function at a certain point. This property is defined in equation 1.5.

| swste—ayan = sa) (1.5)

1.6.2 Step Function

The unit step function is a function whose value is zero when the argument is negative, and one everywhere
else. In general, the unit step function can be multiplied by a value to give it an amplitude that is greater
than or less than one. The unit step function comes from integrating the Dirac delta function, as shown in

equation 1.6.

u(t) = /_ o(r)dr (1.6)

The step function is very useful for describing a source that is off for a long period of time before being

turned on at some moment. Mathematically, the step function is defined in equation 1.7, where A is the
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1 Properties of Electric Circuits 1.6 Elementary Signals

amplitude of the function and 7 is the time at which the step starts.

f(t) = Au(t — 1) (1.7)

The step function defined in equation 1.7 is depicted graphically in figure 1.14.

A

t(s)

Figure 1.14: Graphical depiction of a step function.

Example: Deriving the equation of a signal composed of step functions

-3
This signal is composed of four different step functions. The first occurs at t = -2 s and has an amplitude
of 1. The second step function occurs at t = 0 s. It must have an amplitude of 2 in order to bring the total
amplitude from 1 to 3. The third step function occurs at t = 2 s. Because the signal goes from a value of
3 to -2, the step function must have an amplitude of negative 5. The last step function occurs att =5 s
and has an amplitude of positive 2 to bring the signal value back to zero.
Each of these individual step functions is depicted below. The sum of each of the step functions will lead

to the graph above.

)

(t

= J —2 0 2 4 6

)

f(t) = u(t+2) + 2u(t) - 5u(t-2) + 2u(t-5)

1.6.3 Ramp Function

The ramp function is a signal whose value is zero when the argument is negative, and then has a constant

linear upward slope when the argument is positive. The ramp function comes from integrating the step
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1 Properties of Electric Circuits 1.6 Elementary Signals

function, as shown in equation 1.8.

r(t) = / u(r) dr (1.8)

—0Q0

The equation used to express the ramp function is given in equation 1.9, where A is the slope of the

ramp, and 7 is the time that the ramp function initiates.
r(t) = At — Tu(t — 1) (1.9)

The graphical depiction of a ramp function is shown in figure 1.15.

t (s)

Figure 1.15: Graphical depiction of a ramp function.

Example: Calculating current from ramp function charge

14
% OV\ : : : : : : : : :t(S):

7 75 8

q(t) (

-1

Current is equal to the time derivative of charge. The time derivative is plotted below.

1 .
E 0 | | | | | | ‘ ‘ ‘ ‘ ‘ | t(s)
= 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
i

i(t) = 0.5 mA u(t) - 1.5 mA u(t-2) + 1.3 mA u(t—4) — 0.3 mA u(t-7)

1.6.4 Rectangular Pulse

A rectangular pulse describes a signal that is initially zero, takes on a particular value for a finite interval
of time, and then returns instantaneously to zero. It is different from the step function in that the step
function never returns to zero again. A rectangular pulse is especially relevant in electrical engineering as it

can be used to describe periodic square waves that are commonly used as clock sources. The mathematical
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1 Properties of Electric Circuits 1.6 Elementary Signals

equation for a rectangular pulse is given in equation 1.10, where A defines the amplitude of the pulse, T

defines the width of the pulse, and A defines the center of the function.

f(t) = Arect (t — A) (1.10)

T

A rectangular pulse is depicted graphically in figure 1.16.

A

A—7/2 >\ A+7/2
t(s)

Figure 1.16: Graphical depiction of a rectangular pulse function.

Example: Plotting a signal composed of rectangular pulses

Plot f(t) = —3rect((t+5)/2) + 2rect((t-5)/4). The first term has an amplitude of -3, a width of 2's, and

is centered at t = -5 s. The second term has an amplitude of 2, a width of 4 s, and is centered att = 5 s.
3
- T ()
L‘:: 0 : : : : 1 1 : :
J I F 0 2 4 6 8 10
-3

1.6.5 Triangular Pulse

The triangular pulse is defined as a function that is zero, linearly ramps up to a particular value, and then
linearly ramps down to zero again. As the rectangular pulse is to the step function; the triangular pulse is to
the ramp function. The equation for a triangular pulse is given in equation 1.11, where A is the amplitude
of the pulse, 7 is the half-width of the pulse, and X is the center of the pulse. Note that the definitions for

the width of a rectangular and triangular pulse are different!
t— A
f(t) = Atri <) (1.11)
T

A triangular pulse is shown graphically in figure 1.17.
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1 Properties of Electric Circuits 1.6 Elementary Signals

/\‘*T >\ >\‘+T
t(s)

Figure 1.17: Graphical depiction of a triangular pulse function.

Example: Finding the equation of a waveform

f(t) is composed of a rectangular pulse and a triangular pulse. The rectangular pulse has an amplitude
of 2, is centered at t = 0 s, and has a width of 6 s. The triangular pulse has an amplitude of 3, is centered
att = 0 s, and has a half-width of 3 s.

f(t) = 2rect(t/6) + 3tri(t/3)

1.6.6 Exponential Decay

The exponential function is ubiquitous in engineering. Specifically, a decaying exponential is found as the
solution to many engineering problems. (A rising exponential function is not stable as it would eventually
require an infinite amount of energy to sustain.) An exponential can be defined mathematically in equa-
tion 1.12, where A is the initial amplitude of the exponential, 7 is the time at which the exponential begins

its decay, and « is how quickly the exponential decays to zero.
f(t) = Ae =Dyt — 1) (1.12)

A decaying exponential function is depicted graphically in figure 1.18.
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1 Properties of Electric Circuits 1.6 Elementary Signals

t (s)

Figure 1.18: Graphical depiction of exponential decay.

1.6.7 Damped Sinusoid

A damped sinusoid describes the behavior of almost all harmonic motion (such as a mass on a spring, a door
swinging open and closed on a hinge, or a second-order circuit). A damped sinusoid is defined as a sinusoidal

signal multiplied by a decaying exponential, as shown in equation 1.13
f(t) = A== sin(wt)u(t — 1) (1.13)

In equation 1.13, all of the terms are the same as those given for the exponential decay. w defines the

angular frequency of the sinusoidal wave. A damped sinusoid is shown graphically in figure 1.19.

j /\ /AN L)

| \ |

T
—A

Figure 1.19: Graphical depiction of a damped sinusoid.
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Example Problems
Power

1. How much power is supplied by the unknown element shown in figure 1.207

-5 mW

—L

] T

+3 mW

—__

Figure 1.20: Circuit schematic for power question 1.

2. A voltage source supplies 12 V and has a power consumption of 5 W. How much current is the voltage

source supplying to the circuit?

3. Which of the circuit elements shown in figure 1.21 (a) absorb power and (b) deliver power? Current

flows clockwise through the circuit.

- -

al

+ |+ —|—

Figure 1.21: Circuit schematic for power question 3.

4. Calculate the power consumed by a circuit when v(t) = 5cos(2750t) V and i(t) = 0.1 cos(2750t) A.

5. Calculate the power consumed by a circuit when v(t) = 3t V and i(t) = 400(t — 5) mA.

Sinusoidal Waves
6. What are V,,,, Vpc, f, and ¢ of the function v(t) = 3.8 cos(2720¢ + 257/180) + 3 V?

7. What are V,,,, Vpp, and T of the function v(t) = 2.19 cos(2740t — 207 /180) + 6 V?
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8. What are V,,,, Vpc, and f of the function shown in figure 1.227

Figure 1.22: Waveform for sinusoidal waves question 8.

9. Sketch the function (t) = 400 cos(27100¢ + 457/180) + 200 mA.

10. What minimum DC offset should be added to i(t) = 30cos(27200t — 507 /180) mA to prevent any

negative values from occurring on the output?

Sources

11. What kind of dependent source is shown in figure 1.23? How do you know?

Vx
— T
L L

vy T CD

Figure 1.23: Circuit schematic for sources question 11.

12. What kind of dependent source is shown in figure 1.24?7 How do you know?

3.2Ix

®

Ix

®

Figure 1.24: Circuit schematic for sources question 12.
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13. Calculate the current supplied by the dependent source as shown in figure 1.25.

+

0.21x T @) 4.8 mA

Ix

—L

Figure 1.25: Circuit schematic for sources question 13.

14. Reduce figure 1.26 to a circuit that contains only one independent source.

—_
Yoler

Figure 1.26: Circuit schematic for sources question 14.

15. Reduce the circuit given in figure 1.27 as much as possible.
0.41x

L] i —

e O

Ix

Figure 1.27: Circuit schematic for sources question 15.
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Elementary Signals

16. Find an equation for the signal shown in figure 1.28.

-2+ : :
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
t(s)
Figure 1.28: Signal for elementary signals question 16.
17. Find an equation for the signal shown in figure 1.29.
1
0 —
-1
-2 : :
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
t(s)

Figure 1.29: Signal for elementary signals question 17.

18. Sketch the function f(t) =3 tri(t +2) — 2 tri (1£2).

19. Sketch the function f(t) = 3u(t + 5) + Su(t).

20. If the charge in a circuit is measured as ¢(t) = 2 tri (%5°) +0.5¢tu(t) — 1.5(t — 4)u(t —4) + 1.5(t — 8)u(t —
8) — 0.5(¢t — 12)u(t — 12) C, sketch the current.
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2 Circuit Laws

2 Circuit Laws

Circuit laws enable us to fill up our “toolbox” with tools that enable us to simplify and analyze circuits.

First, we must understand the terminology used in circuits.

2.1 Definitions

A circuit is an interconnection of elements. It can be simple (consisting of very few parts), very complicated,
or anywhere in between. Circuit elements consist of sources, passive elements, and active elements. Sources
were described in section 1.5 in the previous chapter. They can be dependent or independent and can source
either voltage or current. Passive elements consist of components such as resistors, capacitors, inductors,
and diodes. These circuit elements do not require a connection to a power supply in order to function. A
resistor inherently has resistance, which does not need to be activated with a power supply. Active elements,
on the other hand, require power to operate. Transistors and operational amplifiers are examples of active
circuit elements.

A node is a point in a circuit where two or more elements are connected. It is important to recognize
and understand nodes, as they are used in many of the circuit analysis tools explained in this chapter. A
diagram depicting three types of circuit nodes (depicted with thick black dots) is shown in figure 2.1. The
rectangles in each diagram represents a “generic” circuit element (which could be a resistor, a capacitor, a

source, or something else).

1

simple node node

N P e R H%%{Mdek

-

Figure 2.1: Three examples of circuit nodes.

It is important to note that a node is not always depicted with a thick black dot on a circuit diagram.
A node exists at a point of common potential. The circuit shown in figure 2.2 has three nodes labeled A,
B, and C. Node A is a point of common potential between the power supply and element 1. Node B is
a point of common potential connecting elements 1, 2, and 3. This node looks like the nodes shown in
figure 2.1, as it is depicted with a thick dot (indicating an electrical connection). Finally, node C is a point
of common potential connecting the low potential end of the power supply, one end of element 2, and one

end of element 3.
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2 Circuit Laws 2.1 Definitions

node node node

] O] o

Figure 2.2: Each of the three nodes in this circuit is shown with thick lines. Node A (left) connects the power
supply and element 1. Node B (middle) connects elements 1, 2, and 3. Node C (rlght) connects the power sup-
ply to elements 2 and 3.

In figure 2.2, we can say that elements 2 and 3 share two common nodes (nodes B and C). Later in this
chapter we will learn that devices that are connected with two common nodes are said to be in parallel with
each other.

A branch in a circuit represents a portion of a circuit that exists in a path between two nodes. A loop
is a closed path that starts at a node and returns to the same node. Finally, a mesh is a loop that has no
other loops inside of it. Nodes, loops and meshes are important concepts, as they are used in circuit analysis
tools explained later in this chapter. The circuit diagram shown in figure 2.3 has six branches: one for each

circuit element (sinusoidal source, DC voltage source, DC current source, resistor, capacitor, and inductor).

'es

Figure 2.3: A circuit diagram consisting of four nodes, six branches, seven loops, and three meshes.

The three meshes of the circuit in figure 2.3 consist of loops that do not have any other loops inside of

them. These are shown in thick outlines in figure 2.4.

@ ®

9% e s

Figure 2.4: The three meshes (each shown in thick lines) from the circuit in figure 2.3.
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2 Circuit Laws 2.2  Resistor

The seven loops in the circuit include the three meshes as well as four additional loops, each of which

contain other loops inside of them. These four additional loops are shown in figure 2.5.

N 3
) )

| 4

.

—

S

Figure 2.5: The four additional circuit loops (each shown in thick lines) from the circuit in figure 2.3.

2.2 Resistor

A resistor is a circuit element that regulates the flow of current. This is the first passive element that will
be studied in detail in this textbook. Resistance, which is a property of resistors, defines how much the
resistor opposes the flow of current. Resistance has a symbol of R and units of € (ohms), and is given
by equation 2.1, where p is a property inherent to a material (known as resistivity), [ is the length of the

resistor, and A is the cross-sectional area of the resistor.
R== (2.1)

The symbol used for a resistor in circuit diagrams is shown in figure 2.6.

— A

Figure 2.6: The circuit symbol for a resistor.

Resistors have very many important applications in circuits (tuning resonant frequencies, creating partic-
ular amplifier gains, or to create particular voltage or current values, among other things), and are therefore
an important circuit element to understand.

Physically, resistors come in many shapes, sizes, and forms. There are fixed resistors (resistors whose

resistance value is not meant to change) and variable resistors (which will be discussed in more detail in
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2 Circuit Laws 2.2  Resistor

section 2.2.2 below). Most typical hobbyist resistors are made from carbon film deposited on a piece of
ceramic, with the ends of the carbon film connected to metal wires (known as leads). A helix shape is
carved into the carbon film; it is the pitch of the helix and thickness of the carbon film that determines the

resistance of the device. Carbon film resistors typically have tolerances between 2%-5%.

2.2.1 Resistor Color Codes

Carbon film resistors are coated and painted with colored stripes to distinguish each resistor’s value in ohms.
Most of these resistors contain four stripes (although five- and six-stripe versions do exist, they will not be
discussed in this book). These stripes are depicted in figure 2.7. The first and second bands dictate the
value of the resistance. The third band acts as a multiplier, and the tolerance band denotes how accurate

the value of the resistor is. Each of the colors depicts a particular value, outlined in table 2.1.

first band (brown
second band (black
multiplier (red

)
)
)
tolerance (gold) «———

Figure 2.7: Depiction of each of the colored bands on a four-band carbon film resistor. This particular resistor
has brown-black-red-gold stripes, and therefore has a value of 1000 2 & 5%.

Color Value Multiplier | Tolerance
(1st and 2nd bands)
Black 0 100 O -
Brown 1 10! Q +1%
Red 2 10% Q +2%
Orange | 3 103 Q +0.05%
Yellow 4 10* Q +0.02%
Green 5 105 Q +0.5%
Blue 6 10% +0.25%
Violet 7 107 Q +0.1%
Gray 8 - +0.01%
White 9 - -
Gold - 10t Q +5%
Silver - 102 Q +10%
no band | - - +20%

Table 2.1: Descriptions of each of the colors used to denote values on a resistor.

To determine the value of a resistor, it is important to first establish which band corresponds to the
first, and which corresponds to the tolerance band. Usually, the first band is painted closer to the lead than
the tolerance band is. Otherwise, it can be helpful to note that the large majority of inexpensive hobbyist

carbon-film resistors have a gold tolerance band, which also can help orient the resistor (but this trick will
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2 Circuit Laws 2.2  Resistor

not be valid with any other tolerance value!). The first and second bands give the value of the resistor. Red
orange is 23. Brown green is 15. Then, the multiplier is used to determine the weight of the value. Red
orange blue is 23 x 10° Q, or 23 M. Brown green red is 15 x 102 €, or 1.5 kQ. The tolerance band depicts

the range of percentages over which the actual value of the fabricated resistor is valid.

2.2.2 Variable Resistors and Potentiometers

A variable resistor is a resistor whose value is not fixed but that can be altered by the user. Variable resistors
used to be called rheostats, but that term is falling out of favor. The circuit symbol used for variable resistors

is shown in figure 2.8. Note that a variable resistor is a two-terminal device.

AN~

Figure 2.8: Circuit symbol used for a variable resistor.

A potentiometer is a three-terminal device that can be used as either a voltage divider or a variable

resistor. The circuit symbol for a potentiometer is shown in figure 2.9.

t

Figure 2.9: Circuit symbol used for a potentiometer.

Two fixed leads are connected to a resistive element (commonly made out of either carbon or wound
wire) in a semi-circular configuration. A moveable lead called the wiper can then be positioned at any point
along the resistive element. This is depicted in figure 2.10. While the total resistance between the fixed
leads is constant, the resistance between the wiper and either of the two fixed leads changes as the wiper’s

position changes.

fixed fixed
lead lead

moveable
wiper

Figure 2.10: A schematic of a potentiometer. The gray semicircular area corresponds to the resistive element.
Two leads (one at each end of the resistive element) are fixed. The third lead is a moveable wiper.
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2 Circuit Laws 2.2  Resistor

A potentiometer can be used as a voltage divider. Voltage dividers (which will be explained in greater
detail in section 2.5) take a fixed voltage and proportionally divide it up into two or more values. If a fixed
voltage is applied to the two fixed leads of a potentiometer, then the voltage drop between either lead and the
wiper will be modified depending on the position of the wiper. This is depicted schematically in figure 2.11.
Note that while V7 and V5 can change depending on the position of the wiper, V7 + V5 = Vg will always be

satisfied.
I +
V1 +
%] _
Wi
® & O
Vil © ~ Vil © Vil ©
+ _
Va ~
Vs +
Va

Figure 2.11: A potentiometer can be used as a voltage divider. The relationship Vi + V5 = Vg is always pre-
served, regardless of the individual values of V; and V5.

A potentiometer can also be used as a variable resistor. In this case, one of the fixed leads will be ignored,
and the resistance between the other fixed lead and the wiper will be used. Because the wiper itself has a
small amount of resistance, it should be shorted to the unused fixed lead. This is depicted schematically in

figure 2.12.

O O

Figure 2.12: A potentiometer can be used as a variable resistor by configuring it as shown in the right-hand
diagram. Both of these schematics are functionally equivalent.

2.2.3 Measuring Resistance

Resistance can be measured in a circuit using a device called an ohmmeter. The circuit schematic for an
ohmmeter is shown in figure 2.13. An ohmmeter contains two leads. When the leads are placed on either end
of the elements of a circuit, a constant current is passed through the circuit elements and the resulting voltage
is measured with an analog to digital converter. Using Ohm’s law, the resistance of the circuit elements can
be calculated and displayed. Because resistors don’t have any polarity or direction to them, the ordering
of the leads is unimportant (the common lead can be placed on either end of the circuit elements without

impacting the result). However, because an ohmmeter operates by sending a current through the circuit
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2 Circuit Laws 2.2  Resistor

elements and measuring the resulting voltage, it is important to know that resistance cannot be measured

in a circuit unless all other power sources have been disconnected.

O

Figure 2.13: Circuit symbol used for an ohmmeter.

Because an ohmmeter sends a constant current through a circuit and measures the resulting voltage, an

ohmmeter must be connected in parallel across the components to be measured, as shown in figure 1.5.

2.2.4 Resistors in Series

The first tool to analyze and simplify resistors is to understand how to combine resistors in series. That
is: all of the resistors are in the same path in a circuit and share the same current flow. A circuit diagram

containing five resistors in series is shown in figure 2.14.

A A A AN AN~

Figure 2.14: Five resistors in series in a circuit.

Without having formalized the concepts of Kirchhoff’s laws yet (which will occur in section 2.7), we can
use equation 2.1 to form a conceptual understanding of what happens when resistors are connected together
in series. Of the parameters given in equation 2.1, the only one that effectively changes when resistors are
connected in series is the length (7). The resistivity, being a property inherent to the material used to create
the resistor does not change. The cross-sectional area also remains unchanged throughout. This is depicted

in figure 2.15.

h+lh+lz+li+1s

(A/\A%«/\/»WHN»@/A

Figure 2.15: When resistors are connected in series, the parameter of equation 2.1 that changes is the length.

Because the total length of the circuit is equal to the sum of the individual lengths of each resistor, we
can express the total resistance (known as the equivalent resistance) of the circuit likewise, shown in

equation 2.2 and derived below.

Rpg=Ri1+Ry+Rs+ ..+ R, (2.2)
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DERIVATION
plli +l +l34 ... +1n)
Rpg = yi
_ph b pls e
=S+ttt

=Ri+Ry+Rs+..+R,

Qualitatively, the resistance in a series circuit increases. It is therefore impossible for the equivalent
resistance of a series circuit to be less than the value of any individual resistor. (This last property acts as

a useful “smell test” when working out complicated circuits problems.)

2.2.5 Resistors in Parallel

The second tool that can be used to simplify complicated resistive circuits is equivalent resistance for resistors
in parallel. In this case, each resistor shares a common node on either end of the circuit element, but each
contains its own unique branch through which current can flow. A circuit diagram containing five resistors

in parallel is shown in figure 2.16.

Figure 2.16: Five resistors in parallel in a circuit.

In this case, the effective parameter that changes in equation 2.1 is the cross-sectional area (A), shown

in figure 2.17. The length and resistivity remain unchanged.

A+ A+ As+ Ay + A5

REETEANSN

e
JHEEE

A e e U

Figure 2.17: When resistors are connected in parallel, the parameter of equation 2.1 that changes is the area.

It is now possible to express the equivalent resistance of a circuit with parallel resistors using the equation

E@®SO Alyssa J. Pasquale, Ph.D. 38 Last updated: 2024/04/18



2 Circuit Laws 2.2  Resistor

shown in equation 2.3 and derived below.

Lttty 2 (2.3)
Rpeg R Ry Ry R,
DERIVATION
Rpg = Pl
Be ™ A + A, + A5+ ... + 4,
1
TG gk
1 Ay Ay Ag A,
T
Repq pl pl ~ pl pl
I SRR R
"R R,  Rs R,

Qualitatively, the resistance in a parallel circuit decreases. The equivalent resistance cannot be greater
than the value of any of the individual resistors.

Frequently, it is necessary to combine two resistors in parallel. In that case, we can solve equation 2.3 to
find a handy equation to use without having to calculate the reciprocal of the sum of reciprocals. (Note: this
equation will only work for two resistors in parallel.) This solution is shown in equation 2.4 and is derived

below.

R Ry

Rpo = —22
EQ = R+ R,

DERIVATION

a1
Rrg Ri R
R R

_ B 4

RiRy RiRs
. Ry + Rs
 RiR,
_ RiR
SR+ Ry

REQ

2.2.6 Equivalent Resistance

It is important to point out that most circuits are not 100% series nor 100% parallel. Many circuits have
segments that contain elements in parallel, and segments that contain elements in series. In our discussion of
delta-wye transforms in the next section in this book, we will see that there are some resistor combinations

that are neither parallel nor series, but require a transformation before they can be made into parallel or
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series combinations.

The equivalent resistance in a circuit refers to the amount of resistance “seen” between two particular
nodes. (While we know that there are no eyeballs looking between nodes — at least, there are none depicted
on the circuit diagram — this phrase is commonly used to describe the calculation of equivalent resistance
between two nodes.) The equivalent resistance “seen” between two nodes indicates the resistance that would
be measured between the two nodes.

Equivalent resistance can be calculated by combining resistors using the parallel and series combinations
explained previously. Usually this is an iterative process. Start by combining any resistors that are purely in
parallel with each other, or that are purely in series with each other. Then, reassess the circuit and see if any
more opportunities for combinations arise. Continue until the circuit contains as few elements as possible.

The symbology that will be used in equivalent resistance equations in this textbook is a + sign for
series combination (as the resistances are indeed just being added together) and a // symbol for parallel
combinations. The order of operations is to deal with everything inside of parenthesis first; after that
calculate parallel combinations; finally, calculate series combinations.

Consider the circuit shown in figure 2.18. Note that the circuit is not purely series nor is it purely
parallel. In addition, we cannot start combining together circuit elements until we know which nodes to use
to calculate the equivalent resistance. It is possible to calculate the equivalent resistance between any two
nodes in the circuit. Not all of the circuit nodes are shown; just a few have been selected to demonstrate

different equivalent resistance calculations.

R3 RS

b f

Figure 2.18: A circuit composed of nine resistors that is neither purely series nor purely parallel.

While it might be tempting to immediately combine resistors R4 and Rj in series, resistors Rg and Ry in
series, and then those two combinations in parallel with each other, it is possible to calculate an equivalent
resistance between nodes ¢ and d; in that case, those resistors cannot be combined! Therefore, it is important
to pay attention to the nodes to be used to calculate the equivalent resistance before combining resistors
together. We will use this circuit to calculate equivalent resistance between three different pairs of nodes to
demonstrate the process. In all cases, it is wise to start combining resistors as far away from the reference

nodes as possible.
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Schematically, it’s possible to depict equivalent resistance measured between two nodes by clearly indi-
cating them on a circuit diagram. This is shown for the calculation of equivalent resistance between nodes

a and b in figure 2.19.

R3 R8

REQ —

bo ° 3 3

Figure 2.19: Schematic depiction of the equivalent resistance between nodes a and b in the circuit given in
figure 2.18.

In this case, the resistors on the right-hand side of the schematic are as far from the reference nodes as
possible. First, combine resistors Rg and Ry in series, as they share a common path in the circuit. Resistors
R4 and Rs can be combined in series, as can resistors Rg and R7. Those equivalent resistances can now be
combined in parallel. That combination can be added in series with Rs. Finally, that equivalent resistance
can be combined in parallel with the series combination of R; and Rs. This equivalent resistance is shown
mathematically in equation 2.5. If each of the resistors were equal to 1 k), then the equivalent resistance

would be 10/11 k€.

Rpq.ab = ((Rs + Ro)//(Re + Rr7)//(Ra + Rs) + R3)//(R1 + Rz) (2.5)

Next, let’s consider the case of calculating the equivalent resistance between nodes e and f. This is

depicted schematically in figure 2.20.

R Rg
e
Ry Ry Rs
Ry — Rgq
Ry Rs Ry
o o . of

Figure 2.20: Schematic depiction of the equivalent resistance between nodes e and f in the circuit given in
figure 2.18.
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In this case, the resistors on the left-hand side of the schematic are as far from the reference nodes
as possible. Resistors R;, Ry, and R3 can be combined in series. That equivalent resistance can then be
combined in parallel with the series combinations of R4 and Rs as well as Rg and R;. That equivalent
resistance is combined in series with Rg. That equivalent resistance is finally combined in parallel with Rg.
This is shown mathematically in equation 2.6. If each of the resistors were equal to 1 k), the equivalent

resistance would be 7/11 kQ. Equivalent resistance is not equal at all points in a circuit!

Rpq.er = (B1+ R2 + R3)//(Ra + R5)//(Re + R7) + Rs)/ /Ry (2.6)

Finally, we will consider the case of equivalent resistance between nodes a and e. This is depicted

schematically in figure 2.22.

REQ
a b

Figure 2.21: Schematic depiction of the equivalent resistance between nodes a and e in the circuit given in
figure 2.18.

In this case, resistors R4 and Ry can be combined in series, as can Rg and R7. Those equivalent resistances
can then be combined in parallel. In addition, R; and Ry can be combined in series. The resulting circuit

is shown in figure 2.22.

Rro
a i e
R3 RS
Ry + Ry (R4 + Rs5)//(Rs + Rr) Ry

Figure 2.22: Reduced circuit from figure 2.18 when measuring between nodes a and e.
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2 Circuit Laws 2.3 Delta-Wye and Wye-Delta Transforms

Note that none of the remaining resistors can be combined in either series or in parallel! At this point, we
are unable to move forward with the resistance calculation between nodes a and e. Eventually, we will solve
this problem with delta-wye and wye-delta transforms (explained in section 2.3). It is crucial to understand

that not all resistors are necessarily going to be connected in parallel or series combinations.

2.3 Delta-Wye and Wye-Delta Transforms

As mentioned previously, there are situations when a resistive circuit cannot be reduced using parallel and
series combinations. In those cases, it may be possible to transform the resistor configuration to a functionally
identical equivalent. After completing a transformation, series and parallel combinations may be possible.
The two transformations that will be discussed in this book are delta-wye and wye-delta transforms.

A delta circuit arrangement is shown in figure 2.23.

a
Ry R3

Ry

Figure 2.23: A delta circuit.

The resistance between any two nodes in a delta circuit are parallel and series combinations of those

resistors, shown in equations 2.7-2.9.

Ryy = R1//(Ra + Rs) (2.7)
Rye = R2//(R1 + R3) (2.8)
Roe = R3//(R1+ Ra) (2.9)

A wye circuit arrangement is shown in figure 2.24. Note that it has one more node than a delta circuit.

a

b C

Figure 2.24: A wye circuit.

The resistance between any two nodes in a wye circuit are series combinations of those resistors, shown
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in equations 2.10-2.12.

Ry =R, + Ry (2.10)
Ry = Ry + R, (2.11)
Rue = Ry + R. (2.12)

2.3.1 Delta-Wye Transforms

A delta-wye transform modifies a delta arrangement of resistors (figure 2.23) and turns it into an equivalent
wye arrangement (figure 2.24). The equivalent resistance between any two nodes of the wye circuit must be
identical to the corresponding equivalent resistances of the delta circuit in order to make this transformation
valid. Equation 2.7 is set equal to equation 2.10; equation 2.8 is set equal to equation 2.11; and equation 2.9
is set equal to equation 2.12. The terms R,, Ry, and R, are solved for. (The algebraic details of these
derivations will not be shown in this book.) The results are given in equations 2.13-2.15. These equations

govern the delta-wye transform.

R1R3
R,=—7-—"— 2.13
R+ Ry + R3 ( )

R Ry
Ry=—"—-—“"~"— 2.14
" Ri+ Ry +Rs (2.14)

RoR3
R,— — 2% 2.15
R+ Ry + R3 ( )

Example: Using a delta-wye transform to calculate equivalent resistance

Calculate the equivalent resistance of the circuit shown in figure 2.18 between nodes c and d. Each of

the resistors has a value of 1 k2. The circuit has been re-drawn below.

1 k2 1 k2

1 k2

1 kQ

Combine all series resistors.
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1 kQ 1 kQ

3 kQ 2 kQ2

1 kQ 1 kQ

No more resistors that can be combined in either series or in parallel. Two delta-wye transforms can
be done. To make it more obvious, the resistors have been slightly re-drawn. Each delta configuration is

depicted with thick black outlines, and each node is labeled.

B E

3 k2

Calculate each of the wye resistor values using equations 2.13-2.15.

(1 kQ)(1 kQ)

1kQ+3k0Q+1k0
(1 kQ)(3 k)
1kQ+3kQ+1kO
. Bk
RC_11<Q+31<Q+1k(2_600Q
(k)1 kQ)
T 1kQ+2kQ+1KkO
O Qx)(2kQ)
Re_le+2kQ+1kQ_5OOQ
(2 kQ)(1 kQ)

e = Q
Ry 1kQ+2KkQ+1kQ 500

R, = =200 Q

Ry, = = 600 ©

=250 Q2

Re-draw the circuit with the wye configurations.
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600 Q2 500 ©

200 Q 250 Q

A D

(o)
N\

600 2 500

Combine all series resistors. (Both of them are combinations of 500 €2 and 600 (2.)

1100 Q

e a—

200 250

AW

1100 Q

Combine all parallel resistors.
550

200 © 250 Q2

O,
The equivalent resistance is equal to the series combination of the remaining resistances.

Rpg.ca = 200 Q + 550 € 4 250 Q = 1000

2.3.2 Wye-Delta Transforms

A wye-delta transform modifies a wye arrangement of resistors (figure 2.24) and turns it into a delta arrange-
ment (figure 2.23). Just as with the delta-wye transforms, the circuits must be equivalent to each other.
Equation 2.7 is set equal to equation 2.10; equation 2.8 is set equal to equation 2.11; and equation 2.9 is set
equal to equation 2.12. The terms R;, Ro, and Rg are solved for. (The algebraic details of these derivations

will not be shown in this book.) The results are given in equations 2.16-2.18. These equations govern the
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wye-delta transform.

_ RaRb + RbRc + RaRc

R 2.16
1 R (2.16)
RuRy + RyRe + RoRe
Ry — tattb T 2 + (2.17)
RuRy + RyR. + R, R,
Ry — tatto T 3 + (2.18)
b

Example: Using a wye-delta transform to calculate equivalent resistance

Calculate the equivalent resistance of the circuit shown.

2 k)
3 kQ2 2 kQ
o—4
REQ — 4 kQ) 5 k2
o *

None of these resistors shares a branch, therefore none are in series. None of these resistors shares two
nodes, therefore none are in parallel. A wye-delta transform is required. (Alternatively, a delta-wye transform
could be performed.)

The resistors in the wye-arrangement are shown with thick black lines. Each of the nodes is labeled.

2 kQ
A 3 k2 2 kQ
o—4 B
Req — 4 kO 5 kQ
o *®
C
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Use equations 2.16-2.18 to solve for Ry, Ry, and R3.

26000 92
26000 9?
Ry = —————— = 8667 Q)
27 73000 Q
26000 9?
=— =1 0
R3 5000 O 3000
Re-draw the circuit.
2 kO
6.5 k2
oﬁc ' B
Req — ;5 k)
13 k2
O L4
C

Calculate the equivalent resistance.

Rpo = ((2 kQ//6.5 k) + (5 kQ//8.67 k€2))//13 kQ
= (1.5 kK 4 3.2 kQ)//13 kQ
— 4.7 kQ//13 kQ

= 3.45 kQ

2.4 Ohm’s Law

Ohm’s law states the relationship between voltage, current, and resistance in a circuit. Current is propor-
tional to voltage drop, and inversely proportional to the resistance of the circuit. In equation form, Ohm’s
law is usually stated in one of three ways, shown in equations 2.19-2.21. Ohm’s law is the first tool that we

can use to analyze currents through and voltages dropped over various elements in a circuit.

V=1IR (2.19)
1%
I=— 2.20
o
== 2.21
R= (2.21)

It is important to recall that voltage is a relative measurement (leading to a positive or negative result,
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depending on which way it is referenced) and that the sign of current relates to the direction. This means
that it is important to pay attention to references and directions when using Ohm’s law.

It is vital to pay attention to the units used in Ohm’s law. One ohm (the unit for resistance) is equal to
one volt divided by one amp. If using units of ohms, all voltages must be expressed in volts and all currents
must be expressed in amps. Frequently, resistance will be quantified in units of kilohms. If using units of

kilohms, all voltages must be expressed in volts and all currents must be expressed in milliamps.

2.4.1 Calculating Voltage from Current and Resistance

If current and resistance are known, then the voltage drop can be calculated. Consider the resistor shown
in figure 2.25. The value of the resistance has no polarity or direction. If the direction of current flow is
from node a to node b, then node a corresponds to high potential and node b corresponds to low potential.
In that case, V,; (the electric potential at a minus the electric potential at b) is positive. If the direction of

current flow is from node b to node a, then node b corresponds to high potential and V,; would be negative.

R

2 AAA b

Figure 2.25: A resistor used to demonstrate Ohm's law.

In other words, current flows from high potential to low potential. The direction of the current can
therefore be used to distinguish the high potential end of the circuit element (depicted with a + sign) from
the low potential end (depicted with a — sign). This is depicted schematically in figure 2.26.

1% 1%
FA AN “AAAT
I I

Figure 2.26: Current flows from high to low potential. Therefore, the direction of current can be used to de-
termine which end of a circuit element corresponds to high potential and which corresponds to low potential.

Example: Calculating voltage from current and resistance

Calculate the voltage drop across the resistors.

5 mA 3 k2 2 kQ \Y;

+

Calculate the equivalent resistance of the two resistors.

3Kk
Bro = Tia sk ~ 12K
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The circuit can be re-drawn.
son (1) 1205
+
The voltage is defined in the opposite direction as the current flow.
V=(-5mA)(1.2kQ)=-6V

If the voltage had been defined in the other direction, then it would be measured in the same direction

as the current, and the sign would be positive.

2.4.2 Calculating Current from Voltage and Resistance

If the voltage drop over a circuit element as well as the resistance is known, then the current flow can be
calculated. Current flows from high potential to low potential. However, current can be assigned in any
arbitrary direction; if the assignment of the current flow was from low to high potential, then a negative
current will be calculated, as discussed in section 1.3.1 in this book. Therefore, when calculating current in
a circuit (as we will do in section 2.7.1), it is not important which direction is chosen to define current, as
the real direction will make itself known with the sign of the result. This relationship between voltage drop

and current direction assignment is depicted schematically in figure 2.27.

v v
FIANN— AN
current Is positive current Is negative

Figure 2.27: Current flows from high to low potential. If the direction of current flow was chosen in this direc-
tion, current will be positive (left). If the flow was assigned in the opposite direction, current will be negative

(right).

Example: Calculating current from voltage and resistance

Calculate the current flowing through the circuit.

2 k2

Yo

E@®SO Alyssa J. Pasquale, Ph.D. 50 Last updated: 2024/04/18



2 Circuit Laws 2.4 Ohm’s Law

Calculate the equivalent resistance of the two resistors.
Rrg =2 kQ+3 kQ =5k

The circuit can be re-drawn.
v

The current is flowing from high to low potential, so the sign (direction) of the current will be positive.

I=—-=16mA

8V
5 kQ

If the current had been defined in the other direction, then it would be measured from low to high

potential and the sign would be negative.

2.4.3 Calculating Resistance from Voltage and Current

When using voltage and current to calculate resistance, it is important to ensure that the directionality of
the current and the polarity of the voltage align with each other. In other words: if voltage is measured
from high to low potential, then the current flow must be assigned to flow in that direction (from high to
low). If the voltage was measured from low to high potential, then the current flow must be assigned to flow
from low to high.

In this textbook, the circuits that will be analyzed will all have a positive resistance. This is helpful
in ensuring that our polarities/directions are assigned correctly, because we will find that we are always
multiplying a positive voltage with a positive current or a negative voltage with a negative current, but
never a positive with a negative. However, it is important to note that there are negative resistance circuits
which may be encountered in a higher level class. In those cases, it will be crucial to pay attention to the

assigned polarities and directions!
Example: Calculating resistance from voltage and current

Calculate the value of resistor R;.

R:

30 mA
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Use Ohm’s law (equation 2.21) to solve this problem. The total resistance of this circuit is the series
combination of Ry and the 100 €2 resistor.

Voltage and current are both defined in compatible directions, so none of the signs need to be changed
in the calculation. Because ohms are used in the calculation, the current flow through the circuit will be
expressed in units of amps. (Alternatively, the resistance could be converted to k{2 while leaving the current

in mA.)

12V
0.03 A

R; =400 Q — 100 ©

Ry +100 Q2 =

=300 Q

2.4.4 Ohm’s Law and the Power Equation

Together with the power equation, it is possible to know any two of four properties (current, voltage,
resistance, and power) and solve for the others. The equations that link Ohm’s law and the power equation

are shown in equations 2.22-2.24.

P=1V (2.22)

P=1I°R (2.23)
2

P= % (2.24)

Just as we were concerned with units while utilizing Ohm'’s law, we are similarly interested in paying close
attention to units when using the power equations. If ohms are used in equations 2.22-2.24, then voltage
must be expressed in volts, current must be expressed in amps, and the power units will be expressed in
watts. Alternatively, if kilohms are used for resistance, then voltage must be expressed in volts, current must

be expressed in milliamps, and power will be expressed in milliwatts.
Example: Power calculation

Calculate the power consumed by the resistor in the circuit. Then, calculate the value of the resistor.

25V

+ —
C U V10A
Use equation 2.22 to calculate the power consumed by the resistor.
P=(10 A)(25 V) =250 W
Use Ohm's law (equation 2.21) to calculate the value of the resistor. (Alternatively, equation 2.19 or 2.20
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could be used to solve for R.)

The 200 €2 resistor is consuming 500 mW of power. Calculate the value of the voltage source.

200 O
()

Calculate the current that flows through the circuit by solving equation 2.23 for |. The units will be

converted to V, A, Q, and W.
| P /0.5 W
I=4/—==4/—==005A
R 200 0.05

Use Ohm's law (equation 2.19) to calculate the value of the voltage source that is required to generate

this current flow.

Vs = (0.05 A)(200 Q + 400 Q) = 30 V

Example: Calculating minimum safe resistor value

What is the minimum resistor value that can be used in this circuit, if the resistor is rated for a maximum

power of 1/4 W?

10V

Use equation 2.24.

2.5 Voltage Divider

The voltage divider is a tool that uses Ohm’s law to calculate the voltage dropped over resistive elements

that are in series with each other without having to calculate current.
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Ry

+
© 3
Ry Vour

Figure 2.28: Schematic used to demonstrate the voltage divider tool.

Given a circuit with a voltage source and two resistors in series (shown in figure 2.28), Ohm’s law can be

used to calculate the overall voltage/current relationship of the circuit, and is shown in equation 2.25.

Vs

[=——"—
Ri+ Rs

(2.25)

Because the current flowing through the resistor of interest (Ry in this example) is equal to the current
flowing through the entire circuit, we can use Ohm’s law to calculate the voltage drop over the resistor
(Vour = IR3), and plug in the result of equation 2.25 to remove the current term from the equation. This

is shown in equation 2.26.

Vs Ry

Vi = —= -
ouT R+ R

(2.26)

In general, equation 2.27 can be used to find the voltage dropped over the k' resistor of n resistors in
series (where k < m), given a source voltage of Vs. As mentioned, there is no need to calculate current as

long as the voltage and resistor values are known.

Ry,
Vi = Vi 2.27
* S(R1+R2+R3+...+Rk+...+Rn) (2.27)

Example: Using the voltage divider

Calculate Voyr in the following circuit.

28 k)

AYAYAY

20 k2 32 kQ)

20.5 V C Vour
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Combine all resistors that are in series and re-draw the circuit.

28 kQ)

A

52 k2
< )

+

20.5 VC) 38 k2 57 kQ§ VouTt

The 28 k2 and 52 k2 resistors are in parallel with each other and have an equivalent resistance of
18.2 k2. The 38 k2 and 57 kS resistors are in parallel with each other and have an equivalent resistance of

22.8 kS2. The circuit can be re-drawn again.

18.2 k2

AYAYAY
+

Use the voltage divider rule to calculate the output voltage.

22.8 k2
22.8 k2 4 18.2 kQ

Vour =205V < ) =114V

2.5.1 Wheatstone Bridge

A Wheatstone bridge is a measuring tool that can be used to indirectly determine the resistance of an object
with otherwise unknown resistance. It is useful when measuring small resistances (or changes in resistance)
that may not be within the accuracy of an ohmmeter. As will be demonstrated, the unknown resistance
value is largely invariant to noise from the voltage source as its value is independent from the source. The
schematic of a Wheatstone bridge is shown in figure 2.29, with the unknown resistance labeled Rx.

The value of Rx can be determined if the bridge is balanced. This occurs when the value of the variable
resistor (Rg) is changed such that the voltmeter reads 0 V. When the bridge is balanced, V7 and V; are
equal. The voltage divider rule can be used to calculate Vi and V5. Then, set V3 and V5 equal to calculate

Rx. This is shown in equation 2.28 and derived below.

Ry Rs
Ry — 2.28
X="p (2.28)
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Figure 2.29: Circuit schematic of a Wheatstone bridge circuit. Ro is a variable resistor and Ry is unknown.

DERIVATION

Rs Rx
Vol =—— | =Vs | =————
S(R1+R2> S<R3+Rx>
Ry _ Rx
Ri+ Ry Rs;+ Rx

RQ(R:} + Rx) = Rx(Rl aF Rz)

RoR3 + RoRx = Rx Ry + RxRo

RoR3 = Rx Ry
Ry R3
Ry =
X 7

2.6 Current Divider

The current divider uses Ohm’s law to calculate the current flowing through resistive elements that are in

parallel with each other without having to calculate voltages.

Figure 2.30: Schematic used to demonstrate the current divider tool.

Given a circuit with a current source and two resistors in parallel (shown in figure 2.30), Ohm’s law can

be used to calculate the overall voltage/current relationship of this circuit, and is shown in equation 2.29.

1
V=Is|—-+ (2.29)
(z%lﬂ%)

Because the voltage dropped over both resistors is equal to V', Ohm’s law applied over each individual

resistor can now be used to determine the individual currents flowing through each resistor. Ohm’s law
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states that the current flowing through R; is equal to V/R;. Therefore, equation 2.29 can be divided by R

to calculate the current flowing through that resistor. This is shown in equation 2.30.

1
L =1s <1R11> (2.30)
R TR

Note the similarity with the voltage divider rule. Here we are using reciprocal resistances due to the

parallel configuration of the resistors. In general, equation 2.31 (derived below) can be used to find the

current flowing through the &*" resistor of n resistors in parallel (where k < n), given a source current of Ig.

As mentioned, there is no need to calculate the total voltage as long as the current and resistor values are
known.

I, = Is <}EQ> (2.31)

DERIVATION

The current through the load resistor must be 50 mA. Calculate the value of the load resistance that is

required to accomplish this.

300 mA CD 2 kQQ 3 kO RLOAD

ILoaD

Reduce the circuit by combining the 2 k{2 and 3 kf2 resistors in parallel.

300 mA CD 1.2 kQ) RLOAD

50 mA
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Use the current divider rule to calculate the load resistance.

F0 A — 300 A ((1.2 KQ)(Rroap)/(1.2 kQ + RLOAD)>

Rroap

50 mA _ 1.2 kQ
300 mA  \ 1.2 kQ+ Rroap

1.2kQ =0.167(1.2 kQ + Rroap)
72kQ =12k + Rroap

Rroap =6 kQ

2.7 Kirchhoff’s Laws

Kirchhoff’s laws, used together with Ohm’s law, form a powerful set of tools for analyzing the currents
through and voltages dropped over elements in even very complicated circuits. The two Kirchhoff’s laws are

Kirchhoff’s current law (KCL) and Kirchhoft’s voltage law (KVL).

2.7.1 Kirchhoff’s Current Law (KCL)

Kirchhoff’s current law (KCL) is a byproduct of the principle of conservation of charge. At any point in a
circuit, the charge flowing in to that point must be equal to the charge flowing out of that point. This relates
to current because current is equal to the change in charge over time. If net charge is conserved, then net

current must be as well. KCL can be stated in three slightly different, but identical, ways.
e The sum of all current entering a node is equal to zero.
e The sum of all current leaving a node is equal to zero.
e The sum of all current entering a node is equal to the sum of all current leaving a node.

An important consequence of KCL is that the current flowing through any branch of a circuit is the same
everywhere throughout that branch at any moment in time. The currents that are calculated using KCL are
called branch currents. (This may seem like the only type of current that can be measured, but we will learn
later in this chapter that mesh analysis is a tool that enables us to find mesh currents, which are different

from branch currents.)

Example: Kirchhoff's current law

Calculate the value of 5.
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o - 1
L N
50 mA l» -

KCL states that the sum of all currents entering the node connecting all three generic elements to the

high potential end of the current source must be zero. Use this and Ohm’s law to solve for I5.

10V

12250 mA

2.7.2 Kirchhoff’s Voltage Law (KVL)

Kirchhoff’s voltage law (KVL) is a byproduct of the principle of conservation of energy. Energy must be
conserved in each loop in a circuit. Energy is equal to charge times voltage, and as energy and charge are

both conserved, voltage must be as well. KVL can be stated in three slightly different, but identical, ways.
e The sum of all of the voltage drops in a loop is equal to zero.
e The sum of all of the voltage rises in a loop is equal to zero.
e The sum of all of the voltage drops in a loop is equal to the sum of all of the voltage rises in a loop.

An important consequence of KVL is that the voltage drops over parallel elements are identical.
Example: Kirchhoff's voltage law

Determine the value of the voltage drop over each circuit element and indicate the correct polarity.

element 3

1
L |

element 1 element 2

YoRRONO

KVL states that the sum of all voltage drops in a loop must be equal to zero. The lower left loop can
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be analyzed in a clockwise fashion to calculate the voltage drop over element 1.

0=-3V+V1 -2V

Vi=5V

The lower right loop can be analyzed in a clockwise fashion to calculate the voltage drop over element

2. The negative sign indicates that the right-hand side of the element is the high potential side.

0=2V+1+5V

Vo=-7V

The loop consisting of the 3 V source, element 3, and the 5 V source can be analyzed in a clockwise
fashion to calculate the voltage drop over element 3. The negative sign indicates that the right-hand side of

the element is the high potential side.

0=-3V+V3+5V

Vo=-2V

The circuit can now be re-drawn, indicating the voltage and polarity of each circuit element.

2V
— — +
L

element 3
5V 7V

element 2

O

element 1

3v<j> 2v

2.7.3 Finding Matrix Equations from KCL and KVL

Together, KCL and KVL can be used to solve for every branch current in a circuit. Those branch currents
can be multiplied by resistance to find voltage drops over each resistor in a circuit. By analyzing nodes and
loops in a circuit, a number of equations (using KCL, KVL, and Ohm’s law) can be found. If there are n
unknown currents in the circuit, n linearly independent equations will be needed. A matrix can then be used
to solve for the unknowns.

This book will not discuss matrix reduction techniques, which is better suited for a linear algebra text-

book. Gauss-Jordan elimination can be used to find the reduced row echelon form of a matrix. Alternatively,
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a graphing calculator can be used to solve the matrices. In short: this book is not about how to solve matrix
equations. This book is about how to set up those matrix equations by using KCL and KVL.
Consider the circuit in figure 2.31. There are four unknown currents so four linearly independent equations

will need to be used to solve for each current. The direction of each current has been arbitrarily chosen.

Ry
I
ae 12 R2 b R4 C
A
s meo (P
LYy

Figure 2.31: Circuit used to demonstrate using KCL and KVL to solve for unknown currents.

To find a sufficient number of linearly independent equations, analysis can occur at nodes (using KCL)
and around loops (using KVL). It is important to try to find nodes at which we know (or want to know) all
of the currents entering and exiting. In figure 2.31, there are four nodes, each labeled with a letter. This
means we could generate four KCL equations (one at each node). However, by closely analyzing nodes a and
d, we see that the current flowing through the voltage source is unknown. Therefore, it would not be ideal
to include nodes a or d in our set of equations. While not a standard term in electrical engineering, this
textbook will use the term perfect node to denote a node at which we know or care about all of the currents
entering or exiting that node.

The circuit in figure 2.31 therefore has two perfect nodes: node b and node c. These nodes will be used

solve KCL, giving us our first two linearly independent equations, shown in equations 2.32 and 2.33.

L—Ii—I,=0 (2.32)

L+1—Is=0 (2.33)

We turn to KVL to find the remaining two equations. Just as we searched for perfect nodes to find KCL
equations, we will look for perfect loops to find KVL equations. In a perfect loop, all of the voltages are
known or are known resistances multiplied by currents we hope to find. In figure 2.31, any loop that contains
the current source would not be a perfect loop; we do not know (or care to find) the voltage dropped over
the current source.

It is also of the utmost important to find linearly independent equations when using KVL. This means
that the loops that we choose must contain at least one unique circuit element from the others. For example

(which is not necessarily relevant to the solution of this particular circuit): the loop containing Vs, Rs, and
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R3 as well as the loop containing R3, R4, and Ig are linearly independent. Including a third loop of Vg,
Ry, Ry, and Is would not add anything new to the circuit. The equations derived from these three loops
would not lead to three linearly independent equations; they would only lead to two linearly independent
equations.

Turning back to the example at hand: we desire two linearly independent equations that come from
perfect loops. Two loops that satisfy those criteria are: the loop containing Vg, Ro, and R3 and the loop
containing Ry, Ry, and Ry. Apply KVL around each loop. Use the direction of the current to determine if
the voltage is a rise or a drop. Voltage rises will be negative, and voltage drops will be positive. The two

equations are given in equation 2.34 and 2.35.

—Vs + Rols + R3I3 =0 (234)

Ryly — Ryly — Ryl = 0 (2.35)

Now that four linearly independent equations have been found, they can be put into the form of al; +

B1s + I3 + 61, = c and placed into a matrix. Each of the equations, rewritten, are shown in equation 2.36.

I —1I3 -1, =
1 +I, =1
! Lo (2.36)
R2I2 +R3I3 - VS
RiIi —Rsl, —R4Iy, =0

The corresponding matrix is shown in equation 2.37. Now it can be solved to find each of the individual

currents.

(2.37)
0 R2 R3 0 VS

Ry —Ry 0 —-Ry O
One final note about matrix analysis of KCL and KVL. It is not always possible to find a sufficient
number of perfect loops and perfect nodes. If there are more unknowns than equations after exhausting all

of the perfect nodes and loops, then it is time to define a new unknown. Then another node or loop equation

will be available to use.

2.8 Mesh Analysis

Mesh analysis is another tool that uses KCL and KVL to solve for unknowns. In this case, mesh currents
(as opposed to branch currents, which the previous analysis tools calculated) will be derived. In this book,

mesh currents are defined in a clockwise direction.
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2.8.1 Branch vs. Mesh Currents

The circuit shown in figure 2.32 has two meshes (and therefore two mesh currents: I4 and Ig). In addition,

there are three branch currents defined as I, I, and I3.

Ry

I It

(D) 1) ﬂfé

I3

Figure 2.32: This circuit contains two meshes and three defined branches.

Each of the branch currents denote how much current actually flows through each circuit element. This
makes the concept of branch currents relatively easy to understand. Branch currents are something we could
measure with an ammeter. However, a mesh current is different from a branch current. It is more of an
abstraction than a physical parameter. It is possible to relate all of the branch and mesh currents. These
relationships are given in equations 2.38-2.40. Note that when a branch current is “shared” between two

meshes, then the branch current is equal to the sum of both currents (paying close attention to the direction).

L =14 (2.38)
L=1I4—1Ip (2.39)
Iy =1Ip (2.40)

2.8.2 The Mesh Analysis Method
The steps to performing mesh analysis are given below.
1. Identify each mesh and draw and label each mesh (use a clockwise direction).
2. Perform KVL around each mesh (using the mesh currents) and determine the corresponding equations.

3. If a current source is contained within a mesh, that mesh current will be equal to the value of the

current source.
4. If a current source is shared between two meshes:

(a) pretend that the current source does not exist (treat it as an open circuit) and find the KVL

equation for the loop connecting the two meshes (called a supermesh), then

(b) relate the two mesh currents in the supermesh to the current source (branch current) to obtain a

new equation.
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5. If there is a dependent source (or sources), additional equations relating the controlling values may be

required.

The circuit shown in figure 2.33 will be used to demonstrate the mesh analysis procedure. It has been
carefully chosen to contain both a dependent source and a supermesh. Each of the meshes have already been

identified and labeled.

Ry

Figure 2.33: Circuit schematic used to demonstrate the mesh analysis method.

There is only one regular mesh in this circuit: the one containing mesh current I3. The other two meshes
correspond to a supermesh due to the current source that exists at the intersection of the two meshes.
Therefore there is only one mesh equation to find, shown in equation 2.41. (Note that we are ignoring I, the

branch current used to define the current-controlled voltage source.) This concludes step two.

R1[3+R3(13—12)+R2(I3—11) =0 (241)

Step three does not apply to this circuit. There are no current sources that are unshared between meshes.
Step four introduces the supermesh. The supermesh consists of the two loops containing I; and I5. Because
of the existence of the supermesh, KCL will be applied at node a. The supermesh equation is given in

equation 2.42 and the KCL equation is shown in equation 2.43.

—TmI+R2(Il —I3)+R3(12 —13)+R4IQ+R511 =0 (242)

L+Is—T,=0 (2.43)

At this point, there are three equations. However, the presence of the controlling current (I) provides an
additional unknown. This means that one more equation is required. We can use the relationship between
branch currents and mesh currents to find an equation for the controlling current, shown in equation 2.44.

While this equation can be directly plugged in to the supermesh equation (equation 2.42), it is the opinion
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of the author that it eliminates error to include it as a separate equation to be used in the matrix.

I=I,—1Iy (2.44)

Now that there are four linearly independent equations (equations 2.41-2.44), they can be rewritten in
the form of aly + 815 + vI3 + 61 = ¢ and placed into a matrix. Each of the equations, rewritten, are shown

in equation 2.45.

~RuI, ~Ryly +(Ry+ Ry + Ra)ls =0

(Re + Rs)[; +(R3+ Ry)Is ~(Ba+ Ry)ls —rml =0 (2.45)
I —I =-Is
I Iy -1 =0

The corresponding matrix is shown in equation 2.46. It can be solved to find each of the mesh currents

(as well as the controlling current).

—Rs —R3 (R1 + Ry + Rg) 0 0

Ry+ R Rs;+ R —(Rs + R- —Tm 0
(R2 + R5) (Rs+ Ra) (R2 + R3) T (2.46)

1 1 0 0 —Ig

1 0 -1 -1 0
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Example Problems

Example Problems

Equivalent Resistance

1. Calculate the equivalent resistance of the resistors shown in figure 2.34.

Ry

Ry

— A

At my t

AN

Figure 2.34: Circuit diagram for equivalent resistance question 1.

2. Minimize the circuit diagram shown in figure 2.35 as much as possible.

1OQ§

24 Q) 47 Q)
NV AN
18 O
;33 Q
2V

130 mA

)
N

Figure 2.35: Circuit diagram for equivalent resistance question 2.

3. Use the circuit diagram shown in figure 2.36 to calculate the equivalent resistance between nodes a and

b. Each resistor has a value of 1 k2.

9]

b

Figure 2.36: Cir

> C

cuit diagram for equivalent resistance questions 3—4.

4. Use the circuit diagram shown in figure 2.36 to calculate the equivalent resistance between nodes b

and c. Eac

@O Alyssa

h resistor has a value of 1 k.
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5. Calculate the equivalent resistance of the resistors shown in figure 2.37.

10 kQ2 4.7 kQ

18 k2

6.8 k2

Figure 2.37: Circuit diagram for equivalent resistance question 5.

Ohm’s Law

6. If the voltage source can supply a maximum current of 2 A, what is the minimum value of Rx that

can be used in the circuit shown in figure 2.38.

AVAVAY,
0v(9) ng

Figure 2.38: Circuit diagram for Ohm's law question 6.

7. Calculate Iy in the circuit shown in figure 2.39.

20 k2

AN

Is Q) 8kQQ > 25V Vs C*)

Ixvy+

Figure 2.39: Circuit diagram for Ohm's law question 7.
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8. Calculate the amount of power consumed by the 20 €2 resistor in the circuit shown in figure 2.40.

8mA<T> 20 Q 50

Figure 2.40: Circuit diagram for Ohm's law question 8.

9. Calculate the amount of power supplied by the load in the circuit shown in figure 2.41.

50

5A<T> 10 Q 100 ©2

Figure 2.41: Circuit diagram for Ohm's law question 9.

10. Calculate the minimum value of R that can be used to keep the power consumed by either resistor to

less than or equal to 250 mW in the circuit shown in figure 2.42.

AVAVAY,
0v(®) R§

Figure 2.42: Circuit diagram for Ohm's law question 10.
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Voltage and Current Divider

11. Use the voltage divider rule to calculate Vx in the circuit shown in figure 2.43.

3 kQ2

12v(%) Q§ .

Figure 2.43: Circuit diagram for voltage and current divider question 11.

12. Use the current divider rule to calculate Ix in the circuit shown in figure 2.44.

500 mA CT) 42 Q) 12 0 24 Q

Ix

Figure 2.44: Circuit diagram for voltage and current divider question 12.

13. Use the voltage divider rule to calculate Vx in the circuit shown in figure 2.45.

220 Q 100 ©

_|_
) 330 Q 470 Q§ Vy

+

8v<_

Figure 2.45: Circuit diagram for voltage and current divider question 13.

14. Use the current divider rule to calculate Ix in the circuit shown in figure 2.46.

25 Q

AN
210 mA CT) 400 Q 200 Q 150 Q2

Ix

Figure 2.46: Circuit diagram for voltage and current divider question 14.
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15. Use the voltage divider rule to calculate Vx; and Vxs in the circuit shown in figure 2.47.

Ro Ry Ry Rg

Figure 2.47: Circuit diagram for voltage and current divider question 15.

Kirchhoff’s Laws

16. Calculate Vx in the circuit shown in figure 2.48.

2V

Figure 2.48: Circuit diagram for Kirchhoff's laws question 16.

17. Calculate Ix in the circuit shown in figure 2.49.

om(D

Figure 2.49: Circuit diagram for Kirchhoff's laws question 17.

-
| I

4 mA Ix

18. Calculate Ix in the circuit shown in figure 2.50.

1 k2 1 k2

_|_

YOI MG

Ix

Figure 2.50: Circuit diagram for Kirchhoff's laws question 18.
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19. Calculate Vx in the circuit shown in figure 2.51.

100 Q2 2V 200 Q

Figure 2.51: Circuit diagram for Kirchhoff's laws question 19.

20. Calculate Vx in the circuit shown in figure 2.52.

20 k2 100 k2

Figure 2.52: Circuit diagram for Kirchhoff's laws question 20.

Mesh Analysis

21. Calculate mesh currents I4 and Ip in the circuit shown in figure 2.53.

em® ) [] ) ]

2 mA

Figure 2.53: Circuit diagram for mesh analysis question 21.

22. A branch is shared by two clockwise meshes. The left mesh current is 3 A and the right mesh current

is =6 A. Calculate the branch current.
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23. Calculate mesh current Ix in the circuit shown in figure 2.54. Assume that each mesh contains at least

one linear circuit element.

)
D

Figure 2.54: Circuit diagram for mesh analysis question 23.

DIRIN D

24. Use mesh analysis to calculate Vy in the circuit shown in figure 2.51 (in the Kirchhoff’s laws section).

25. Use mesh analysis to calculate Vx in the circuit shown in figure 2.55.

10 Q 60

10 ©

Figure 2.55: Circuit diagram for mesh analysis question 25.
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3 Circuit Theorems

In this chapter, various theorems that can be used to analyze circuit properties will be explored. These
theorems are all handy tools that can be placed into our circuit analysis toolbox. Between this and the
previous chapter, all of the tools and skills required to solve all of the problems in this textbook have been
made available. The remaining chapters in this book will use these tools to analyze interesting and complex

circuits.

3.1 Superposition

Superposition applies to all linear circuits (which is the only kind of circuit explored in this textbook). If a
linear circuit has n independent sources, then n subcircuits can be created, each with one of the independent
sources activated and all others deactivated. Add the properties of each of the subcircuits together to find
the total value of the property. To deactivate a voltage source, replace the voltage source with a short circuit
(corresponding to 0 V). To deactivate a current source, replace the current source with an open circuit
(corresponding to 0 A). Any dependent sources that exist in the circuit cannot be eliminated and must be
present in all subcircuits.

It is not necessary to perform superposition to determine circuit properties. As discussed in the previous
chapter, KCL/KVL and mesh analysis are capable of solving for any unknown current or voltage in a circuit.
However, superposition may be simpler and more straightforward to solve, especially in cases with few
independent sources.

The circuit shown in figure 3.1 will be used to demonstrate the superposition theorem.

Ry Rs

O O

1

Figure 3.1: Circuit schematic used to demonstrate the superposition theorem.

As there are two independent sources, two subcircuits can be created. The first, shown in figure 3.2

contains the current source. The voltage source is deactivated (replaced with a short circuit).
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3 Circuit Theorems 3.1 Superposition

Ry Rs

oD

Figure 3.2: A subcircuit of figure 3.1 with the voltage source deactivated.

There are many tools that can be used to find 4, but the current divider will be used. The results are

shown in equation 3.1.

R3
Ip=1I¢g| ——— 3.1
A o (R2+R3> ( )

The second subcircuit, shown in figure 3.3, contains the voltage source. The current source has been

deactivated by replacing it with an open circuit.

Ry Rs

32 (O

Ip

Figure 3.3: A subcircuit of figure 3.1 with the current source deactivated.

Because R; is not connected in a complete path, it can be disregarded. Ohm’s law is sufficient to calculate

the current Iz, shown in equation 3.2.

—Vs

Ip= ————
B Ry + R3

(3.2)

The total current, I, through the original circuit shown in figure 3.1 is equal to the sum of both of the

subcircuit currents (I = I4 + Ig). This is shown in equation 3.3.

R Vs
I=1 — 3.3
S<R2+R3) Rs + Rs (3:3)

Example: Superposition

Use superposition to calculate Voyr.
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3 Circuit Theorems 3.1 Superposition

10 mA
@
2.4 kO 3.3 kQ
—"NV\WW—t—"\NVN—
5.1 kQ +
1.8 kQ§ 5.6 kQ§ Vour
5V B

Deactivate the current source (replace it with an open circuit) and calculate the contribution to Voyr

from the voltage source.

2.4 kQ 3.3 kQ
5.1 kQ +
1.8 kQ§ 5.6 kQ§ Vours
5V

Combine the 1.8 k2 and 2.4 k2 resistors in series.

3.3 kQ
5.1 kQ +
42 kQ§ 5.6 kQ§ Vours
5V

It is necessary to find the voltage drop over the 4.2 k{2 resistor so that a voltage divider can be used to
calculate VouyT,1. This voltage drop can be calculated by combining the 4.2 k€2 resistor in parallel with the

series combination of the 3.3 kQ2 and 5.6 k2 resistors and using a voltage divider.

B 4.2 k0Q//8.9 kQ
Vaok =5V (5.1 kQ + 4.2 kQ//8.9 kQ)

2.85 kQ
=5V (5.1 kQ + 2.85 kQ)

=179V
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3.1 Superposition

3.3 k2

+

1.79 V 5.6 kQ2

+

VouT,1

Use the voltage divider rule to calculate VouT 1.

V@mﬁszv(

2 ) -113V
33kQ+56kQ>

Deactivate the voltage source (replace with a short) to determine the contribution to the output voltage

due to the current source.

2.4 k2

1.8 kQ2

5.1 kQ2

The 1.8 k2 and 2.4 k{2 resistors are in series. That combination is in parallel with the 5.1 k{2 resistor.

—
>

Om

2.30 k2

-
N

3.3 k2

ID—/\/\/\I—QI

5.6 k2

+

Vout,2
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3 Circuit Theorems 3.2 Source Transformation

Use a current divider to determine the current flowing through the 5.6 k€2 resistor.

5.6 kQ + 2.30 k2

2.33 kQ
5.6 kQ + 2.30 k2

.6 kQ 4 2.30 k2 .3 kQ
I5.6k:10mA<(56 +2.30 kQ)//3.3 >

:10mA<

= 2.95 mA
Use Ohm's law to calculate VoyT 2.
Vour,2 = (2.95 mA)(5.6 kQ2) = 16.50 V
Add the two voltages together to calculate Voyr.

Vour =113 V+16.50 V=17.63 V

3.2 Source Transformation

Source transformation is a process where a current source can be transformed into a voltage source and
vice versa. The transformation process changes the source type and the resistor location, but results in an
equivalent circuit. The goal of source transformation is usually to reduce a circuit by changing the position
of the source and a resistor; this can lead to further reductions using series and parallel combinations of
resistors.

First, it is important to establish what is meant by equivalent circuits. Two equivalent circuits, as shown
in figure 3.4, will have identical voltage drops over the load (depicted as V') as well as identical currents

flowing into the load (depicted as I).

Rg

I
+
1% load

clrcuit

load

Vs N
circuit

Figure 3.4: Both of these circuits are equivalent as they have identical voltage drops over the load (V') and
current flow into the load (7).

A voltage source in series with a resistor can be transformed into an equivalent circuit with a current
source in parallel with a resistor. Ohm’s law is used to determine the value of the current source, which is

equal to Vg/Rg. This is depicted schematically in figure 3.5.
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Rg
a oa
: o
b ob

Figure 3.5: The transformation of a voltage source in series with a resistor (left) to a current source in parallel
with a resistor (right).

A current source in parallel with a resistor can be transformed into an equivalent circuit with a voltage
source in series with a resistor. The voltage source value will be equal to IsRgs (using Ohm’s law). This is

depicted schematically in figure 3.6.

Rs
oa a
) -
ob b

Figure 3.6: The transformation of a current source in parallel with a resistor (left) to a voltage source in series
with a resistor (right).

In either case (converting a voltage source to a series source, or vice versa), the position of the resistor
changes but the value of the resistor remains unchanged.

It is possible to conduct source transformation with any kind of power source used in a linear circuit.
That is: source transformation can be achieved with dependent sources or AC sources. This process is not

limited to independent or DC sources.

Example: Source transformation

3 mA Q) 2 k) Vx 0.005Vx 1 k2

It is not useful to transform the independent source because the voltage of interest is measured across

the 2 k{2 resistor. Instead, the dependent source can be transformed from a VCCS to a VCVS. The new
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proportionality constant is calculated below.

k= (0.005 A/V)(1000 Q) = 5

3 k2 1 k2

3 mA Q) 2 kQ > Vy 5V

The 3 k2 and 1 k2 resistors can be combined in series. Then, the VCVS can be source-transformed

back into a VCCS. The new proportionality constant is calculated below.

5
4000

Gm = 0.00125 A/V

3 mA Q) 2 kQ>> Vi 4 kO l 0.00125Vx

The two resistors can be combined in parallel. Because the two current sources are in parallel, they can

be combined (paying close attention to units).

(3 — 1.25 Vx) mA Q) 1.33 k2

Vx

\/\/\/\/-i-

Use Ohm'’s law to calculate Vx. Units have been removed from the calculations for clarity; all quantities

are measured in either mA, V, or kS).

Vx = (3—1.25Vx)(1.3)

=4—1.67Vyx
4
T 267

=15V
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3.3 Open-Circuit Voltages and Short-Circuit Currents

Before moving on to more circuit theorems, it is important to discuss the concept of open-circuit voltages
and short-circuit currents. These two measurement techniques will be used in abundance when discussing

both Thévenin’s and Norton’s theorems so it is important to have a solid understanding of them.

3.3.1 Open-Circuit Voltage

Open-circuit voltage (known as Vp¢) is the potential difference between two terminals when they are dis-
connected from any load circuit. This is shown for a generic circuit in figure 3.7, if the open-circuit voltage
is to be measured between the terminals at nodes a and b.

a

O a1 (

& O— &
b |

O

b

Figure 3.7: To calculate the open circuit voltage (Voc) of the circuit on the left, disconnect the two terminals
from the load, as shown on the right.

Once the circuit has been re-drawn to disconnect the load, use any circuit law or theorem (Ohm’s law,
voltage or current divider, mesh analysis, KCL/KVL, superposition, source transformation, etc.) to calculate

the open-circuit voltage.
Example: Calculating open-circuit voltage

Calculate Voc.

3 k2

Source transformation will be used to solve this circuit. (Note that KCL/KVL or mesh analysis could
also be used.) Both voltage sources will be transformed into current sources. The proportionality constant

of the VCCS below is in units of mA/V.
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3 Circuit Theorems 3.3 Open-Circuit Voltages and Short-Circuit Currents

5/3 mA CD 3 kQ 4KkQ > Vy  2kQ 0.4V Voc

L 2 L 2 O

All three resistors can be combined in parallel. Both of the current sources can be added together.

L 2 O

- +

(5/3—|—04 V)() mA CD 0.92 kQ2 Vx Voc

L 0

Ohm’s law can be used to calculate Voc, which is equal to Vx. All quantities are measured in units of

V, mA, or kQ.

Voc =Vx = (5/3 + 0.4VX)(0.92)

=1.534+0.37Vx

1.53
0.63

=244V

3.3.2 Short-Circuit Current

Short-circuit current (known as Ig¢) is the current between two terminals when they are shorted together.
This is shown for a generic circuit in figure 3.8, if the short-circuit current is to be measured between the

terminals at nodes a and b.

a a
O = O
circuit
@ O—— L 2
b ——7-— b

Figure 3.8: To calculate the short circuit current (Is¢) of the circuit on the left, short the two terminals to-
gether, as shown on the right.

Once the circuit has been re-drawn to short out the load, any circuit law or theorem can be used to
calculate the short-circuit current.

At this point, it is important to discuss what happens to shorted-out circuit elements, as this becomes a
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3 Circuit Theorems 3.3 Open-Circuit Voltages and Short-Circuit Currents

source of confusion for students.

If a passive circuit element such as a resistor, capacitor, or inductor is shorted out, the potential difference
over that circuit element becomes 0 V. Because the voltage drop is zero, Ohm’s law dictates that the current
will also be zero. If no current flows through a circuit element, and it contains no voltage drop, then that
element is essentially absent from the circuit. Therefore, a shorted passive element can be removed from a

circuit diagram for the sake of simplicity. This is depicted in figure 3.9.

Yisc . Yisc Yisc Isc

Figure 3.9: Each of these circuits is functionally equivalent.

If a current source is shorted out, the current source continues to contribute current to the circuit.
Figure 3.10 shows an example of a shorted current source. Kirchhoff’s current law states that the short-
circuit current is equal to the sum of the current coming from the current source added to the current
supplied by the branch to the left. The current source is providing a useful function and cannot be removed

from the circuit. This is true for all kinds of current sources: AC and DC, independent and dependent.

VISC

Figure 3.10: A shorted current source cannot be removed from a circuit.

If a voltage source is shorted out (depicted in figure 3.11), it is also not accurate to say that the voltage
source is not contributing anything to the circuit. A shorted voltage source will in fact have a very large
impact on a circuit. Any voltage source that is directly connected to a low- (or no-) resistance conductor
will generate massive (or approaching infinite) amounts of current. This would cause the conductor (and
possibly the source itself) to heat up, melt, or start on fire. While it is not a good idea to short a voltage

source, it is possible, and it would not be correct to say that the voltage source acts as if it no longer exists.

VISC

Figure 3.11: While this would be a very bad idea, the voltage source is still contributing much to the circuit,
and cannot be removed.
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3 Circuit Theorems 3.4 Thévenin’s Theorem

A voltage source in series with a resistor can be source transformed to a current source in parallel with a
resistor. Therefore, if a voltage source in series with a resistor is shorted to calculate a short-circuit current,
the source-transformed version is equivalent to a combination of passive element shorted out (the series
resistor becomes a parallel resistor, shorted to calculate Is¢) and a current source shorted out.

Example: Calculating short-circuit current

Calculate Isc.

5 k2
2 kQ
20 VG) Iscy
5V

Mesh analysis will be used to solve this circuit. (It is also possible to use source transformation or
KCL/KVL). The mesh on the left will contain clockwise mesh current l;. Units have been removed from the

calculations; all values are in mA, V, or k).

—20+5I1+2(1 —I;)+5=0

The mesh on the right will contain clockwise mesh current |, (which is equal to the short-circuit current).

542, — 1) =0

The matrix, in terms of l1, |, and the constant, is given.

7 =2 15
-2 2 5

The solution to this matrix gives Isc = I, = 6.5 mA.

3.4 Thévenin’s Theorem

Thévenin’s theorem provides a very useful way to simplify otherwise complicated circuits. It states that
any linear circuit (regardless of the complexity) can be represented by an equivalent circuit that contains a

voltage source in series with a resistor. This is depicted in figure 3.12.
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Rro

linear

L Vra
circuit

—o°b b

Figure 3.12: Thévenin's theorem states that these two circuits are equivalent, given the correct value of Vg
and Rry.

The technique to Thévenin’s theorem, then, is to calculate the correct values of the Thévenin equivalent
voltage (Vrp) and Thévenin equivalent resistance (Rrp). The Thévenin equivalent voltage is simply equal
to the open-circuit voltage between the output terminals (labeled a and b in figure 3.12). The procedure to

calculate the Thévenin equivalent resistance is given below.

e If there are no dependent sources in the circuit, then Rrpy is equal to the equivalent resistance seen

between the output terminals, with all of the independent sources deactivated.

e If there are dependent sources in the circuit, calculate the short-circuit current (Isc) between the

output terminals. The Thévenin equivalent resistance is equal to Vg /Isc.

Example: Thévenin equivalent circuit

Derive the Thévenin equivalent circuit between nodes a and b.

20 k2
21 kQ 8 kQ2
L »——O4a
12 VC) 28 k2 15 kQ2
* - ob

Perform a wye-delta transform.
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3 Circuit Theorems 3.4 Thévenin’s Theorem

20 k2

AW

35 k2
oa

1225 k2 46.67 kS2
12 V@) 15 kQ

- . ob

Because the 122.5 k2 resistor is in parallel with the voltage source, its contribution to the circuit can be
ignored. The 20 k2 and 35 k{2 resistors can be combined in parallel. The 46.67 k(2 and 15 k2 resistors can

also be combined in parallel. The circuit can be re-drawn.

12.73 k2

12 V@) 11.35 k2

* ob

Use a voltage divider to calculate the Thévenin equivalent voltage.

11.35 kO
=12
Vra v (12.73 kQ + 11.35 kQ

) =5.66 V

To calculate the Thévenin equivalent resistance, deactivate the voltage source and calculate the equivalent

resistance seen between terminals a and b. That will be equal to both resistors combined in parallel.

Ryp = 12.73 kQ//11.35 kQ = 6 kQ

6 kQ2

5.66 VC_

W
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3.5 Norton’s Theorem

Norton’s theorem states that any linear circuit, regardless of the level of complexity, can be represented by

an equivalent circuit that contains a current source in parallel with a resistor. This is depicted in figure 3.13.

—o0a oa

linear
L Iy
circuit

——ob °b

Figure 3.13: Norton's theorem states that these two circuits are equivalent, given the correct value of Iy and
Ry.

The technique to Norton’s theorem is in calculating the Norton equivalent current (Iy) and Norton
equivalent resistance (Ry). The Norton equivalent current is equal to the short-circuit current between the
output terminals (labeled a and b in figure 3.13. The procedure to calculate the Norton equivalent resistance

is given below.

e If there are no dependent sources in the circuit, then Ry is equal to the equivalent resistance seen

between the output terminals, with all of the independent sources deactivated.

e If there are dependent sources in the circuit, calculate the open-circuit voltage (Vo) between the

output terminals. The Norton equivalent resistance is equal to Voo /In.

It can be noted that Norton’s theorem and Thévenin’s theorem are identical to each other; one is simply
the source-transformed version of the other. It is therefore possible to find a Thévenin equivalent circuit and

do a source transformation to derive the Norton equivalent circuit.
Example: Norton equivalent circuit

Derive the Norton equivalent circuit between nodes a and b.

12 Q 20 4 Q

16v@> 4Q 2|x 40 40

Mesh analysis will be used to solve this circuit. Calculate the open-circuit voltage between nodes a and

b. This is equal to Va — Vb. A voltage divider can be used to solve for Va.

40
Va 6V<1QQ+4Q> v
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3 Circuit Theorems 3.5 Norton’s Theorem

The right-side of this circuit is independent from the left side. Therefore, the two meshes on the right can
be used to calculate Vb. |y is the mesh current defined clockwise through the CCVS and two 4 € resistors.
[, is the mesh current defined clockwise through two 4 () resistors and the 16 V source. The third equation
relates the controlling current to the two mesh currents. The matrix, given in form al; + Sl; + vlx = d is

shown.
8 —4 -2 0

—4 8 0 16 (3.5)

When solved, this matrix indicates that Ix = —1.6 A. Vb is 2lx = —3.2 V. Now V¢ can be calculated.

Voc=4V+32V=72V

Calculate the Norton equivalent current.

16V

12 Q 20 4Q

16V<i_

Mesh analysis will be used again. This time, all four meshes will be included in the analysis. The matrix,

given in form al; + Bla + vlz + dl3 + elx = ( is shown.

(16 —4 0 0 0 16

-4 6 0 0 2 0
0 0 8 —4 -2 0 (3.6)
0 0 -4 8 0 16
0 0 -1 1 1 0

The Norton equivalent current is equal to mesh current I,. It is therefore equal to 1.44 A. Finally, the

Norton equivalent resistance can be calculated.
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a
- A@
b

3.6 Maximum Power Transfer

The theorem of maximum power transfer states that the maximum amount of power will be delivered to the
load when the resistance of the load is equal to the Thévenin equivalent resistance of the circuit. The circuit

shown in figure 3.14 will be used to demonstrate this theorem.

Rry I

Vru Rroap

Figure 3.14: Circuit diagram used to demonstrate the theorem of maximum power transfer.

To determine the resistance of the load (Rpoap) that will lead to maximum power transfer, the power
consumed by the load can be calculated using the power equation P = I'V. This is shown in equation 3.7

and derived below.

RroapViy
Rry + Rroap)?

Proap = ( (3.7)

DERIVATION
Vra
o — = ——
Loap Rru + Rroap
Rroap
Vioap = Vo [ =——20A0
LOAD TH <RTH n RLOAD)

Proap = IroapVioap

RroapVig
(Rru + Rroap)?

The derivative of equation 3.7 can then be taken with respect to Rpoap. This equation can be set equal
to zero to find the maximum of the equation. (The full derivation will not be shown in this book.) The
maximum occurs when Rpoap is equal to Rry.

The maximum power that can be consumed by the load can then be calculated, shown in equation 3.8
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and derived below.

Pyax = R

DERIVATION

Prax = —RTHV:’%H
(Rra + Rru)?

_ RTHVTQ’H

~ (2Rrp)?

_ RTHngH

~ 4R%Z,

_ Vi

Because a Norton equivalent circuit and a Thévenin equivalent circuit are simply source-transformed
versions of each other, the maximum power transferred to the load in a Norton equivalent circuit would
occur when the load resistance is equal to the Norton resistance.

It is important to note that while the maximum amount of power is transferred when the load resistance
is equal to the Thévenin resistance, this does not equate to the maximum load power efficiency (ratio of
power delivered to the load to the total power). In the case of maximum power transfer, the power efficiency

is limited to 50%.
Example: Maximum power transfer

Calculate the value of the load resistor that is required for maximum power transfer. Then, calculate the

maximum power transferred to that load.

4 kQ 8 kQ2

24 VC) 2lx 2 k2 RLoap

Convert the circuit to a Thévenin equivalent circuit. Use source transformation on the 24 V source.
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8 k2

Use the current divider rule to calculate Ix. All units have been removed and are in terms of mA, V, and

ke

Ix = (6 + 2Ix) (4//10>

10

= (6 + 2Ix) (ﬁ)

=1.71+0.57Ix

1
©0.43

=4 mA
Use Ohm's law to calculate V4.

Calculate the short circuit current. Because the resistor with the controlling current is shorted, the
controlling current is 0 mA (no current will flow through the 2 kQ resistor when it can travel through a

zero-resistance short instead), and the dependent source is effectively deactivated.

8 k2

AN

6 mA CT) 4 kQ 0 ISC \

Use a current divider to calculate the short-circuit current.

- 8kQ//41LO\
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Use Ohm's law to calculate the Thévenin equivalent resistance.

8V
Rrg = —— =4kO
TH = 9" mA

Therefore, the resistor for maximum power transfer is 4 k2. Use equation 3.8 to calculate the maximum

power transferred to this load.

E@®SO Alyssa J. Pasquale, Ph.D. 91 Last updated: 2024/04/18



3 Circuit Theorems

Example Problems

Example Problems
Superposition
1. Use superposition to calculate Vx in the circuit shown in figure 3.15.

390 O
NNVN—

+

13 VCD 560 Q0 > Vy G) 22 mA

Figure 3.15: Circuit diagram for superposition question 1.

2. Use superposition to calculate Vx in the circuit shown in figure 3.16.

400 Q

A

24 mA

100 Q2 : 200 Q

20 V CD 600 Q§
700 ©
- AVAVAY.

Vx

Figure 3.16: Circuit diagram for superposition question 2.

3. Use superposition to calculate Ix in the circuit shown in figure 3.17.

5V
1 kS
A
. v |+

W, NV

12 kQ

6 mA G) 18 kQ2 10 kQ
24V

Figure 3.17: Circuit diagram for superposition question 3.
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4. Use superposition to calculate Vx in the circuit shown in figure 3.18.

10 10 ©

Figure 3.18: Circuit diagram for superposition question 4.

5. Use superposition to calculate Vx in the circuit shown in figure 3.19.

1 kQ 1 kQ
. . .,
1kQ Vx
12 mA CD 1 kQ 1 kQ 0.4y T
18 V
Ix

Figure 3.19: Circuit diagram for superposition question 5.

Source Transformation

6. Use source transformation to calculate Vx in the circuit shown in figure 3.15 (in the superposition

section).

7. Use source transformation to calculate Vx in the circuit shown in figure 3.16 (in the superposition

section).

8. Use source transformation to calculate Iy in the circuit shown in figure 3.17 (in the superposition

section).

9. Use source transformation to calculate Vx in the circuit shown in figure 3.18 (in the superposition

section).
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10. Use source transformation to calculate Vx and Vi in the circuit shown in figure 3.20.

3Vy
20 Q 40 Q

Figure 3.20: Circuit diagram for source transformation question 10.

Thévenin and Norton’s Theorems
11. Derive the Thévenin equivalent circuit between nodes a and b in the circuit shown in figure 3.21.

60 Q

Figure 3.21: Circuit diagram for Thévenin and Norton's theorems question 11.

12. Derive the Norton equivalent circuit between nodes a and b in the circuit shown in figure 3.22.

1.5 k2

3 VC_) 2.2 kQ 26 mA

. e——oh

Figure 3.22: Circuit diagram for Thévenin and Norton's theorems question 12.

E@®SO Alyssa J. Pasquale, Ph.D. 94 Last updated: 2024/04/18



3 Circuit Theorems Example Problems

13. Derive the Thévenin equivalent circuit between nodes a and b in the circuit shown in figure 3.23.

3 kQ2
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Figure 3.23: Circuit diagram for Thévenin and Norton's theorems question 13.

14. Derive the Thévenin equivalent circuit between nodes a and b in the circuit shown in figure 3.24.

200 © 400 Q

Figure 3.24: Circuit diagram for Thévenin and Norton's theorems question 14.

15. Derive the Norton equivalent circuit between nodes a and b in the circuit shown in figure 3.25.

50 200 Q
9—o0Qa
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Figure 3.25: Circuit diagram for Thévenin and Norton's theorems question 15.

Maximum Power Transfer

16. Calculate the resistance for maximum power transfer, and the maximum amount of power transferred
to the load under that condition, for the circuit shown in figure 3.21 (in the Thévenin and Norton’s

theorem section).

17. Calculate the resistance for maximum power transfer, and the maximum amount of power transferred
to the load under that condition, for the circuit shown in figure 3.22 (in the Thévenin and Norton’s

theorem section).
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18. Calculate the resistance for maximum power transfer, and the maximum amount of power transferred
to the load under that condition, for the circuit shown in figure 3.23 (in the Thévenin and Norton’s

theorem section).

19. Calculate the resistance for maximum power transfer, and the maximum amount of power transferred
to the load under that condition, for the circuit shown in figure 3.24 (in the Thévenin and Norton’s

theorem section).

20. Calculate the resistance for maximum power transfer, and the maximum amount of power transferred
to the load under that condition, for the circuit shown in figure 3.25 (in the Thévenin and Norton’s

theorem section).
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4 Operational Amplifiers (Op-Amps)

4 Operational Amplifiers (Op-Amps)

An operational amplifier (henceforth referred to as an op-amp) is a voltage amplifier that typically uses
divided negative feedback to generate a particular gain value. There are a lot of technical details to unpack
in that sentence, so this chapter will start with the premise that the reader has no knowledge of amplifiers
at all, and move slowly up from the concept of amplification to the functioning of op-amps. In addition,
op-amps are the first active circuit element to be discussed in this book. The implications of that quality
will be noted in this chapter.

Commercially available op-amps are integrated circuits that contain all of the transistors and resistive
components needed to create the device. Op-amps will be treated as a whole monolithic entity; as this
textbook does not explore non-linear elements such as transistors, the inner workings of op-amps will not be
discussed.

Note: in this chapter of the textbook, voltages will be noted at single nodes. However, voltage is always
relative. There is no such thing as a voltage at one point. When discussing voltage at a node in this chapter,
it is implied that that voltage is being measured with respect to ground. This will make the circuit diagrams

and discussions of voltage much simpler in this chapter.

4.1 Amplifiers

Amplifiers will be discussed in this section. More specifically, this section will discuss single-ended input
voltage amplifiers. That means that there is one input signal (and one output signal — all of the amplifiers
discussed in this chapter will be single-ended output), and the property of the circuit being amplified is
the voltage. The schematic for an amplifier is shown in figure 4.1. Note the presence of connections for a
supply voltage (both positive: VT, and negative: V™), a consequence of an amplifier being an active circuit

element.

V+
Vin Vour

V-

Figure 4.1: Circuit schematic for a single-ended input amplifier.

An amplifier takes an input voltage (V;y) and multiplies it by some value (called the gain) and passes
that voltage to the output (Voyr). The mathematical relationship between output and input, with gain

equal to A, is shown in equation 4.1.

VOUT = AV[N (4.1)
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4 Operational Amplifiers (Op-Amps) 4.2 Differential Amplifiers

This amplification cannot happen indefinitely; the output voltage cannot exceed the supply voltage (in
either the positive or negative direction). In other words: Voyr ¥ V' and Voyr ¢ V~. This is what is
meant by an active circuit element. The amplification does not come out of thin air, it comes from the
presence of a power supply connected to the supply terminals.

The input and output voltages are plotted for a single-ended input amplifier with a gain of A = 10 in
figure 4.2, given a supply voltage of £15 V. Note how the voltage output saturates at the values of the supply
voltage. The output cannot exceed the supply.

—~~ 1 |
S 5
=Y ]
~ N
—15 . ! !
-3 —1.5 0 1.5 3

Vin (V)

Figure 4.2: Input / output voltage characteristic of a single-ended input amplifier with gain (A) of 10 and sup-
ply voltage of £15 V.

There is some important terminology to understand that is used to explain the characteristics of an
amplifier based on the value of the gain. These characteristics are not limited to single-ended input amplifiers

but are relevant to all of the devices discussed in this chapter.

e An amplifier is non-inverting if the gain is positive (A > 0).

An amplifier is inverting if the gain is negative (4 < 0).

An amplifier is attenuating if the absolute value of the gain is less than one (|A| < 1).

An amplifier is amplifying (or non-attenuating) if the value of the gain is greater than or equal to

one (|A] > 1).

An amplifier is saturated when the output voltage is equal to the supply voltage (Voyr = VT or

VOUT = V_).

4.2 Differential Amplifiers

A differential amplifier has two inputs. The output is scaled to the difference of the two inputs (hence the
term differential), multiplied by the gain. This relationship is expressed in equation 4.2. Vi is the voltage

at the inverting input of the amplifier, and Vp is the voltage at the non-inverting input of the amplifier.

Vour = A(Vp — Vy) (4.2)

The schematic of a differential amplifier is shown in figure 4.3.
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\Van

Vour
Vp
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Figure 4.3: Circuit schematic for a differential amplifier.

As the inverting input increases, the output becomes more negative. As the non-inverting input increases,
the output becomes more positive. Regardless, the output voltage cannot exceed the supply in either
direction.

The circuit model for a differential amplifier, that uses only components that have already been discussed
in this book, is shown in figure 4.4. Rjy corresponds to the input resistance of the amplifier and Royr
corresponds to the output resistance of the amplifier. The gain of the circuit is depicted as A. The supply is
not shown. It should be emphasized that this circuit diagram corresponds to a model of how a differential
amplifier works, and does not contain the actual circuit elements (generally, transistors and resistors) that

are used to create one.

Rour

Vn

Rin _ A(Vp — VN)

Vpo——""—

Figure 4.4: Circuit model of a differential amplifier.

An operational amplifier (op-amp) is a differential amplifier with three key features: large
gain, large input resistance, and small output resistance. The large gain means that the differential
input is multiplied by a very large number before being passed to the output. This concept will be discussed
in section 4.3. A large input resistance implies that very little (ideally no) current flows in to either the
inverting or non-inverting inputs into the amplifier’s internal circuitry. A low output resistance implies that

the voltage drop over and current through any load circuit will be minimally affected by the op-amp itself.

4.3 Comparator Circuits

A comparator is an op-amp that is built to exploit the high gain and subsequent quick saturation of output

voltage upon any difference between the inverting and non-inverting inputs. To demonstrate this quality,
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4 Operational Amplifiers (Op-Amps) 4.3 Comparator Circuits

consider a differential amplifier (shown in figure 4.5) with a gain of 200,000. (This gain is typical for
commercial comparators such as the LM339.) The supply voltage is limited to £15 V.

15V

Vour

Vi -15V

—

Figure 4.5: Circuit schematic for a comparator.

With a gain of 200,000, the output voltage will saturate very quickly upon application of an input voltage.
In fact, the input voltage Vi that will cause a saturated output will be 15 V /20000 = 75 x 1076 V. If a
negative input voltage is applied, saturation will be achieved on the output if a voltage with an amplitude
larger than 75 x 1076 V is applied to the input. A graph of the input and output voltage characteristics is

shown in figure 4.6.

—~~ 1 |
S 5
=Y |
o~ N
—15 . . !
-3 —1.5 0 1.5 3

Vin (V)

Figure 4.6: Input / output voltage characteristic of a comparator with gain of 200,000 and supply voltage of
+15 V.

This device saturates any time the voltage drop with respect to ground on the inverting input is greater
than the voltage drop with respect to ground on the non-inverting input. What practical application does a
comparator have? As the name implies, a comparator is used to determine if the voltage on the non-inverting
input is greater than the voltage on the inverting input. By itself, this is a useful circuit element that can
be used to judge the magnitude of two electrical signals. Two other important applications are explained in
the next two subsections of this book.

Before discussing comparator applications, it is important to note what happens to the functioning of a
comparator if all three characteristics of an op-amp are not met. These three characteristics are discussed
in the context of a positive saturation value (i.e. Voyr = V1), but the principles still apply for negative
saturation (Voyr =V 7).

First: a comparator with a small gain will create a non-trivial threshold voltage that must be achieved on

the non-inverting input before the output saturates. With a gain of 200,000 (as we assumed in our example
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4 Operational Amplifiers (Op-Amps) 4.3 Comparator Circuits

comparator above) the threshold voltage is 75 pV (assuming a supply of 15 V), which is, from a practical
standpoint, within a rounding error of zero. The relationship between threshold voltage (Vrpg), positive
supply voltage (V1) and gain (A) is given in equation 4.3. It is clear to see that as the gain decreases, the
threshold voltage increases. The larger the threshold voltage, the less the comparator is able to compare the
two input voltage magnitudes, especially when the magnitude difference is small.

vVt

Second: a comparator with a large output resistance will limit the current that flows through the output,
and therefore will reduce the maximum voltage drop of the output to less than the value of the positive supply
voltage. The maximum output voltage (Vourmax) that can be achieved over a load resistor (Rroap)
given a non-zero output resistance (Royr) is shown in equation 4.4. As the output resistance increases, the
maximum output voltage decreases. This equation makes the assumption that there is no current leakage

from other parts of the comparator (such as from the input terminals), which would complicate matters.

(4.4)

R
Vourmax = V7T ( LoAD >

Rour + Rroap

Third: a comparator with a small input resistance will lead to a small amount of current entering into the
amplifier internals through the non-inverting and inverting inputs. This current will lead to an error voltage
between the two input voltages Vp and V. This is not a huge issue for comparators, but will become an

important factor in divided feedback op-amp circuits.

s ~

Comparators vs. “Op-Amps”

While a comparator is an operational amplifier, they are generally used in circuits that require
specific design parameters that are not adequately addressed by using a generic “op-amp” chip.
When purchasing an integrated circuit (IC) to use in a design, it is important to purchase the correct
chip that is capable of carrying out the required functions. When building a circuit that requires a
comparator, it can be advantageous to seek out a specific IC known as a “comparator” rather than
just purchasing a generic IC known as an “op-amp,” even though, as discussed, comparators are
technically a subset of the op-amp category.

First, comparators are meant to be operated in the saturation region, whereas op-amps are meant
to be operated in the linear region between V'~ and V+. Therefore, it is important for comparators
to have a quick saturation response. Comparator chips are generally designed to have much faster
switching characteristics than generic op-amps.

Second, noise can become a problem in comparator circuits. If a small amount of noise is present
on the input, it can cause the output to swing between both saturation modes. In order to prevent

that, many comparator chips are designed to incorporate hysteresis on the input signal, which requires
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l a threshold of change to be met on the input before the output will swing between voltages. J

4.3.1 Analog to Digital Conversion (ADC)

An analog to digital converter (ADC) takes an analog voltage and turns it into a signal suitable for use
in digital electronics. Generally, digital electronics use a constant voltage of 5 V (sometimes 3.3 V) to
represent a logical HIGH signal, and 0 V to represent a logical LOW signal. The binary number system
and Boolean algebra dictate the functioning of digital systems. (For more information, refer to my Digital
Systems textbook.)

Without getting into the proverbial weeds, it is sufficient to note that an ADC will translate an analog
voltage (capable of representing any value between 0 V and 5 V) into a digital signal (one or more values
that are either HIGH or LOW). There are many types of ADCs that can be designed, most of which contain
one or more comparators. For simplicities sake, only the flash-type ADC will be explored in this textbook.

A flash-type ADC is capable of directly converting an analog voltage into a digital signal (other types of
ADCs may require a finite sampling time followed by some time period to complete the conversion before
the next sample can be taken). It also uses a relatively simple to understand architecture. Of course, these
benefits must indicate a major drawback. Indeed, a flash-type ADC requires 2 — 1 comparators to create
an n-bit ADC (which is capable of generating binary numbers between 0 and 2™ — 1).

The schematic of a 3-bit flash-type ADC is given in figure 4.7. Note that the individual supply connections
are not shown for any of the comparators. The positive supplies are connected to VT while the negative

supplies are connected to ground.

Vin

R R R R R R R R
VT VWV A% A% NV %% A% A% ’\/\/\/1

V7 Ve Vs Vi Vs Vs Vi

Figure 4.7: A 3-bit flash-type analog to digital converter (ADC).

The input voltage (V7y) can be any analog voltage between 0 V and V. The source voltage (V) will
typically be 5 V and is connected to one end of a large resistor ladder. The resistor ladder divides the source
voltage into 2™ (in this example, eight) steps. (Therefore, each of the resistors needs to have an identical
value, denoted on the circuit diagram as R.) As the input voltage exceeds each one of these voltage steps, the
corresponding comparator output will saturate at V' (logic HIGH). While the output does not correspond

to a binary number (which would require a digital logic device called an encoder), it does result in a digital
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number (values that only use logic LOW and logic HIGH voltage levels).

Simulation: 3-bit flash-type ADC

Play around with a simulation of a 3-bit flash-type ADC on TinkerCAD. (This requires an account, but it
is free to sign up.) https://www.tinkercad.com/things/76pYQH51gQu
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4.3.2 Pulse-Width Modulation (PWM)

Pulse-width modulation (PWM) is a means of changing the average voltage of a signal without changing
the minimum or maximum voltage levels that are used. In this manner, a digital electronic system (which,
as mentioned, only uses 0 V and 5 V signals) can vary the amount of time the signal is HIGH with respect
to the amount of time the signal is LOW to modify the average voltage of the signal. PWM isn’t just used
in digital electronics. It is also an effective way of decreasing the average power supplied to a load while
delivering a large maximum power by sending short pulses instead of a continuous signal. (This method is
used in laser optics when a continuous laser beam would burn a hole in a sample, but repeated short pulses
will not.) In addition, there are devices that specifically require a PWM signal to function properly (such
as some servomotors).

PWM signals have multiple properties. First is the frequency of the pulses, which corresponds to the
number of pulses sent per unit of time. Second is the duty cycle, which corresponds to the fraction of time
the signal is HIGH compared to the period of the waveform. The equation for duty cycle (D) is shown in
equation 4.5. Tgray is the amount of time the waveform is held HIGH every cycle, and Trow is the amount
of time the waveform is held LOW every cycle. (The period of the wave is equal to Tnrgy + TrLow and is

equal to the inverse of the frequency.)

TuicH

D (4.5)

- Turcu + Trow

The average voltage V' of a PWM signal is given in equation 4.6, where D is the duty cycle, Vasax is the
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maximum value of the modulated signal, and Vj;;n is the minimum value of the modulated signal.
VZDVMAx-‘v-(l — D)Vyin (4.6)

While PWM is accomplished using a completely different mechanism in digital electronics such as mi-
crocontrollers, it is possible to create a PWM circuit using a comparator, as shown in figure 4.8. The input
voltage (Vi) can be a sinusoid or triangle wave. The reference voltage (Vrgr) can be tuned to change the

duty-cycle of the output voltage (Vouyr). The output will saturate between V=~ and V.
v+

Vin — —
Vour

VrREF +

V-

Figure 4.8: Circuit schematic of a comparator used to generate a PWM signal.

Example PWM waveforms given three different reference voltages with the same sinusoidal input signal

are shown in figure 4.9. As the reference voltage is increased, the duty cycle of the PWM waveform increases.

—Vin —Verer — Vour

D ~ 20%

~

D =~ 50%

D ~ 80%

t (arbitrary)

Figure 4.9: Three PWM signals (black waveform) with varying duty cycles. The input wave V;y is represented
by a red curve and the reference voltage Vi g is represented by a blue line.

In this example, the frequency of the PWM waveform is set by the frequency of V; . This makes a flexible
PWM circuit where the minimum and maximum voltage values of the output are set by the comparator
supply pins (V* and V7), the frequency is set by the input waveform, and the duty cycle is set by the

reference voltage.
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Simulation: Pulse-width modulation

Play around with a simulation of a pulse-width modulation circuit on TinkerCAD. (This requires an

account, but it is free to sign up.) https://www.tinkercad.com/things/0G4jvHX5]7g
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4.4 Feedback Circuits

Feedback is a mechanism used to regulate, or control, the output of an electronic device. There are two
types of feedback: positive and negative.

Positive feedback is what happens when a speaker and microphone come in close proximity to each other.
As sound goes into the microphone, it emits from the speaker. When the speaker is close to the microphone,
the microphone will take that sound emission from the speaker and amplify it, which gets picked up by the
microphone, and so on, until a loud squeal is emitted when the maximum amplification setting (saturation)
is reached. Without the physical limitations to this process, energy could theoretically be amplified infinitely.
This is undesirable.

Negative feedback is a process that regulates itself. The difference between a setpoint and a measured
value is used to change the output value. For example, if a car’s cruise control is set at 50 MPH, and the
car is only traveling at 30 MPH, there is a difference of 20 MPH. This difference then controls how much to
engage the throttle. As the car’s speed increases, the difference between the measured speed and setpoint
decreases, causing the throttle to engage proportionally less. At some point, the setpoint will be achieved, the
difference will be 0 MPH, and no more throttle adjustments need to be made. Because it is self-regulating,
negative feedback forms the basis for modern control systems.

Negative feedback is also used in op-amp circuits. Because the gain of an op-amp is so high, it is
impractical on its own as an amplifier, due to the fact that it saturates so rapidly (which was a feature in
comparator circuits, but a drawback otherwise). However, feedback from the output to the inverting input

can be used to tame the gain to a value that has practical uses.
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Note that the remaining circuit diagrams in this chapter will not necessarily explicitly show the voltage
supply connections. In a real circuit, supply connections must exist to power the op-amps. They are merely

hidden in these diagrams to make them easier to read.

4.4.1 Voltage Follower

A voltage follower circuit is the simplest type of negative feedback op-amp circuit. The output is fed into

the inverting input, creating the relationship given in equation 4.7.

Vour = A(VP — VOUT) (4.7)

The schematic of a voltage follower is shown in figure 4.10.

—— Vour
Vin

Figure 4.10: Schematic of a voltage follower circuit.

Assume that an input of 5 V is applied to Vyn while Voyr is initially 0 V. The op-amp has a gain of
200,000. Plugging this information into equation 4.7, the voltage difference of 5 V multiplied by 200,000
means that the output will attempt to increase dramatically. Before the output can reach a value of one
million, or even the positive supply voltage, however, it will increase slightly. (The rate at which the voltage
levels increases is known as the slew rate.) Let’s say the output increases to 1 V. Now the voltage difference
is only 4 V, and the output will try to drive to 4 V x 200, 000. Before that happens, the voltage will increase
a bit more, say, to 2 V. The voltage change now is only 3 V, so the output will not drive as high. At a
certain point, the output will reach a stable level as close as possible to the input voltage of 5 V.

This circuit is called a voltage follower because the stability of the negative feedback system causes the
output voltage to follow the input voltage. The effective gain of this circuit is one; the output equals the
input without any multiplicative factor. What is the purpose of a circuit that does not change the value of
the input voltage before passing it to the output? The purpose of a voltage follower is that the output follows
the input while being effectively isolated from it. To understand what this means, consider the following
example.

Let’s say that a 9 V battery needs to be used to create a stable output voltage of 5 V, over which a
resistive load will be placed (but the exact resistance of the load is unknown and might be variable). One
way that a circuit designer could reduce a 9 V source to 5 V would be to create a voltage divider. This

voltage divider is shown in figure 4.11.
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4 kQ

A

OV —— 5 k2 Vour

Figure 4.11: Voltage divider to convert a 9 V input into a 5 V output.

Once a load is connected to the output of the voltage divider, however, the equivalent resistance of the
voltage divider circuit changes. The output voltage will never be equal to the desired 5 V value, unless
the resistance of the load is infinite! The output voltage relationship, for this specific circuit, is given in
equation 4.8. Because the load resistance can be variable, it is not possible to engineer the voltage divider

to account for the load resistance.

(4.8)

Vour =9V < SRroap )

9Rroap + 20

There needs to be another way to solve this problem. Fortunately, the voltage follower is the solution.
Because of the negative feedback driving the output to be equal to the input, a load resistor will not affect

the output voltage in any way. The circuit diagram for this solution is shown in figure 4.12.

9V — 5V

Figure 4.12: A voltage divider followed by a voltage follower will convert a 9 V input into a 5 V output regard-
less of the load resistance.

When connected as shown in figure 4.12; there will be a 5 V drop over the load resistor. Ohm’s law
states that current will flow through the resistor. That current does not come from the battery, as the input
resistance of an op-amp is very high (ideally infinite). Where does the current come from? It comes from the
internal circuitry of the op-amp, which draws from the supply voltage. Remember: the op-amp is an active
circuit element. (Refer to section 4.6 for more information on op-amp output current. The load resistor will

be ultimately limited by the amount of current the op-amp can source.)
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4.5 Divided Feedback Op-Amp Circuits

The voltage follower has a gain of one. An op-amp without negative feedback has an extremely large gain.
To exploit the shades of gray in between one and infinity, divided feedback can be used. A schematic of a

generic divided feedback circuit is shown in figure 4.13.

Ry
Ry
Vi —\/\/\,—¢
VN — Vour
Vp

Figure 4.13: A divided feedback circuit.

Although the negative feedback path includes a resistor now (denoted as Rs in figure 4.13), the same
property that forced the output voltage to be equal to the input voltage forces the voltage difference between
the inverting and non-inverting inputs to be as close to zero as possible. The voltage at Viy will therefore
be driven to be (ideally) exactly equal to Vp. This is called a virtual node; the two voltages are identical
without being physically connected.

There are two very important properties of divided feedback op-amp circuits that come from the ideal
op-amp characteristics (infinite gain, infinite input resistance, zero output resistance): the voltage at both
the inverting and non-inverting nodes is equal; and no current enters into either the inverting
or non-inverting inputs of the op-amp. These two properties will enable us to analyze all of the

following op-amp circuits in this textbook.

4.5.1 Inverting Op-Amp

An inverting op-amp modifies the input voltage with the equation Voyr = AVin, where the gain A is a

negative number. A schematic of an inverting op-amp is shown in figure 4.14.

Ry

NV

R’

— Vour
Vin

Figure 4.14: Circuit diagram of an inverting op-amp.

The basic design of an inverting op-amp requires two resistors to create divided feedback. The non-
inverting input is connected to ground. Using the two properties of an ideal op-amp, the gain (A) of this

op-amp can be calculated.

E@®SO Alyssa J. Pasquale, Ph.D. 108 Last updated: 2024/04/18



4 Operational Amplifiers (Op-Amps) 4.5 Divided Feedback Op-Amp Circuits

First, KCL at node A (depicted on the circuit diagram: node A is the point at which both resistors
connect to the inverting input of the op-amp) tells us that the current flowing through resistor Ry must be
equal to the current flowing through resistor R,. This is true because no current enters into the op-amp.
Second, the voltages at each node in the circuit can be determined. At node A, the voltage is 0 V (because
of the virtual node of the circuit; another of the ideal op-amp properties). We can now use Ohm’s law to

determine the relationship between Voyr and Vi, shown in equation 4.9 and derived below.

Ry
A=-———= 4.9
o (@9)
DERIVATION
Ip, = Ip,
Vin =0 _ 0—Vour
R Ry
Ry
Vour = — -2V,
ouT R, VN
Ry
A=_12
Ry

The gain of an inverting op-amp is therefore equal to —Rs/R;. Note that it is possible for an inverting

op-amp to attenuate or amplify a signal. However, the output signal will always be inverted.
Example: Inverting op-amp

Calculate the gain and output voltage of the op-amp circuit. Assume that the supply pins are connected to

a sufficiently high voltage not to saturate the output.

2 kO

AVAAY

500 ©

V
05V — VouTt

This circuit is an inverting amplifier. The gain is calculated below.

20000
T5009Q

Multiply the input voltage by the gain to determine the output voltage.

Vour = (—4)(05V)=-2V
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4.5.2 Non-Inverting Op-Amp

A non-inverting op-amp also modifies the input voltage with the equation Voyr = AViy, except this time
we will expect the value of A to be a positive value. The schematic for a non-inverting op-amp circuit is

shown in figure 4.15.

Ry

NV

= — Vour

Figure 4.15: Circuit diagram of a non-inverting op-amp.

The same two ideal op-amp properties will be used to determine the gain of this circuit. KCL at node A
indicates that the current through resistor R; is equal to the current through resistor Rs, because no current
enters into the inverting input into the op-amp itself. The voltage at node A is equal to Viy due to the
virtual node between inverting and non-inverting inputs. Ohm’s law can be used to determine the circuit

properties, shown in equation 4.10 and derived below.

Ry
A=1+ =2 4.10
+ (1.10)
DERIVATION
Ip, = Ig,
0—-Vin _ Vin —Vour
R, Rs
Ry
Ve =1+ —= |V
ouT < + R1> IN
Ry
A=1+ —F
== i

The gain of a non-inverting op-amp is therefore equal to 1 + Ro/R;. Note that it is not possible for an

inverting op-amp to attenuate a signal, only amplify it.

4.5.3 Cascaded Op-Amps

It is possible to cascade op-amps; the output of one op-amp is fed into the input of a second op-amp. Each

op-amp is called a stage. The op-amps can be analyzed independently and multiplied to determine the
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overall circuit gain, or the entire circuit can be analyzed. Consider two cascaded inverting op-amps, shown

in figure 4.16.

Ry
L AW R
1 AV

Vin =NV

— Vour

Figure 4.16: Two cascaded inverting op-amps.

It is possible to analyze this circuit by using the ideal op-amp properties. The current through R; is
equal to the current through Ry. The current through Rj3 is equal to the current through R4. (The current
through Rs is not necessarily equal to the current through Rs, however!) Additionally, the voltage at nodes
A and C are equal to 0 V due to the virtual nodes with the non-inverting inputs. The circuit output voltage

is shown in equation 4.11 and derived below.

Ry Rs
Vi =(—-—— —— |V 4.11
ovr = (5 ) (=3 ) viw (1.11)
DERIVATION
Ir, = IR,
Vin—0 0—Vs
Ry Ry
Ry
Vg = — 2V,
B R, VN
Ir, = IR,
V-0 0-Vour
R3 a Ry

R\ [ R
Vour = ( R3> ( R1> Vin

This confirms that the gain of the cascaded circuit is equal to the product of the gains of the individual

stages.

Vin I Ay I Ay I As Ap — Vour

Figure 4.17: Block diagram of n cascaded op-amp circuits.
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In general, and assuming that saturation does not occur at any stage, n op-amps cascaded as shown in
the block digram in figure 4.17, with individual gains of A; through A,, will have a gain equal to the product

of all of the individual gains, as expressed in equation 4.12.
Arorar = H A (4.12)
i=1

Cascading op-amps can be beneficial to increase overall circuit gain. Multiple stages can also be useful
in active filter circuits (which will be discussed in section 9.3 in this book). Realistically, non-idealities in
op-amps may cause compounding issues when op-amps are cascaded together, as non-idealities in the early

stages will be amplified by subsequent stages.

4.5.4 Summing and Difference Amplifiers

A summing amplifier has an output proportional to the sum of multiple input circuits. A schematic of a

summing op-amp circuit is shown in figure 4.18.

R

Vi AVAVAY

Figure 4.18: Circuit diagram of a summing amplifier.

Using KCL at node A and Ohm’s law, it is possible to find the output equation of the op-amp circuit,

given in equation 4.13.
Rp
Vour = —f(Vl + Vo +V3) (4.13)

Note that the inverting configuration of this op-amp circuit means that the output is proportional to
the negative sum of the input voltages. If it’s necessary to have a non-inverting configuration, either a non-
inverting op-amp circuit can be used, or the inverting summing amplifier can be cascaded into an inverting
amplifier, creating a two-stage circuit.

The schematic for a difference amplifier is shown in figure 4.19.
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R
R
AVAVAY, .
R B — Vour
Wi +
Ve R

Figure 4.19: Circuit diagram of a difference amplifier.

It is again possible to use KCL and Ohm’s law to find the output equation of the circuit. The voltage
at node A (V4 in equation 4.14) is equal to the voltage at node B due to the virtual node. The solution is

given in equation 4.14 and derived below.

Vour = —(Vi — Va) (4.14)

DERIVATION

Vi—Va  Va—Vour

R R
Vo—=Va _Va

R " R

Vour = —(Vi — V2)

This is an inverting unity gain difference amplifier. To achieve a different gain value, it is possible to
use different resistor values, but the circuit would need to be re-analyzed. It is also possible to cascade an

inverting unity gain difference amplifier with a second stage to achieve a different gain value.

4.5.5 General Op-Amp Circuits

Not all op-amp circuits fall into the categories discussed above (inverting, non-inverting, summing, etc.).
In those cases, careful analysis can lead to a mathematical understanding of the circuit properties. First:
it must be emphasized that the op-amp properties (virtual node, no current entering the inputs) are only
valid if there is negative feedback present in the circuit. In the absence of negative feedback, then those two
assumptions cannot be used to solve for the circuit properties. However, if the presence of negative feedback
is established, then circuit analysis tools can be used with the virtual node and zero-current input properties

to solve for the circuit characteristics.
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Example: Current-sensing circuit

A photodiode is a circuit device that converts light to electric current. It is used as the input to an op-
amp circuit, as shown. Calculate the output voltage and its relationship to I, the current generated by the

photodiode.

R

—AAM—

— Vour

4

First, it must be established that there is negative feedback included in this circuit. The presence of the
resistor between the output voltage and the inverting input means that we can use the assumptions of an
op-amp circuit to solve this.

The voltage at the inverting input must be equal to 0 V, as the non-inverting input is connected to ground.
As no current can enter into the inverting input of the op-amp, the amount of current flowing through the
resistor must be equal to I. Therefore a relationship between the output voltage and photodiode current

can be derived.

In order to generate a large value of circuit gain in an inverting amplifier, either the feedback resistor must
be very large, the input resistor must be very small, or both. A T-network is used to generate a large circuit

gain without this constraint on resistor values.

5 k2 3 k2

1 k2

0.1V Vour

Because there is feedback between the output of the circuit and the inverting input, op-amp assumptions
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can be used to solve this circuit.
The voltage at the inverting input must be equal to 0 V. The current through the 1 k{2 input resistor

can therefore be calculated.

0.1V

All of this current must run through the 5 k{2 resistor (as no current can enter through the inverting

input on the op-amp). The voltage at the T junction can be calculated using Ohm'’s law.

Ve = —(0.1 mA)(5 kQ) = —05V

The current flow through the 1 k2 resistor in the feedback network can now be calculated. Because the
voltage at Vr is negative, we know that current must flow “upward” through the resistor, and we will treat

that as the positive direction.

0.5V
Ly =———=0.5mA
1k 1kQ 0.5 m

Using KCL at the T junction, we can calculate that the current flowing through the 3 k(2 resistor must

be the sum of the two currents.

I3 = 0.5 mA + 0.1 mA =0.6 mA

Now Ohm'’s law can be used to calculate the output voltage.

_ Ve —Vour _ 0.5V —Vour
R 3 kQ
Vour = —[(0.6 mA)(3 kQ) +0.5 V] = —2.3 V

I = 0.6 mA

The gain of this circuit is -23.

4.5.6 Implementing Mathematical Functions with Op-Amps

Op-amps can be used to implement many different mathematical functions. Addition and subtraction can

be accomplished using summing and difference amplifiers, as discussed in section 4.5.4. Simultaneous sets

of addition and subtraction can be solved by using more than one op-amp, as discussed in section 4.5.7.

Multiplication by a constant is accomplished by configuring an inverting (or non-inverting) amplifier

circuit to have an amplifying gain. Division by a constant is accomplished by configuring an amplifier circuit

to have an attenuating gain. (Note: it is very difficult computationally to multiply two variable values

together. This is a constraint not limited to analog computation; it is also difficult in digital computers.)
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Differentiation and integration can be implemented by using capacitors in the amplifier circuit, either in
the feedback or input path. These two circuits will be discussed in section 5.5.

While non-linear functions are outside the scope of this class, a diode has a natural logarithm response
between voltage and current. Therefore a diode in an amplifier circuit can be used to implement either a

In(z) or e® response.

4.5.7 Solving Linear Equations

It is possible to use op-amps to solve equations. In fact, op-amps were used in analog computers to perform
calculations on many diverse physical quantities including ballistic projectile trajectory, aircraft stability
and control, and even economic models (MONTAC computer). While a detailed history and explanation of
analog computation is outside of the scope of this textbook, it makes for fascinating reading.

This book will consider two scenarios of equation-solving. First, consider a single linear equation, shown

in equation 4.15.

ar+b=0 (4.15)

An op-amp circuit can be used to solve this equation for z. Consider the inverting op-amp shown
in figure 4.14. In this circuit, the coefficient a is the ratio of the feedback resistor to the input resistor:
a = Ry/R;. The constant term b comes from the value of the voltage source: b = V;y. Finally, the output
voltage contains the value of the variable z.

Simultaneous linear equations can be solved by using more than one op-amp and using the features of a
summing amplifier circuit. To solve two simultaneous linear equations, two op-amps are used. The output
of each op-amp is fed into both inverting inputs after being scaled by a potentiometer. A third input into
each inverting input comes from a voltage source and provides the constant terms. A very simplified circuit

diagram is shown in figure 4.20.
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scaled by a; with a potentiometer (not shown)

R

scaled by as

scaled by ag

R

A

R

—_—

R —o—OY

scaled by a4

Figure 4.20: Op-amp circuit that can solve two simultaneous linear equations.

Scaling potentiometers (not shown) are used to scale each output voltage to a coefficient before it is
passed to a resistor (labeled R in figure 4.20). Voltage supplies are used to generate the constant terms.

This circuit can solve the equations shown in equations 4.16-4.17.

0=a1x+ asy + by (4.16)

0 =asx + aqy + by (4.17)

In order to generate negative coefficients, it would be necessary to include additional inverting amplifiers
to generate values of —z and —y to use on the scaling potentiometers. It also must be noted that there
are limitations with this circuit. There is a maximum and minimum value of voltage that can occur on
the output, which is limited by the supply voltage. Therefore this equation-solving circuit cannot solve for
arbitrarily large numbers. However, it can solve a scaled version of an equation. The output would then be

multiplied by that scaling factor to obtain the correct output.

E@®SO Alyssa J. Pasquale, Ph.D. 117 Last updated: 2024/04/18



4 Operational Amplifiers (Op-Amps) 4.6 Op-Amp Output Current

Simulation: Linear equation-solver

Play around with a simulation of a linear equation-solver on Circuit]JS: http://www.falstad.com/

circuit/circuitjs.html. Download the simulation file: https://drive.google.com/file/d/
1bRtaGDRFJcZW7cvv-BPm65j89Thplenv. Then open Circuit]S, and click on File ... Open File. Se-
lect the downloaded file. You can change the values of each coefficient by moving the sliders on each

potentiometer.

It is also possible to solve differential equations using this method. This would require an op-amp building
block that can take the integral of a voltage. Non-linear equations can be solved by designing op-amp building

blocks that are capable of computing the desired function (say, using a diode to calculate natural logarithms).

4.6 Op-Amp Output Current

Up until this point, the discussion about op-amps has mostly been confined to discussions of voltages and
voltage amplification. However, Ohm’s law states that where there is voltage (and a closed path), there is
current. Where does the current flowing through the load of an op-amp circuit come from? Consider the

voltage follower shown in figure 4.21.

+ +

R
Vi C) R LOAD Vour

Iour

Figure 4.21: A voltage follower circuit with current flow into and out of the op-amp labeled.

In an ideal situation, no current flows into the inverting or non-inverting input terminals of an op-amp.
This means that the feedback path of the voltage follower contributes no current to the load. Where does
Ioyr come from? It must be sourced from the op-amp itself. The current comes from the power supply
that’s connected to the op-amp supply terminals, and then flows through the output of the op-amp into the
load. This property of an integrated circuit to supply current is called sourcing current. The op-amp of the
voltage follower sources current. The amount of current that an op-amp can source is listed on the device
datasheet.

In an inverting amplifier, the output current flows in the opposite direction, as shown in figure 4.22.

E@®®SO Alyssa J. Pasquale, Ph.D. 118 Last updated: 2024/04/18


http://www.falstad.com/circuit/circuitjs.html
http://www.falstad.com/circuit/circuitjs.html
https://drive.google.com/file/d/1bRtaGDRFJcZW7cvv-BPm65j89Ihp1env
https://drive.google.com/file/d/1bRtaGDRFJcZW7cvv-BPm65j89Ihp1env

4 Operational Amplifiers (Op-Amps) 4.6 Op-Amp Output Current

R, I
R’
A ISINK.
Vin TouyrA—
1 - Rroap Vour
+

Figure 4.22: Circuit diagram of an inverting op-amp with a resistive load, showing the direction of each cur-
rent.

No current flows into the op-amp inputs. Now that the input voltage source is not electrically isolated
from the output (as it was in the voltage follower circuit), the source is able to generate current. The op-amp
will now have to accept current through its output node. This is known as sinking current. The amount of
current the op-amp must sink can be calculated by using KCL at the output node, shown in equation 4.18

and derived below.

Vin Ry
I = — (14 —— 4.1
SINK i ( + RLOAD> (4.18)

DERIVATION

Isink =1+ lour
_ Vin RoVin
Ry  RiRroap

Vin ( Ry )
Ry Rroap

The amount of current that an op-amp can sink is listed on the datasheet of the device. Figure 4.23
shows an example excerpt of the electrical characteristics section of the datasheet for the LM324 op-amp.
It shows the minimum and typical values of output current that can be sourced or sunk under certain test
settings. This particular op-amp is capable of sourcing much more current than it can sink. Paying attention

to these characteristics is very important if particular current sourcing or sinking requirements must be met.

E@®SO Alyssa J. Pasquale, Ph.D. 119 Last updated: 2024/04/18



4 Operational Amplifiers (Op-Amps) 4.6 Op-Amp Output Current

Electrical Characteristics

LM324
PARAMETER TEST CONDITIONS UNIT
MIN TYP
Output | Source Vini=1V, V™ =0V, 20 40 mA
Current *=15V,V, =2V, T,=25°C
Sink Vi =1V, V=0V, 10 20 MA
V*=15V,V, =2V, Ty, =25°C
Vi =1V, Vit =0V, 12 50 MA
V+=15V, V, =200 mV, T, = 25°C

Figure 4.23: Example excerpt of the electrical characteristics section of the LM324 op-amp datasheet.

Some datasheets list the output current specifications under a section labeled “output short-circuit cur-

rent” rather than “output current” as shown in figure 4.23.

Extra Resources

e Moghimi, Reza. Ask The Applications Engineer-31: Amplifiers as Comparators? April 2003. https:

//www.analog.com/en/analog-dialogue/articles/amplifiers-as-comparators.html

e O’Donnell, Bill. How to Read an Op-Amp Data Sheet. www.physics.unlv.edu/~bill/PHYS483/

op_amp_datasheet .pdf

e Texas Instruments. Understanding Basic Analog — Ideal Op Amps. July 1999. Revised October
2016. https://www.ti.com/1lit/an/slaa068b/slaa068b.pdf
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Example Problems

1. Calculate the output voltage and gain of the circuit shown in figure 4.24. (Assume that the supply

voltage is sufficient to generate any output value.)

6 k2

— AV

05V — Vour

Figure 4.24: Circuit diagram for op-amps question 1.

2. Calculate the output voltage of the circuit shown in figure 4.25. (Assume that the supply voltage is

sufficient to generate any output value.)

2 kQ

AW

1 kQ

3V 5 k) — Vour

= >V 10 kQ2

Figure 4.25: Circuit diagram for op-amps question 2.
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3. Calculate the output voltage and gain of the circuit shown in figure 4.26. (Assume that the supply

voltage is sufficient to generate any output value.)

2 kQ

— NV

1k
’\/\/\/ -

Vour

4kQ

Figure 4.26: Circuit diagram for op-amps question 3.

4. Calculate the gain of the circuit shown in figure 4.27.

2 k2

— AN\ 6 kQ2
— NN\

1 k2

2 kQ2

Vour

6k =

Figure 4.27: Circuit diagram for op-amps question 4.
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Example Problems

5. Calculate the output voltage of the circuit shown in figure 4.28. (Assume that the supply voltage is

sufficient to generate any output value.)

2 kQ
4 kQ
—"VVN— 3 k02
2 k2
2 kQ
0.5V VN -
L @ P
3k
2 kQ%
Figure 4.28: Circuit diagram for op-amps question 5.
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5 Capacitors and RC Circuits

Capacitors are circuit elements that are capable of storing and releasing energy in the form of an electric
field. The simplest model of a capacitor consists of two parallel plates of conducting material separated by
an insulator (dielectric). As voltage is applied to the plates, charge builds up due to the fact that current
cannot pass through the dielectric. This charge build-up creates a static electric field. This is depicted

schematically in figure 5.1.

O —
[ === ]

Figure 5.1: Two parallel plates of conducting material separated by an insulator will cause a buildup of charge
when voltage is applied. This is called a capacitor.

The generic circuit symbol for a capacitor is shown in figure 5.2. It very closely resembles the parallel

plate model.

Figure 5.2: The circuit symbol for a capacitor.

Using the hydraulic analogy of electric circuits, a capacitor can be thought of as acting like a rubber
membrane sealed in a pipe. When water flows through the pipe, water molecules cannot pass through
the membrane, but the stretching causes current to flow nonetheless. You can think of current as flowing
“through” a capacitor without any electrons passing from cathode to anode. Eventually, with the application
of a high enough voltage (known as the breakdown voltage), electrons will be able to pass through the
insulating layer (this is generally not desirable).

The amount of charge that can be stored in a capacitor depends on the applied voltage and a property

of the capacitor known as capacitance. This relationship is shown in equation 5.1.

a(t) = v()C (5.1)

Capacitance depends on the area of the plates (A), the distance between plates (d), and the permittivity
of the dielectric material (€¢) based on the mathematical relationship given in equation 5.2. The symbol for

capacitance is C' and the units are F (Farads).
C=— 5.2
] (5.2)

Dielectric permittivity describes how well a dielectric material can hold an electric charge. This value is
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mathematically expressed as the product of the vacuum permittivity (eg) multiplied by the relative permit-

tivity (e,), described in equation 5.3.
€ = €o€r (5.3)
The value of the vacuum permittivity is given in equation 5.4.
€0 = 8.85 x 107'* F/m (5.4)

The relative permittivity is the ratio of the permittivity of a dielectric compared to a vacuum; the higher
the value of €., the better the dielectric is at holding an electric charge. The larger the relative dielectric

permittivity, the higher the capacitance will be, based on equation 5.2.

Example: How big is one Farad?

To conceptualize how “big" one Farad is if created with a parallel plate capacitor, it can be calculated how
large an area would be needed to create one Farad of capacitance given a separation of 1 mm between the

two plates, with air being used as the dielectric material (air has a relative permittivity of one).

e
e
~ (1F)(1x1073 m)
885 x 10712 F/m

A

= 113,000, 000 m?

=113 km?

To put this size into context, a parallel plate capacitor using air as a dielectric with a spacing of 1 mm

would completely engulf the city of Naperville, lllinois. This is clearly not the best way to build a capacitor!

5.1 Types of Capacitors

Capacitors can be categorized as non-polarized or polarized. In each of these groups, there are multiple

different types of capacitors.

5.1.1 Non-Polarized Capacitors

Non-polarized capacitors, which have a circuit symbol shown in figure 5.2, can be connected in any orientation
in a circuit. Generally speaking, there are two metal layers separated by a dielectric. The different types of
non-polarized capacitors are named after the type of dielectric used (vacuum, air, glass, paper, mica, and
ceramic, to name a few).

Ceramic capacitors are very frequently used due to their small size and low cost. Physically, they resemble
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a small pancake with two metallic leads sticking out. Multiple layers of ceramic and metal are stacked up
and placed into a package. The small size and dielectric choice means that while ceramic capacitors may
have a large amount of capacitance per unit volume, their overall capacitance is low compared to other types
of capacitors (namely, electrolytic capacitors). Because ceramic capacitors are non-polarized, they are good
to use in AC circuits, particularly filter circuits.

Ceramic capacitors are stamped with a code that can be used to determine the value of the capacitance.

A diagram of a ceramic capacitor, including code, is shown in figure 5.3.

Figure 5.3: A schematic of a ceramic capacitor with numerical code. This particular capacitor would have a
value of 1,000 pF.

The first two numbers act as the first two stripes on a resistor color code; they indicate the value of the
capacitance. The third number represents the number of zeros following the value, in units of picofarads, or
pF. For example, the 102 capacitor is 10 followed by two zeros: 1,000 pF.

Because ceramic capacitors are non-polarized, they are generally benign to use in circuits. The main
hazard that can occur with a ceramic capacitor is to apply more voltage than the capacitor is rated for.
At a certain point, the ceramic dielectric will physically break down. The effect of over-volting a ceramic
capacitor can be cumulative (in other words, the capacitor may not catastrophically break down but will
weaken and become less stable over time). Generally, when a ceramic capacitor is over-volted, it will fail
open, which means that current will stop flowing once the capacitor is destroyed. This is a good thing in
that it removes itself from the circuit when it beaks, but a bad thing in that it will stop working without

necessarily being very obvious that it broke.

5.1.2 Variable Capacitors

Variable capacitors use two sets of parallel metal plates, each of which is connected to one of the leads. One
set of parallel plates is held still, while the other set can rotate. When the moveable set of metal plates is
rotated, the amount of overlap between the two sides of the metal will vary, which changes the value of the
capacitance. A photograph of a rotary-style variable capacitor is shown in figure 5.4. On the left the metal
plates have been rotated to have maximum overlap and capacitance. On the right the metal plates have

been rotated to have minimum overlap and capacitance.
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* 21

Figure 5.4: Photograph of a rotary-style variable capacitor with maximum metal plate overlap / capacitance
(left) and minimum overlap / capacitance (right).

The circuit symbol for a variable capacitor is shown in figure 5.5.

A

Figure 5.5: The circuit symbol for a variable capacitor.

Variable capacitors were used in radio circuits (before they became largely digital) to tune the correct
radio frequency to amplify. The dial on the radio literally moved the rotating metal plates to change the

capacitance and hence the circuit frequency.

5.1.3 Polarized Capacitors

Polarized capacitors are capacitors where one of the leads must be connected to high potential and the other
to low potential. In other words: the capacitor cannot be connected in the circuit any which way. The circuit
symbol for a polarized capacitor is shown in figure 5.6. The round end corresponds to the low potential side

of the capacitor.

[
I\

Figure 5.6: The circuit symbol for a polarized capacitor.

Polarized capacitors fall into two categories: electrolytic and supercapacitors. Supercapacitors will not
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be discussed in this book except to note that they act as a hybrid between a capacitor and a rechargeable
battery. Electrolytic capacitors are named after the type of metal used in the anode: aluminum, niobium,
or tantalum. Each of the anodes is roughened (which acts to increase the surface area of the capacitor)
and oxidized (creating a very thin dielectric layer, decreasing the distance between cathode and anode). An
electrolyte gel acts as the cathode. Electrolytic capacitors generally have a very large amount of capacitance.
However, because they are polarized, they cannot be used in all circuit applications and are mostly used in
DC circuits.

Aluminum electrolytic capacitors have an aluminum anode. They tend to be inexpensive and easy to
obtain. Aluminum electrolytic capacitors are packaged in a cylinder. In a radial configuration, one of the
leads is shorter than the other and is situated near a stripe on the cylindrical package. The short lead /

stripe indicates the low potential end of the capacitor. This is depicted in figure 5.7.

Figure 5.7: Diagram of an aluminum electrolytic capacitor. The short lead (also has a stripe on the casing)
corresponds to the low potential connection.

The top of the cylindrical packaging is typically scored to allow breakage in case the capacitor is reverse-
biased (plugged in backwards) or over-volted. On top of the hazard of over-volting the capacitor, reverse
biasing the capacitor is also problematic. Aluminum electrolytic capacitors can and will explode under the
right circumstances, and will release anisotropically via the scored top of the cylinder. (Therefore, it is not
a good idea to point the top of an aluminum electrolytic capacitor at anything important, especially your
face, if it is uncertain if it’s connected properly or with the correct amount of voltage). Thankfully, as with
ceramic capacitors, an aluminum electrolytic capacitor will fail open (removing itself from the circuit after
exploding). The amount of capacitance of an aluminum electrolytic capacitor, as well as the voltage rating,
is printed on the packaging.

Tantalum electrolytic capacitors are made of a tantalum anode. They have a very large capacitance per
unit of volume, making them good to use in applications where a small footprint is required. Physically,
tantalum electrolytic capacitors resemble the pancake look of a ceramic capacitor. However, tantalum
electrolytic capacitors are polarized and must be treated accordingly. Usually, the high potential end (anode)

is indicated on the packaging with a plus sign, as shown in figure 5.8.
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Figure 5.8: A diagram of a tantalum electrolytic capacitor. The plus sign corresponds to the high potential
lead.

Tantalum capacitors have the property of failing short when over-volted. This can be very dangerous, as
a short exacerbates the problem and can lead to a fire. Therefore it is very important to respect the polarity

and voltage rating of a tantalum electrolytic capacitor.

5.2 Measuring Capacitance

Capacitors can be measured with a digital multimeter or with an LRC meter. A digital multimeter will
charge a capacitor with a known current and measure the voltage to calculate the capacitance. An LRC
meter applies an AC voltage, measures the AC current, and uses the phase and amplitude differences to
calculate the capacitance.

Capacitance must be measured from one end of the capacitor (or equivalent capacitance) to the other,
in parallel, as shown in figure 5.9.

=)

2 9

Figure 5.9: A diagram of how capacitance is measured in parallel (across a component or components).

Tt is important to ensure that the capacitor(s) are completely discharged before making a measurement.
Capacitors can be discharged by shorting the leads with a high value, high-wattage resistor for several

seconds.

5.3 Voltage-Current Relationship in a Capacitor

The relationship between voltage and current in a capacitor can be quantified using the relationship between
capacitance and charge (equation 5.1) as well as the relationship between current and charge (equation 1.1).

This relationship is shown in terms of current in equation 5.5 and derived below.

E@®SO Alyssa J. Pasquale, Ph.D. 129 Last updated: 2024/04/18



5 Capacitors and RC Circuits 5.4 Equivalent Capacitance

DERIVATION

Based on equation 5.5, if the voltage remains unchanging through time, there will be no current flowing
through the branch that contains a capacitor. Therefore, in DC conditions, a capacitor can be replaced by
an open circuit. This analysis technique will be used frequently in this book to explore the transient response
of capacitor circuits.

This equation can be refigured to solve for the voltage drop over a capacitor, shown in equation 5.6.

u(t) = 6/ i(r)dr (5.6)

Although calculus is required to fully analyze the relationship between voltage and current in a capacitor,
the relationship between the two variables is linear. This means that capacitors are linear circuit elements,
and all of the techniques discussed in this book (such as superposition and Thévenin equivalence, for example)

are still relevant with capacitive circuits.

5.4 Equivalent Capacitance

Just as it was possible to combine resistors together to find an equivalent resistance, it is possible to com-
bine capacitors together to find an equivalent capacitance. The rules (and mathematical relationships) for

calculating series and parallel combinations of capacitors are explained below.

5.4.1 Series Combinations of Capacitors

Capacitors in series all share a common branch, as shown in figure 5.10. Each individual voltage drop is
shown (numbered with subscripts), as well as the total voltage drop over the combination of capacitors (v(t)).

The current flow through all of the capacitors is the same and is labeled i(t).

+ v(t) -

U1 (t) V2 (t) U3 (t) U4(t) Vs (t)
|
|

e e e e e
i(t)

Figure 5.10: Five capacitors in series in a circuit.

As v(t) is equal to the sum of each individual voltage drop, the current-voltage relationship in capacitors
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(equation 5.6) can be used to determine the equivalent capacitance of series combinations of capacitors. This

is shown in equation 5.7 and derived below.

DERIVATION

v(t) = v1(t) + va(t) + v3(t) + ... + v, (t)

bl 1 ol b o
/ (r)dr = az(T) dTJr/OO@z(T) dTJr/OOFBz(T) dT+...+[m C—nz(T) dr

Capacitors in series therefore combine similarly to resistors in parallel. The equivalent capacitance cannot

be larger than the smallest capacitor in the series combination.

5.4.2 Parallel Combinations of Capacitors

Capacitors in parallel all share two nodes, as shown in figure 5.11. Each individual current flow is shown
(numbered with subscripts), as well as the total current flow through the combination of capacitors (i(t)).

The voltage drop over all of the capacitors is the same and is labeled v(t).

+Yi1(t) via(t) vis(t) via(t) vis(¢)

Figure 5.11: Five capacitors in parallel in a circuit.

As i(t) is equal to the sum of each individual current flow, the current-voltage relationship in capacitors
(equation 5.5) can be used to determine the equivalent capacitance of parallel combinations of capacitors.

This is shown in equation 5.8 and derived below.

CEQ=O1 +Co+Cs3+...+C, (5.8)
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DERIVATION

i(t) = i1 (t) +iz2(t) +iz(t) + ... +in(t)

do(t) , do(t) du(t) du(t)
o =C 7 +Cy 7t +C3 at

CEQ:01+02+03+"'+C’!L

du(t)

T

Capacitors in parallel therefore combine similarly to resistors in series. The equivalent capacitance cannot

be smaller than the largest capacitor in the parallel combination.
Example: Calculating equivalent capacitance

Calculate the equivalent capacitance between nodes a and b.

6 uF 5 uF 2 uF
e
SuF_—_—
—_3uF 6 uF
8uF _—
bo

The 2 uF and 6 uF are in series and can be combined together. This combination is 1.5 uF. Similarly,
the 3 uF is in series with the 8 uF with an equivalent capacitance of of 2.18 uF. Last, the 6 uF and 5 uF

capacitors are in series with an equivalent capacitance of 2.72 uF. The circuit can now be re-drawn.
2.72 uF
a I

—__3uF 218 uF T___15uF

bo

At this point the 1.5 uF and 2.18 uF capacitors can be combined in parallel to obtain. 3.681 uF. The

circuit can again be re-drawn.
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2.72 uF
ao_.H F

—___3uF 3681 puF

bo

The 2.72 uF capacitor is in series with the 3.681 uF capacitor. Combined, their equivalent capacitance

is 1.57 uF. The circuit can be re-drawn again.

ao

—__3uF 157 uF

bo

The equivalent capacitance can now be calculated by summing together the two capacitances. Cgq is

4.57 uF.

5.5 Differentiator and Integrator Circuits

The current-voltage relationship in a capacitor can be used to create circuits capable of calculating the
derivative or integral of a signal.
First, consider the circuit shown in figure 5.12. This is a differentiator circuit. The output voltage is

directly proportional to the derivative of the input voltage.

R

— MV

C

F

Vin (t) ot (t)

Figure 5.12: Op-amp differentiator circuit.

The current flowing through the capacitor can be described by equation 5.5. Assume the direction of

current is from left to right in both the resistor and the capacitor. The voltage drop over the capacitor

is therefore v, (). The output voltage of the circuit can then be described in equation 5.9, which is also
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5.5 Differentiator and Integrator Circuits

derived below.

d
Vout(t) = —RC%vm(t)
DERIVATION
d o Uout(t)
Covmn =——F

d
—RC’%UM (t) = vour(t)

Next, consider the circuit shown in figure 5.13. This is an integrator circuit. The output voltage is

directly proportional to the integral of the input voltage.

Vin (t) B (t)

Figure 5.13: Op-amp integrator circuit.

The current flowing through the capacitor can be described by equation 5.5. Assume the direction of

current is from left to right in both the resistor and the capacitor. The voltage drop over the capacitor is

therefore —v,,¢(t). The output voltage of the circuit can then be described in equation 5.10, which is also

derived below.

Uout(t) = *i /Uzn(t) dt

DERIVATION
Vin () _~d
R = C@ [_vout (t)]
/v“}z(t) dt = /C% [—Uout(t)] dt
1
E/vin(t) dt = *C'Uout(t)
_& / U (t) dt = Vout (t)
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5.6 Resistor-Capacitor (RC) Circuits

Resistor-capacitor (RC) circuits are circuits that contain one capacitor (or combinations of capacitors that
can be reduced down to one equivalent capacitance) as well as at least one resistive element. In this chapter,
the analysis of these circuits will be performed when DC conditions are changed suddenly to another set of
DC conditions. For example: a capacitor will have been subjected to a constant initial voltage for a long
period of time, and then suddenly disconnected from a circuit. Or: a capacitor will have been discharged
for a long period of time before suddenly being connected to a circuit with a DC voltage. This short-term
change in voltage and current is known as a transient analysis.

Resistors, by themselves, are incapable of having a transient change. This is because they do not store
energy. Because a capacitor stores energy, it is able to experience a transient change in response to changing
DC conditions of the circuit.

An important property of capacitors that will aid in the analysis of the transient response is that the
voltage over a capacitor cannot change instantaneously. That is: v(07) = v(07). In an ideal analysis
(which is what this book will use) where capacitors have no parasitic effects (stray inductance, for example),

the current through a capacitor can change instantaneously and therefore be discontinuous in time.

5.6.1 Discharging Transient Response

The discharging response is a special case of the transient response that specifically looks at what happens
when a capacitor is initially connected to a DC voltage that is suddenly removed from a circuit. In other
words: the capacitor, after being disconnected from the power supply, discharges its stored energy through
the resistive element(s) of the circuit. The circuit diagram shown in figure 5.14 will be used to analyze this

discharging response. The switch is in position a for a long time before suddenly moving to position b at

aé\ bb ir(t)

time ¢t = 0.

Figure 5.14: An RC circuit used to analyze the discharging transient response.

Kirchhoff’s laws can be used to analyze the circuit in the initial condition. Because the only two elements
are the voltage source and the capacitor, and they are in parallel, the initial voltage drop over the capacitor
must be equal to the source voltage. In other words: v(0) = Vyy.

Kirchhoff’s laws are also used to analyze the circuit in the discharging condition, once the switch has

been flipped to position b. The current flowing through the capacitor (i(¢)) is equal to ig(t) as shown
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in figure 5.14. The voltage-current relationship in a capacitor (equation 5.5), as well as Ohm’s law over
the resistor (ig(t) = —wv(t)/R), can be used to determine the discharging transient response, shown in

equation 5.11.

w®) | L (5.11)

0=~ T&e

The equation for the voltage drop in a transient discharging analysis is a first order, linear, ordinary
differential equation. This is consistent with the fact that the circuit itself is a first order, linear circuit! The

solution to the differential equation will not be derived in this book but is given in equation 5.12.
o(t) = v(0T)e” o u(t) + v(07 )u(—t) (5.12)

Using equation 5.5, the transient response of current flowing through the discharging circuit can also be
determined. This is derived in equation 5.13. Note that as the capacitor acts as an open in DC steady-state

conditions, the current through the circuit will be zero until ¢ = 0.

i(t) = e~ Fou(t) (5.13)

The quantity RC' defines the quickness that the circuit discharges to zero and is known as the RC time
constant. The mathematical symbol for the RC time constant is 7. Specifically, 7 defines the amount of time
it takes the voltage to decay to 36.8% of its maximum value.

If there is more than one resistive element in the discharging circuit, then the value of R in the time

constant is equal to the equivalent resistance as seen by the capacitor.
Example: Discharging transient response

Calculate v(t) and i(t) for the circuit below. The switch opens at a time of 0 seconds.

10 k2 10 k2

20V 10 k2

The initial conditions can be calculated. Re-draw the circuit to represent the time before the switch
opens. Because the circuit is under DC conditions, the capacitor can be represented as an open. The two

10 k2 resistors can be combined in series.
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20 v<+> 10 k2 v(0) 20 kQ2

The initial current i(07) is zero due to the presence of an open circuit. The 20 k2 and 10 k{2 resistors

are in parallel with each other. The circuit can be re-drawn.

10 k2

VYV,

20 v@) 6.67 k§2§ v(0)

Use a voltage divider to calculate v(07).

6.67 kQ
gy 86T R
v(07) =20V (16.67 kQ)

=8V

Analyze the discharging circuit. Re-draw for time t > 0. The two 10 k{2 resistors that are in series have

been combined to make the circuit simpler.

10 kQ2 500 nF —— w(t) 20 kQ
i(t)y—

The equivalent resistance seen by the capacitor is 10 k€ in parallel with 20 k€2, or 6.67 k2. This can be

used to calculate the RC time constant.

7 = (500 nF)(6.67 kQ2)

=0.003 s
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The equations for v(t) and i(t) can now be derived using equations 5.12 and 5.13.

v(t) =8V e 3% 4(t) + 8 V u(—t)
i(t)

—1.2 mA e 390 y(¢)

These two signals are plotted below as functions of time.

i(t) (mA)

5.6.2 Charging Transient (Step) Response

The charging transient (step) response of a circuit corresponds to how the voltage and/or current changes
with respect to a sudden application of voltage to the circuit components. This is another specific case of the
general RC transient response, which will be discussed in section 5.6.3. Specifically, the charging transient
response refers to a fully discharged capacitor suddenly being connected to a circuit containing at least one
resistive element and a power supply. The circuit diagram shown in figure 5.15 will be used to analyze the
charging response. The switch is in position b for a long time before suddenly moving to position a at time

t=0.

Vin Rp §
+
C—— o(t)

Figure 5.15: An RC circuit used to analyze the charging transient (step) response.

In the initial state of the circuit, all of the energy that may have been stored in the capacitor has
completely discharged through the discharging resistor (Rp) giving an initial voltage drop of 0 V.
In the charging condition (when the switch has been moved to position a), Kirchhoff’s voltage law can

be used to analyze the voltage drop over each circuit element. From this, the differential equation for v(t)

E@®SO Alyssa J. Pasquale, Ph.D. 138 Last updated: 2024/04/18



5 Capacitors and RC Circuits 5.6 Resistor-Capacitor (RC) Circuits

can be derived. This is shown in equation 5.14 and is derived below. The term v(co) corresponds to the
final, long-term value of the voltage dropped over the capacitor. It will be equal to Vi in the case of the

circuit shown in figure 5.15.

0= + (5.14)

DERIVATION

0 = —v(o0) + Ri(t) + v(t)

B du(t)
= —v(o0) + RC o +v(t)

_du(t)  v(t) —v(o0)
=a T RC

The solution to this differential equation (assuming that the initial voltage drop over the capacitor is

0 V) is given in equation 5.15.
u(t) = v(0) [1 - e—%‘c} u(t) (5.15)

The value of the RC time constant, 7, is still equal to the product of equivalent capacitance and equivalent
resistance as seen by the capacitor. The time constant in a charging circuit dictates how much time it takes
the circuit to charge up to 63.2% of the maximum voltage value.

Equation 5.5 can be used to find the current through the capacitor during the transient charging process.

The result is shown in equation 5.16.

i(t) = e~ RCu(t) (5.16)

Calculate v(t) and i(t) for the circuit below. The switch closes at a time of 0 seconds.

10 k2 5 kQ

—

The final (steady-state) conditions can be calculated. Re-draw the circuit to represent the time well after

the switch closes. Because the circuit is under DC conditions, the capacitor can be represented as an open.
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The final value of the current will be 0 mA.

10 kQ2 5 kQ2

800 pA Q) 40 k2 30 k2 v(00)

Source transformation can be used to calculate the steady-state value of the voltage. The 40 k2 resistor

can also be added to the 10 k{2 resistor, as they will be in series after the source transformation.

50 k2 5 kQ2

Use a voltage divider to calculate v(o0).

30 k2

=12V

Analyze the charging circuit. Re-draw for time t > 0. Deactivate the current source by replacing it with

an open to calculate the equivalent resistance as seen by the capacitor.

10 k2 5 kQ
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The equivalent resistance is calculated below.

Rpg = (40 kQ + 10 kQ)//30 kQ + 5 kO
= 50 kQ2//30 kQ + 5 k)
= 18.75 kQ + 5 kQ2

= 23.75 kQ
Calculate the RC time constant.

7 = (20 nF)(23.75 k)

=4.64x107" s
The equations for v(t) and i(t) can now be derived using equations 5.15 and 5.16.

o(t) = [12 V=12 V e 2% w(t)

i(t) = 0.51 mA e 2195 y(¢)

These two signals are plotted below as functions of time.
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5.6.3 General Transient Response

Two special cases of the RC transient response have been analyzed: the discharging response (v(occ) = 0)
and the step response (v(0) = 0). In general, the initial voltage drop over a capacitor and the final value of
the capacitor can be any arbitrary values. The most general form of the equation for the transient response

of an RC circuit is therefore given in equation 5.17.

o(t) = [0(00) + (v(07) = v(00)) 72 | u(t) + v (07 u(~1) (5.17)

Current flow through the capacitor can be calculated by using equation 5.5. This is shown in equa-
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tion 5.18. Note that initial current flow will be zero due to the DC steady-state. This will not change until

t=0".

v(oo) —v(0T) _ .

it) = e ult) (5.18)

In the general transient response, the RC time constant refers to how much time it takes for the voltage

drop over the capacitor to reach a value given by equation 5.19.
v(7) = 0.632v(00) + 0.368v(0T) (5.19)

Example: General transient response

Calculate v(t) and i(t) for the circuit below. The switch closes at a time of 0 seconds.

1 k2 1 k2

12V

Analyze the initial conditions of the circuit. The initial value of the current i(0°) is zero.

1 kQ

12 v@) 1 k§2§ v(0)

Use a voltage divider to find the initial voltage drop over the capacitor.
1 kQ
=12 —
v(0) \% (2 kQ>
=6V

Analyze the final (steady-state) conditions of the circuit. The steady-state value of the current will be

ZEro.
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1 k2 1 k2

12 v<+> 1Ko v(o0) <+> 2V

Source transformation can be used to simplify this circuit.

12 mA Q) 500 v(c0) 1 kQ2 Q) 24 mA

Use Ohm's law to calculate v(o0).

v(oc0) = 36 mA(0.5 kQ2//1 kQ)

=12V

Analyze the circuit for time t > 0 and deactivate all power sources to determine the equivalent resistance

as seen by the capacitor. The circuit is re-drawn below.

1 k2 1 k2

The equivalent resistance is calculated below.

Rpo =1kQ//1kQ//1 k0

=333.33 Q

Calculate the RC time constant.

T = (40 pF)(333.33 Q)

=0.013 s
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The equations for v(t) and i(t) can now be derived using equations 5.17 and 5.18.

v(t) =[12V =6 Ve ™ ut)+6 V u(—t)

i(t) =18 mA e ™ u(t)

These two signals are plotted below as functions of time.
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All of the equations in this section of the text have discussed finding the voltage drop over the capacitor.
It is also possible to derive a first order equation to find voltage over or current through any arbitrary
component in a circuit. It is important to note that the initial conditions may be discontinuous. This is
because only the voltage dropped over a capacitor is going to be necessarily the same at time ¢ = 0~ and
t = 0F. All other quantities must be analyzed at ¢ = 0~ (steady state initial conditions), and again at
exactly t = 0 to determine the response at ¢t = 0%. Then, final steady-state conditions can be analyzed to
find the response at ¢t — oo. If the initial condition is discontinuous, the value at ¢ = 0™ should be used in
the equation.

The steps for deriving an equation for the general transient response for an RC circuit follow. To reiterate,
because the discharging and charging responses are just special cases of the general transient response, these

steps can be followed to complete any RC circuit transient analysis.
1. Calculate the initial condition(s) of the circuit (any voltage(s) or current(s) that you are asked to find).
2. If necessary, calculate any needed circuit properties at time ¢t = 0.
3. Calculate the final condition(s) of the circuit.

4. Use the final configuration of the circuit to calculate the equivalent resistance as seen by the capacitor

to calculate the RC time constant.
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Example: General transient response

Calculate v(t) and i(t) for the circuit below. The switch closes at a time of 0 seconds.

200

10 mA Q) 200 Q > 100 uF —

Analyze the initial conditions of the circuit. These are valid up until t = 0". It is also useful to note
that the initial voltage drop over the capacitor (which must be continuous at 0 seconds) will be 2 V (10 mA

times 200 €2).

200 Q

Use a voltage divider to find the initial voltage drop over the resistor.

_ 400 Q2
v(07)=8YV (600 Q)

=533V

Ohm's law can be used to calculate the initial current flow through the resistor.

533V
107) = 97

=13.33 mA

Because the voltage drop over and current flow through the resistor will not be continuous when the
switch closes, the circuit needs to be analyzed at t = 0". Because the resistor will be in parallel with the
capacitor, the voltage drop at that moment will be the same as the initial voltage drop over the capacitor:
2 V. Ohm'’s law can be used to calculate i(0T) which is 5 mA.

Next, the steady-state conditions of the circuit should be found to determine v(oo) and i(o0). The

capacitor can be replaced by an open.
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200 Q2
A
4009% v(c0) 8v<+>

-

10 mA Q) 200 Q

i(co

Superposition can be used to solve this circuit.

200
- A
_|_
10 mA Q) 200 Q 400 Q% v1(0)

Use Ohm's law to calculate v1(00).

v1(00) = (10 mA)(0.2 k2//0.2 kQ/ /0.4 kQ)
= (10 mA)(0.08 kQ)

=08V

200

+

200 Q§ 400 Q > vy(0) 8v<+>

Use a voltage divider to find va(00).

va(00) = 8 V (133.3 Q)

333.3 Q
=32V

The total voltage drop over the resistor in steady-state is therefore 4 V. Using Ohm's law, i(c0) is 10 mA.
Analyze the circuit for time t > 0 and deactivate all power sources to determine the equivalent resistance

as seen by the capacitor. This is to find the RC time constant 7. The circuit is re-drawn below.
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200 Q

200 Q > 100 uF ——— 400

The equivalent resistance is calculated below.

Rpg = 0.2 kQ//0.2 kQ//0.4 kQ

=809
Calculate the RC time constant.

7 = (100 1F)(80 Q)

= 0.008 s
The equations for v(t) and i(t) can now be derived using equations 5.17 and Ohm's law.

v(t)=[4V =2V e ] u(t)+5.33 V u(-t)

i(t) = [10 mA — 5 mA e "**] w(t) +13.33 mA u(—t)

These two signals are plotted below as functions of time.

Z

v(t)

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24
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Example Problems
Capacitance and Equivalent Capacitance

1. The current flowing through a 25 nF capacitor is i(t) = e~5%%4(t) mA. Derive equations for the voltage

dropped over the capacitor and the instantaneous power consumed by the capacitor.

2. The voltage dropped over a 330 uF capacitor is v(t) = 100t u(t) V. Derive equations for the current

flowing through the capacitor and the instantaneous power consumed by the capacitor.

3. Calculate the equivalent capacitance of the circuit shown in figure 5.16.

240 pF 120 pF

100 pF —— 320 pF ——

O

Figure 5.16: Circuit diagram for capacitance and equivalent capacitance question 3.

4. Calculate the equivalent capacitance of the circuit shown in figure 5.17.

10 nF 10 nF
| | | |
T |
47nF—— 33nF —— 33nF
| |
O
| |
22 nF

Figure 5.17: Circuit diagram for capacitance and equivalent capacitance question 4.

5. Determine the value of the capacitor Cx given that the circuit shown in figure 5.18 has an equivalent

capacitance of 10 pF.

Cx

OpF —— 2pF "

O

Figure 5.18: Circuit diagram for capacitance and equivalent capacitance question 5.
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Resistor-Capacitor Circuits

6. Calculate an expression for v(t) and i(¢) given the circuit shown in figure 5.19. The switch moves from

position a to b at time of zero seconds.

10 kQ2 10 k2

A -
10 mA CD 20 kQ 50 kQ2 75 kQ2
+

S
o
o
=}
. T
<
—
~
N

Figure 5.19: Circuit diagram for resistor-capacitor circuits question 6.

7. Calculate an expression for v(t) and i(t) given the circuit shown in figure 5.20. The switch opens at a

time of zero seconds.

10 k2 15 kQ2

NV

18 VC"D 36 kQ 9 uF —— w(t) 30kQ

Figure 5.20: Circuit diagram for resistor-capacitor circuits question 7.

8. Calculate an expression for v(t) and i(t) given the circuit shown in figure 5.21. The switch closes at a

time of zero seconds.

2 kQ 4 kQ)

_|_

20 VCD 2 kQ 5uF T o(t) 4 kQ§

i(t)y—

Figure 5.21: Circuit diagram for resistor-capacitor circuits question 8.
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9. Calculate an expression for v(t) and i(t) given the circuit shown in figure 5.22. The switch closes at a

time of zero seconds.

6 kQ

9 k2 3.5 mA CT)

Figure 5.22: Circuit diagram for resistor-capacitor circuits question 9.

10. Calculate an expression for v(t) and i(¢) given the circuit shown in figure 5.23. The switch opens at a

time of zero seconds.

10 k2 25 k2 50 k2

AVAVAY -

18 VC*) 50 k2

Figure 5.23: Circuit diagram for resistor-capacitor circuits question 10.
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Practical Application: The 555 Timer

Now that comparators and capacitors are well-understood, the 555 timer can be analyzed. The 555 timer is
an integrated circuit chip that is capable of performing many functions. Two of those functions are as an
astable oscillator (clock) and a monostable pulse generator. The pinout diagram of a 555 timer integrated
circuit chip is shown in figure PA.1. A pinout diagram is used to determine which pins on a chip correspond
to each of the input and output signals of a functioning device. Each of these control signals will be explained

as the functionality of the 555 timer is outlined below.

N

GND —: s— VCC

TRIG 2 7— DIS
555

OouT —s s— THR

RST —4 si— CTRL

Figure PA.1: Pinout diagram of a 555 timer integrated circuit chip.

A 555 timer is composed of transistors, resistors, and other components. However the nature of each
discrete component will be ignored and the device will be analyzed functionally. Functionally, the 555 timer
consists of a voltage divider, two comparators, a digital device called an SR latch, a transistor, and an
output driver. A schematic representation of this functional diagram is shown in figure PA.2. Each of the
labeled connections corresponds to a pin on the integrated circuit chip (missing from the labeled connections
is GROUND). Note the use of the term VCC which corresponds to the logical HIGH voltage value (usually
5 V). Each of the comparator power connections are not shown, but are VCC for the positive supply and

ground for the negative supply.

VCC

THRESHOLD § + :
_ R RESET

ot

CONTROL
RESET

ouT

TRIGGER

DISCHARGE

I—+—\\/ N\
Al
A

Figure PA.2: Functional schematic of a 555 timer.

On the left-hand side of the schematic are three resistors acting as a voltage divider. The reference
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Practical Application: The 555 Timer Astable Mode

voltage for the upper comparator (the threshold comparator) is therefore 2/3 VCC (which would be 3.3 V
given a VCC of 5 V). As soon as the voltage on the THRESHOLD pin exceeds 3.3 V, the output of the
threshold comparator will saturate at VCC. The threshold comparator output is connected to the R input of
an SR latch. The R stands for reset. That will cause the output of the latch to be LOW; however, since the
latch output is inverted (which is the meaning of the bubble), the latch output will be HIGH. Two things
happen with this signal. First, the transistor will be activated, causing a short between the DISCHARGE
pin and ground. Second, the output driver will invert the HIGH value and cause the output to be LOW
(0 V). If the THRESHOLD voltage is less than 3.3 V, then the output of the comparator will saturate LOW.
The reset input of the latch will not be activated.

The reference voltage for the lower comparator (the trigger comparator) is 1/3 VCC (1.7 V given a VCC
of 5 V). If the voltage on the TRIGGER pin becomes less than 1.7 V| the output of the trigger comparator
will saturate HIGH, causing the S input to be activated. This input stands for set. This will cause the output
of the latch to be HIGH; however, since the latch output is inverted, the latch output will be LOW. This will
cause the transistor to be deactivated, electrically disconnecting the DISCHARGE pin from ground. Second,
the output driver will invert the LOW value and cause the output to be HIGH (5 V). If the TRIGGER voltage
is greater than 1.7 V, then the output of the comparator will saturate LOW. The set input of the latch will
not be activated.

If both the set and reset inputs (S and R) on the SR latch are LOW, the output of the latch will continue
to be whatever value was previously stored on that output. (For more information about latches, please
refer to my Digital Systems textbook.)

The other two input pins are CONTROL and RESET. The CONTROL pin can be used to change the
value of the voltage divider at the threshold comparator. It will not be discussed in this book. When unused,
it should be connected to ground via a 10 nF capacitor that will remove any noise from the voltage divider.
The RESET pin can be used to manually force the output of the timer to be LOW. When unused, it should
be connected to VCC.

Astable Mode

An astable oscillator is simply a name for a circuit whose output oscillates between two different values. This
is particularly important for digital logic circuits that require clock signals. A clock signal is simply a square
wave that oscillates between LOW and HIGH voltage values. An example of a clock signal is depicted in

figure PA.3.
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Practical Application: The 555 Timer Astable Mode

HIGH

LOW

t (arbitrary)

Figure PA.3: Graphical depiction of a digital clock signal.

The idea is to connect the TRIGGER and THRESHOLD pins and connect them to an RC circuit such
that the voltage drop over the capacitor continuously changes. As it changes from 1/3 VCC to 2/3 VCC,
the output will oscillate between HIGH and LOW. The 555 timer in astable mode is connected as shown
in figure PA.4. (The CONTROL pin is connected to a noise-reducing capacitor and the RESET pin is
connected to VCC.)

VCC
10 nF
§ 1 vce
THRESHOLD + J
_ R RESET
§ ouT
TRIGGER - 5
+ VCC
% Rlé
F \ DISCHARGE
ve(t) l Ry

e

| |+
Il AVAVAY;
= C
Figure PA.4: Functional schematic of a 555 timer connected in astable mode.

In the beginning, the capacitor will have no voltage drop. Because TRIGGER will be less than 1/3 VCC,
the output will be HIGH, and the transistor will be deactivated. A pathway between VCC and ground exists

through the capacitor, and it will begin to charge up. This is depicted in figure PA.5.
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VCC
10 nF
§ 1 vce
THRESHOLD + J
_ R RESET
§ ouT
TRIGGER - s
+ VCC
F\ DISCHARGE
vo(?) l R,
. + —_
| AVAVAY, >

<
<

i

C

Figure PA.5: Functional schematic of a 555 timer connected in astable mode. When the output is HIGH
(TRIGGER s less than 1/3 VCC), the transistor is deactivated and current will flow as shown to charge the
capacitor.

As soon as ve(t) reaches 1/3 VCC, the trigger comparator will saturate LOW, disabling the set pin on
the latch. Once vo(t) exceeds 2/3 VCC, the threshold comparator will saturate HIGH, causing the latch
to reset. This will activate the transistor and cause the capacitor to discharge through Rs, as shown in

figure PA.G.
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VCC
10 nF
§ 1 vce
THRESHOLD + J
_ R RESET
§ ouT
TRIGGER - s
+ VCC
F \ DISCHARGE
ve(t) l s R2
— Lt =
I AVAVAY,

1

C

Figure PA.6: Functional schematic of a 555 timer connected in astable mode. When the output is LOW
(THRESHOLD is greater than 2/3 VCC), the transistor is activated and current will flow as shown to discharge
the capacitor.

Once the voltage drop over the capacitor decreases below 1/3 VCC, the trigger comparator will then
saturate HIGH. This cycle will repeat itself where the capacitor charges from 1/3 VCC to 2/3 VCC and
then discharges back to 1/3 VCC. Meanwhile, the digital nature of the comparators and the output driver
creates a square wave output signal.

Because the capacitor charges through R; and Ry and discharges only through Rs, the capacitor will
spend more time charging than discharging. The output therefore does not have an equal amount of time
spent HIGH and LOW. (In other words, the duty cycle will be greater than 50%.) An example waveform
that shows v (t) as well as the output signal is shown in figure PA.7. In this example, Ry = Ry = 1 kQ
and C' = 10 pF. (Note also that the first waveform has an even higher duty cycle due to the fact that the

capacitor must charge from 0 rather than from 1/3 VCC.)
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25 -

25 |

vour(t) (V) wve(t) (V)

Figure PA.7: Voltage drop over the capacitor (top graph) and output voltage (bottom graph) in astable
mode. Ry = Ry, =1 k2 and C' = 10 uF.

Equations 5.12 and 5.15 can be used to determine the amount of time the output signal is HIGH (Tyicn)
as well as the amount of time the output signal is LOW (Trow ). These values are expressed in equations PA.1

and PA.2.

Tuica = C(R1 + Rg) In2 (PA.I)

TLOW = CRQ In2 (PAZ)

Monostable Mode

In monostable mode, the 555 timer is capable of creating a single pulse upon a trigger event. The pulse-
width will be related to the value of the resistor and capacitor used in the external circuitry. In this case, the
TRIGGER pin will be connected to an external trigger (perhaps a pushbutton or another electronic signal).
When the value on the TRIGGER pin is less than 1/3 VCC, it will cause the capacitor to charge up a single

time, creating one pulse. The 555 timer connected in monostable mode is shown in figure PA.S8.
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VCC
10 nF
§ 1 vce
THRESHOLD + J
§ ouT
TRIGGER - s
+ VCC
F\ DISCHARGE
ve(t) l
— Lt =
I
= C

Figure PA.8: Functional schematic of a 555 timer connected in monostable mode.

In the beginning, ve will be zero. The THRESHOLD value will be less than 2/3 VCC, and as long as
TRIGGER is held at a voltage higher than 1/3 VCC, the OUTPUT will be LOW and the capacitor will be
connected to ground via the transistor. This will continue to be the case as long as the TRIGGER input does
not change. As soon as a voltage less than 1/3 VCC is presented on the TRIGGER pin, the OUTPUT signal

will become HIGH. This will cause current to flow and the capacitor to charge, as shown in figure PA.9.

VCC
10 nF
§ 1 v
THRESHOLD + J
§ ouT
TRIGGER - s
+ VCC
F\ DISCHARGE
ve(t) l
il e
H J

<
<

i

C

Figure PA.9: Functional schematic of a 555 timer connected in monostable mode. When a voltage of less
than 1/3 VCC is present on TRIGGER, the capacitor will charge, as shown.
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Practical Application: The 555 Timer Monostable Mode

Because the TRIGGER pulse was short-lived, the trigger comparator will saturate LOW as soon as the
TRIGGER signal returns HIGH. This will cause the SR latch output to remain unchanged. As soon as the
voltage drop over the capacitor reaches 2/3 VCC, the threshold comparator will saturate HIGH, causing the
SR latch to reset (OUTPUT will be LOW gain). The capacitor will discharge directly to ground through
the transistor without going through any resistance, causing an abrupt discharge to zero. The output will
remain in equilibrium unless the TRIGGER pin is sent LOW again.

A graph of the TRIGGER pulse and the resulting values of vo(t) and the OUTPUT signal are shown in
figure PA.10.

ot

25 1

o
o

cO

UOUT(t) (V) ’Uc(t) (V) TRIGGER (V)

|
02 04 06 08 1 1.2 14 16 1.8 2 22 24
t(s) 102

o
o

Figure PA.10: Trigger input (top graph), voltage drop over the capacitor (center graph), and output voltage
(bottom graph) in monostable mode. R =1 k2 and C' = 10 uF.

Equation 5.15 can be used to determine the amount of time the output signal is HIGH (T gp). This

value is expressed in equation PA.3.
Thicg =CRIn3 (PA.3)

Because the TRIGGER pin is connected externally, there are two important consequences. First, the
output will remain HIGH for the entire time that the TRIGGER pin voltage is lower than 1/3 VCC, which
may be longer than the amount of time described in equation PA.3. Therefore it is important to ensure that
the TRIGGER pulse-width is shorter than the amount of time given in equation PA.3.

Second, any subsequent TRIGGER event needs to occur after the capacitor has charged to 2/3 VCC and

then discharged back to zero again. Otherwise, the second event will not generate an output pulse.
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6 Inductors and RL Circuits

Inductors are circuit elements that are capable of storing and releasing energy in the form of a magnetic
field. Most inductors are comprised of a coil of wire, possibly coiled around a ferrite core. (Even a straight
wire can create a magnetic field, but the effect is very small when compared to coiled wire inductors.) As
current flows through the inductor, a magnetic field is generated.

The property of an inductor that relates to its ability to store magnetic field energy is known as inductance
(L) which is measured in units of H (henrys). The construction of inductors takes on many forms, and the
equation for inductance in a device depends on the construction and geometry of that particular inductor.
For a cylindrical coil of wire, the inductance depends on the permeability of the core material (1), the number
of turns of wire (N), the area of the coil (A), and the length of the coil (1), as shown in equation 6.1.

B uNZA

L
l

(6.1)

Many geometries can be used for inductors, and they can contain an air core or a ferrite core depending
on how high the inductance requirements are. Straight coils of wire (known as solenoids) are relatively simple
to construct but are not as efficient as toroidal designs that are able to keep more magnetic flux isolated
inside of the inductor.

The permeability of a material refers to how much an object magnetizes in response to an applied
magnetic field. It is equal to the permeability of free space multiplied by the relative permeability of a

particular material, defined by equation 6.2.

= Hofbr (6.2)

The relative permeability of materials can be looked up, but is equal to one for free space and ap-
proximately 200,000 for ferromagnetic materials such as iron. The permeability of free space is given in

equation 6.3.
po = 47 x 1077 H/m (6.3)

The circuit symbol for an inductor is shown in figure 6.1. Just as the capacitor symbol looks like parallel

plates, the inductor symbol resembles a coil of wire.

/1000

Figure 6.1: The circuit symbol for an inductor.

Variable inductors are not common but do exist. One type of variable inductor construction is to have a
straight coil of wire with a moveable ferrite core. As the ferrite core is moved into the coil, the inductance

increases. As the ferrite core is moved out of the coil, the inductance decreases.
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6.1 Parasitic Effects

Inductors are made of coils of wire. To create a high inductance device, a lot of wire is required. This
generates parasitic side-effects. Wire contains resistance which, while it can be safely ignored when small
amounts are used, can no longer be ignored when large amounts are used. To create physically small
inductors, wire with a smaller surface area (high gauge) are used, which increases the resistance of the wire.
The resistance of an inductor is known as parasitic resistance. In addition, there can be parasitic capacitance
in an inductor due to the presence of charge in many parallel wires. These parasitic effects may vary with
the frequency of the applied signal. A model of an inductor, including parasitic resistance and capacitance,

is shown in figure 6.2.

Figure 6.2: An inductor model including parasitic resistance (Rp) and parasitic capacitance (C'p).

This textbook will ignore the presence of parasitic effects for the most part. However, it is important to
understand that the parasitic effects of an inductor are non-trivial in real-world applications. Some sections
in this textbook will therefore consider examples that include parasitic resistance (while parasitic capacitance

will be ignored).

6.2 Measuring Inductance

Inductors generally cannot be measured with a digital multimeter, as the inclusion of the necessary compo-
nents to measure inductance would increase the cost prohibitively. They can, however, be measured with
LRC meters. Much like with a capacitor, an LRC meter applies an AC voltage, measures the AC current,
and uses the phase and amplitude differences to calculate the inductance.

Inductance must be measured from one end of the inductor (or equivalent inductance) to the other, in

parallel, as shown in figure 6.3.

o o

13000

Figure 6.3: A diagram of how inductance is measured in parallel (across a component or components).
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6.3 Voltage-Current Relationship in an Inductor

The relationship between voltage and current in an inductor can be derived using Faraday’s law of induction.

The full derivation will not be shown in this text. The voltage drop over an inductor is given by equation 6.4.

(6.4)

Based equation 6.4, if the current remains unchanging through time, there will be no voltage drop over
an inductor. Therefore, in DC conditions, an inductor can be replaced by a short circuit. This analysis
technique will be used frequently in this book to explore the transient response of resistor-inductor circuits.

The current flowing through an inductor can be found by integrating both sides of equation 6.4. The

result is given in equation 6.5.

i(t) = Z/ v(T)dr (6.5)

Although calculus is required to fully analyze the relationship between voltage and current in an inductor,
the relationship between the two variables is linear. This means that inductors are linear circuit elements,
and all of the techniques discussed in this book (such as superposition and Thévenin equivalence, for example)

are still relevant with inductive circuits.

6.4 Equivalent Inductance

Just as it was possible to combine resistors together to find an equivalent resistance, and capacitors to find
an equivalent capacitance, it is possible to combine inductors together to find an equivalent inductance.
The rules (and mathematical relationships) for calculating series and parallel combinations of inductors are

explained below.

6.4.1 Series Combinations of Inductors

Inductors in series all share a common branch, as shown in figure 6.4. Each individual voltage drop is shown
(numbered with subscripts), as well as the total voltage drop over the combination of inductors (v(t)). The

current flow through all of the inductors is the same and is labeled i(t).
+ u(t) -
U1 (t) V2 (t) V3 (t) V4 (t) Vs (t)

S S Nl Nl N +m.(t)

Figure 6.4: Five inductors in series in a circuit.

As v(t) is equal to the sum of each individual voltage drop, the current-voltage relationship in inductors
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(equation 6.4) can be used to determine the equivalent inductance of series combinations of inductors. This

is shown in equation 6.6 and derived below.

Lpg=Li+ Lo+ Ls+..+ L, (6.6)

DERIVATION

v(t) = v1(t) + va(t) + vs(t) + ... + v, (L)

di(t) di(t) . dit) . di(t)
— L L L
dt L=gp Ty TRy T

Lgg=L1+ Lo+ L3+ ..+ L,

dift)

Lgqg + Ly,

Inductors in series therefore combine similarly to resistors in series. The equivalent inductance cannot

be smaller than the largest inductor in the series combination.

6.4.2 Parallel Combinations of Inductors

Inductors in parallel all share two nodes, as shown in figure 6.5. Each individual current flow is shown
(numbered with subscripts), as well as the total current flow through the combination of inductors (i(t)).

The voltage drop over all of the inductors is the same and is labeled v(¢).

Figure 6.5: Five inductors in parallel in a circuit.

As i(t) is equal to the sum of each individual current flow, the current flow through an inductor (equa-
tion 6.5) can be used to determine the equivalent inductance of parallel combinations of inductors. This is

shown in equation 6.7 and derived below.
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DERIVATION

i(t) = i1 (t) +iz(t) +i3(t) + .. +in(t)

1 g 1/t 1/t 1 /[t 1/t
—_— v(T)dr = — deT—i——/ deT—l——/ deT—i—...—i——/ v(T)dT
o o) = [ mar g [ wmars £ [ oo o DL
1

—00 —00 (o]
Lttt ot
Leg L1 Ly L3y L,

Inductors in parallel therefore combine similarly to resistors in parallel. The equivalent inductance cannot

be larger than the smallest inductor in the parallel combination.

Example: Calculating equivalent inductance

20 mH 30 mH

20 mH
bo 73000 .

Combine both parallel combinations of inductors. The 10 mH and 40 mH pair have an equivalent
inductance of 8 mH. The 20 mH and 30 mH pair have an equivalent inductance of 12 mH. The circuit can

now be re-drawn.

8 mH 10 mH
ao 5000

12 mH

20 mH
bo /3000

The equivalent inductance can be calculated by summing together the four inductances. Lgq is equal to

50 mH.

6.5 Resistor-Inductor (RL) Circuits

Resistor-inductor (RL) circuits are circuits that contain one inductor (or combinations of inductors that can
be reduced down to one equivalent inductance) as well as at least one resistive element. In this chapter, these
circuits will be analyzed given an abrupt change from one set of DC conditions to another. The short-term

difference in output that occurs as a result of this change in DC conditions is known as a transient analysis.
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An important property of inductors that will aid in the analysis of the transient response is that the
current through an inductor cannot change instantaneously. That is: i(07) = #(0"). In an ideal
analysis where inductors have no parasitic capacitance (which is what this textbook will assume), the voltage

dropped over an inductor can change instantaneously and therefore be discontinuous in time.

6.5.1 Discharging Transient Response

The discharging response is a special case of the transient response that specifically looks at what happens
when an inductor is initially connected to a DC current that is suddenly removed from a circuit. In other
words: the inductor, after being disconnected from the power supply, discharges its stored energy through
the resistive element(s) of the circuit. The circuit diagram shown in figure 6.6 will be used to analyze this
discharging response. The switch is in position a for a long time before suddenly moving to position b at

time t = 0.

al bb
IINCT) ;é+v(t) R
i
L

Figure 6.6: An RL circuit used to analyze the discharging transient response.

Kirchhoff’s laws can be used to analyze the circuit in the initial condition. Because the only two elements
are the current source and the inductor, and they are in series, the initial current flow through the inductor
must be equal to the source current. In other words: i(0) = In.

Kirchhoff’s laws are also used to analyze the circuit in the discharging condition, once the switch has
been flipped to position b. The voltage drop over the inductor (v(t), defined in equation 6.4) is equal to the
voltage drop over the resistor. Because the two components are in series they share a current flow of i(¢).
The discharging transient response is derived from these properties in equation 6.8 and derived below.
di(t) R

+ i) (6.8)

O== 1
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DERIVATION

The equation for the current flow in this transient discharging analysis is a first order, linear, ordinary
differential equation. This is consistent with the fact that the circuit itself is a first order, linear circuit! The
solution to the differential equation will not be derived in this book but is given in equation 6.9. Note the

similarities with the RC transient equation.

t

i(t) = i(0F)e TR u(t) +i(07 Ju(—t) (6.9)

Using equation 6.4, the transient response of the voltage drop over the discharging circuit can also be
determined. This is shown in equation 6.10. Note that initial voltage drop over an inductor will be zero, as

an inductor acts like a short in DC steady-state conditions.

u(t) = —Ri(0T)e T/ u(t) (6.10)

The quantity L/R defines the quickness that the circuit discharges to zero and is known as the RL time
constant. The mathematical symbol for the RL time constant is 7. Specifically, 7 defines the amount of time
it takes the current flow to decay to 36.8% of its maximum value.

If there is more than one resistive element in the discharging circuit, then the value of R in the time

constant is equal to the equivalent resistance as seen by the inductor.
Example: Discharging transient response

Calculate i(t) and v(t) for the circuit below. The switch opens at a time of 0 seconds.

2.4 kQ >
ANV .
6 k2
+
8 VC_) n ;9 kQ
03 HE v(t)
Ola

The initial conditions can be calculated. Re-draw the circuit to represent the time before the switch

opens. Because the circuit is under DC conditions, the inductor can be represented as a short.
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2.4 kQ
AW :

6 kQ

X6 -

i(0)y v(0)

The initial voltage drop will be zero. Source transformation can be used to calculate the initial current.

3.33 mA Q) 2.4 kQ 6 k2 ;9 kQ

i(0)

Use a current divider to calculate i(0).

1.44 kQ
i(07) = 3.33 mA ( . )

= 0.8 mA

Analyze the discharging circuit. Re-draw for time t > 0.

;9 kQ
_|_

0.3 HE v(t)
i(t)y—

6 kQ2

The equivalent resistance seen by the inductor is 15 k2. This can be used to calculate the RL time

constant.

_03H
TT KO
=2x107"s
The equations for i(t) and v(t) can now be derived using equations 6.9 and 6.10.
i(t) = 0.8 mA e "% 4(¢) + 0.8 mA u(—t)

v(t) = —12 V e 720000 4 (¢)
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These two signals are plotted below as functions of time.
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6.5.2 Charging Transient (Step) Response

The charging transient (step) response of a circuit corresponds to how the voltage and/or current changes
with respect to a sudden application of current to the circuit components. This is another specific case of the
general RL transient response, which will be discussed in section 6.5.3. Specifically, the charging transient
response refers to a fully discharged inductor suddenly being connected to a circuit containing at least one
resistive element and a power supply. The circuit diagram shown in figure 6.7 will be used to analyze the
charging response. The switch is in position b for a long time before suddenly moving to position a at time

t=0.

! al Jb
i) §—

) L

Figure 6.7: An RL circuit used to analyze the charging transient (step) response.

In the initial state of the circuit, all of the energy that may have been stored in the inductor has completely
discharged through the discharging resistor (Rp) giving an initial current flow of 0 mA.

In the charging condition (when the switch has been moved to position a), Kirchhoff’s current law can
be used to analyze the current flow through each circuit element. From this, the differential equation for ()
can be derived. This solution is shown in equation 6.11, and the derivation is given below. The term (co)

corresponds to the final, long-term value of the current flow through the inductor. It will be equal to I7y in
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the case of the circuit shown in figure 6.7.

(6.11)

DERIVATION

= —i(00) + %dz(f) +i(t)
_di(t) () — i(o0)
~ &% T IR

The solution to this differential equation (assuming that the initial current flow through the inductor is

0 mA) is given in equation 6.12. Again, note the similarities with the RC circuit step response.

t

i(t) = i(c0) [1 —e L/R] u(?) (6.12)

The value of the RL time constant, 7, is still equal to the equivalent inductance divided by the equivalent
resistance as seen by the inductor. The time constant in a charging circuit dictates how much time it takes
the circuit to charge up to 63.2% of the maximum current value.

Equation 6.4 can be used to find the voltage drop over the inductor during the transient charging process.

The result is shown in equation 6.13.

v(t) = Ri(oco)e” T/Ru(t) (6.13)

10

sma(1) 100 50 mHE v(o) §

The final (steady-state) conditions can be calculated. Re-draw the circuit to represent the time well after
the switch closes. Because the circuit is under DC conditions, the inductor can be represented as a short.

The final voltage is 0 V.
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6 mA Q) 10 Q i(00)y  v(co) 12 Q

Use a current divider to calculate i(c0).

- (32)

=3 mA

Analyze the charging circuit. Re-draw for time t > 0. Deactivate the current source by replacing it with

an open to calculate the equivalent resistance as seen by the inductor.

10 ©2

+

10 Q§ 50 mHS} v(t) §129

i(t)y—

The equivalent resistance is calculated below.

Rpg = (10 Q410 Q)//12 Q
=20Q//12 Q

=750

Calculate the RL time constant.

~0.05H
T 750

= 0.0067 s
The equations for i(t) and v(t) can now be derived using equations 6.12 and 6.13.

i(t) =3 mA [1—e Y] u(t)

v(t) = 22.5 mV e % (1)
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These two signals are plotted below as functions of time.
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6.5.3 General Transient Response

Two special cases of the RL transient response have been analyzed: the discharging response (i(o0) = 0)
and the step response (i(0) = 0). In general, the initial current flow through an inductor and the final value
of the current flow through the inductor can be any arbitrary values. The most general form of the equation

for the transient response of an RL circuit is therefore given in equation 6.14.
i(t) = [z’(oo) + (i(0%) — i(00)) e_ﬁ] u(t) + (07 )u(—t) (6.14)

The voltage drop over the inductor can be calculated using equation 6.4. This is shown in equation 6.15.

t

v(t) = R [i(c0) —i(07)] e  T/Ru(t) (6.15)

In the general transient response, the RL time constant refers to how much time it takes for the current

flow through the inductor to reach a value given by equation 6.16.
i(7) = 0.632i(c0) + 0.368i(0") (6.16)

Example: General transient response

Calculate i(t) and v(t) for the circuit below. Switch S1 opens at a time of 0 seconds and switch S2 closes

at a time of 0.005 seconds.
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12 O 12 O

8V 12V

Analyze the initial conditions of the circuit. Because the inductor acts as a short in the DC conditions,

the initial value of the voltage v(0) is zero.

12 Q
Yo

Using Ohm'’s law, the initial current flow through the inductor is 666.67 mA.
The RL time constant that dictates the discharge rate can be calculated by looking at the circuit with

both switches open.

+

129§ 20 mHE] v(t) §129

it)y-

The equivalent resistance seen by the inductor is 6 2. The RL time constant is therefore 0.003 s. For

the first 5 ms, the circuit will be acting as a discharging circuit with an equation given below.
i(t) = 666.67 mA e 3% [u(t) — u(t — 0.005)] + 666.67 mA u(—t)
The voltage during this time period can be found by using equation 6.15.
v(t) = —4 V e 3% [y(t) — u(t — 0.005)]

To analyze the situation when switch S2 closes, the current at 5 ms should be calculated using the

equation above. This will act as the initial condition for this time period.

i(0.005) = 666.67 ¢~ (300)(0-005) 1y A — 148,75 mA
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The final conditions should be analyzed to calculate i(co). The inductor can be replaced by a short in

steady-state DC conditions. The steady-state value of the voltage will be zero.

12 Q

i(c0) 12V

The steady-state current flow through the inductor is 1000 mA.
The time period after 5 ms should be analyzed to find the equivalent resistance seen by the inductor to

calculate the new RL time constant. The voltage source has been deactivated.

12 Q

12 Q§ 20 mHE} v(t) 12 Q

The equivalent resistance as seen by the inductor is now 4 2. The new RL time constant is 0.005 s. For

the remaining period of time after switch S2 closes, the circuit will act as a charging circuit with an equation

given below.
it) = [1000 mA — 851.25 mA e*20°<t*0'005>] u(t — 0.005)
The voltage during this time period can be found by using equation 6.15.
v(t) = 3.405 V e~2000=0:005) 4,4 _ 0.005)
The full equations for current and voltage can be found by summing the two different signals together.

i(t) = 666.67 mA e 3% [u(t) — u(t — 0.005)]
+ [1000 mA — 851.25 mA e=2000=0-09] (¢ — 0,005)

+ 666.67 mA u(—t)

v(t) = —4 V e300 [y(t) — u(t — 0.005)] + 3.405 V e~200(=0:005) 4,3 _ 0.005)

These two signals are plotted below as functions of time.
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1,000

< 800

E 600

= 400

= 200
4

All of the equations in this section of the text have discussed finding the current flow through the
inductor. It is also possible to derive a first order equation to find voltage over or current through any
arbitrary component in a circuit. It is important to note that the initial conditions may be discontinuous.
This is because only the current flowing through an inductor is going to be necessarily the same at time
t =07 and ¢t = 07. All other quantities must be analyzed at ¢ = 0~ (steady state initial conditions), and
again at exactly ¢ = 0 to determine the response at ¢ = 0%. Then, final steady-state conditions can be
analyzed to find the response at ¢ — co. If the initial condition is discontinuous, the value at t = 0% should
be used in the equation.

The steps for deriving an equation for the general transient response for an RL circuit follow. To reiterate,
because the discharging and charging responses are just special cases of the general transient response, these

steps can be followed to complete any RL circuit transient analysis.
1. Calculate the initial condition(s) of the circuit (any voltage(s) or current(s) that you are asked to find).
2. If necessary, calculate any needed circuit properties at time ¢ = 0.
3. Calculate the final condition(s) of the circuit.

4. Use the final configuration of the circuit to calculate the equivalent resistance as seen by the inductor
to calculate the RL time constant.

Example: General transient response of a resistor in an RL circuit

Calculate i(t) and v(t) for the circuit below. The switch closes at a time of 0 seconds and re-opens at a time

of 0.04 seconds.

12 Q

30V 100 mH CT) 10 mA
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Analyze the initial conditions of the circuit, before the switch closes at 0 seconds. At this time, the
switch is open and the inductor acts as a short. The current through the inductor will be 10 mA and the
current through the resistor will be 0 mA. Because the current through the resistor is discontinuous at the

moment the switch closes, it will be important to analyze the circuit at exactly t = 0 s.

12 Q 6 Q 50

30V

Source transformation can be used to simplify the circuit. The intermediate steps are not shown to save

space.

15 ACD 150

Analyzing the node between the 5 § resistor, the inductor, and the 10 mA current source, no current

flows through the 5 © resistor. This makes the calculation of i(0+) a current divider using only the 1.5 A

source.

309//159) — 500 mA

i(07) = 1500 mA ( 200

The same source-transformed circuit can be used to analyze the circuit as the time approaches 40 ms.

In this steady-state, the inductor acts as a short.

50Q
- aaw
15 ACD 15 Q 30 Q > v(0.04-) Q) 10 mA
| o)y

The 10 mA source does not contribute any current to the 30 Q resistor (as all of the resistors in that

configuration are shorted by the inductor). Therefore, a current divider can be used to determine the current
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through the resistor that is contributed by the 1.5 A source.

30 Q//15 Q//5 Q
30 Q

i(0.047) = 1500 mA ( ) = 166.67 mA

It will be useful to determine the current flow through the inductor at this time, as this will be helpful in
determining the current at t = 40+ ms through the resistor. Using superposition, we can see that a current

divider can be used for the 1.5 A source, and all of the 10 mA source will be flowing through the inductor.

30 Q//15 Q//5 Q
5Q

i£(0.04) = 1500 mA < > +10 mA = 1010 mA

The time period between 0 and 40 ms can be analyzed to find the equivalent resistance to calculate the

RL time constant. All current sources can be deactivated.
Rro=15Q//30Q2+5Q=150Q

The RL time constant can now be calculated.

0.1 H
T = 1579 =0.007 s

The current and voltage signals can be calculated during this time period using equation 6.14 and Ohm's

law.

i(t) = (166.67 mA + 333.33 mA e~ %) (u(t) — u(t — 0.04))

o(t) = (5 V+10 Ve 9% (u(t) — u(t — 0.04))

The circuit must be analyzed at the instant the switch re-opens at a time of 40 ms.

Analyzing the node between the 5 2 resistor, the inductor, and the 10 mA current source, the 5 2 resistor
must be supplying 1 A of current to the inductor for KCL to hold. A current divider can therefore be used
to calculate i(0.04+).

42 Q//30 Q

1(0.047) = —1 A
1(0.04™) 000 m ( 30 0

) = —583.33 mA
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As time approaches infinity, and the circuit reaches a new steady-state, all current will flow through the

inductor, and none will flow through the resistor.

The new RL time constant must be calculated. The new equivalent resistance is calculated below.
Rrpo=(36Q2+6Q)//30 2+502=2250Q

The RL time constant can now be calculated.

This is a discharging scenario, so equation 6.9 can be used to find an equation for the current through
the resistor. Ohm’s law can be used to determine the voltage drop over the resistor during the same time

period.

i(t) = (—583.33 mA e—225<t—0-°4>) u(t — 0.04)

o(t) = (—17.5 \% e_225(t_0'04)) u(t — 0.04)
Both signals can be summed together to find the total current and voltage characteristics of the resistor.

i(t) = (166.67 mA + 333.33 mA e~ %) (u(t) — u(t — 0.04))
+ <—583.33 mA e_225(t_0'04)) ult — 0.04)

o(t) = (5 V410 V e %) (u(t) — u(t — 0.04))

+ (—17.5 \% e_225(t_0'04)) u(t — 0.04)

These two signals are plotted below as functions of time.

500 [ K w ‘ -
< O
E o—
= =500 - )
| | | | | | | | | | |
T T T T T T T T T T T
SR : ]
—~ 0>
T —10| .
,20 [ | | | | | | | | | | |
-5 0 5 10 15 20 25 30 35 40 45 50 55 60

E@®SO Alyssa J. Pasquale, Ph.D. 176 Last updated: 2024/04/18



6 Inductors and RL Circuits Example Problems

Example Problems
Inductance and Equivalent Inductance

1. The current flowing through a 20 mH inductor is i(t) = 50t u(¢) mA. Derive equations for the voltage

dropped over the inductor and the instantaneous power consumed by the inductor.

2. The voltage dropped over a 15 pH inductor is v(t) = cos(5000¢)u(t) V. Derive equations for the current

flowing through the inductor and the instantaneous power consumed by the inductor.

3. Calculate the equivalent inductance of the circuit shown in figure 6.8.

Figure 6.8: Circuit diagram for inductance and equivalent inductance question 3.

4. Calculate the equivalent inductance of the circuit shown in figure 6.9.

Figure 6.9: Circuit diagram for inductance and equivalent inductance question 4.

5. Determine the value of the inductor Lx given that the circuit shown in figure 6.10 has an equivalent

inductance of 250 pH.

100 pH Lx

200 pH 300 pH

O L g

Figure 6.10: Circuit diagram for inductance and equivalent inductance question 5.
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Resistor-Inductor Circuits

6. Calculate an expression for i(¢) and v(¢) given the circuit shown in figure 6.11. The switch moves from

position a to b at time of zero seconds.

300
a 900 Q2

b AVAVAY

_|_
6V

Figure 6.11: Circuit diagram for resistor-inductor circuits question 6.

7. Calculate an expression for i(¢) and v(t) given the circuit shown in figure 6.12. The switch opens at a

time of zero seconds.

200 © 500 2 30

)
+
5 v@) 750 O 20 MHE} v(t) 600 O 150 ©
i(t)y—

Figure 6.12: Circuit diagram for resistor-inductor circuits question 7.

8. Calculate an expression for i(t) and v(t) given the circuit shown in figure 6.13. The switch closes at a

time of zero seconds.

4 kQ
—NVW—F — t
6 kQ2
8 VC) 5 kQ 20 kQ2
- +
100 MHS v(t)
i)y

Figure 6.13: Circuit diagram for resistor-inductor circuits question 8.
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9. Calculate an expression for i(t) and v(t) given the circuit shown in figure 6.14. The switch closes at a

time of zero seconds.

4 kQ 4 kQ

15 mA CD 2 k2

i(t)3—

Figure 6.14: Circuit diagram for resistor-inductor circuits question 9.

10. Calculate an expression for i(¢) and v(t) given the circuit shown in figure 6.14. Switch S1 opens at a

time of zero seconds, and switch S2 closes at a time of zero seconds.

4 k2

Figure 6.15: Circuit diagram for resistor-inductor circuits question 10.
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7 Second Order Circuits

Second order circuits contain two equivalent energy storage elements (which could be two capacitors that
cannot be combined to an equivalent capacitance, two inductors that cannot be combined to an equivalent

inductance, or one equivalent capacitance and one equivalent inductance).

7.1 Homogeneous Second Order Circuit Responses

The analysis of the voltage or current in a second order circuit will be a second order, linear differential
equation. The homogeneous case solves for voltage or current when all sources have been disconnected from
the energy storage elements. Equation 7.1 shows the form of the second order equation for voltage. An
identical equation could be solved for current. Note that the highest order term has a coefficient of one.

d*v(t) du(t)
0="gp tay

+ agv(t) (7.1)

The values of a; and ag can be used to solve for important circuit parameters. The damping parameter
is known as a and is given by equation 7.2. The units of « are Np/s (Nepers per second). Nepers are a
dimensionless quantity similar to radians. The damping parameter corresponds to how quickly the value of

the voltage or current decays after the circuit elements have been removed from the power supply.
o=— (7.2)

The resonant frequency of the circuit is known as wy and is given by equation 7.3. The units of wy are

rad/s (radians per second).

wo = /ao (7.3)

To solve a homogeneous second order circuit, the characteristic equation needs to be solved. The solution
depends on the roots of the equation. The equations of the roots are shown in equation 7.4 and 7.5. The
roots are not usually expressed with units. However, because they are multiplied by time in the exponent of

an exponential function, it is important to understand that they are not dimensionless quantities.

s1=—a+/a?—wd (7.4)

sy =—a—/a? —wd (7.5)

Based on the value of the roots, there are three different possible output responses that a homogeneous
second order circuit can have. These are: overdamped, underdamped, and critically damped. Each will be

explored in its own subsection below.
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7.1.1 Overdamped

An overdamped circuit response occurs when o > wg. In an overdamped scenario, the circuit takes a long
time to respond to changes in the circuit conditions. Both of the roots of the characteristic equation (s; and

s2) are real and unequal.

The form of the solution to an overdamped circuit is shown in equation 7.6 for voltage, but an identical

form could be found for current (substituting v(t) terms for i(¢) terms).
v(t) = (Are®" + Aze®") u(t) + v(07 )u(—t) (7.6)

All second order circuits with a positive resistance will have negative roots, indicating a stable response to
a change in conditions (all exponential terms will converge rather than diverge over time). (Circuit stability
is discussed in section 9.4.2.)

The coefficients A; and Ay (which have units of voltage or current, depending on what is being solved)
can be derived by solving equation 7.6 for v(0") and v’(0"). This derivation will not be shown, but the
solution for both coefficients is given in equation 7.7 and 7.8. Again, if current is being solved for, all of the

voltage terms will be replaced with current terms.

v(0T) s —v'(0T)

Ay = (7.7)
S2 — 81
0+ — +
Ay — v (0F) —v(01)s; (7.8)
SS9 — 81

A graph depicting the voltage response of an overdamped circuit is shown in figure 7.1. A similar graph

could be made for a current response.

S 4l RN —Vin | |
o Tl ---(t)
N e
> 0k ! \ \ \ \ \ —— \ \
—10 ) 0 5 10 15 20 25 30 35 40 45 50

t (arbitrary)

Figure 7.1: Voltage response of an overdamped second order circuit to an abrupt removal of input voltage.

7.1.2 Critically Damped

A critically damped circuit response occurs when o = wg. The critically damped circuit has the quickest
approach to the steady-state value without oscillating. (In other words, it is the boundary condition between
an overdamped and an underdamped circuit.) Both of the roots of the characteristic equation (s; and s2)

are real and equal.
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The form of the solution to a critically damped circuit is shown in equation 7.9 for voltage. An identical

form could be found for current.
v(t) = (Are™ + Agte ") u(t) + v(07 )u(—t) (7.9)

The coefficient A; has units of V (or A) and the coefficient A2 has units of V/s (or A/s). Both coefficients
can be derived by solving equation 7.9 for v(0) and v'(0). This derivation will not be shown. The solution

for both coefficients is given in equation 7.10 and 7.11. To find the coefficients for current, all voltage terms

should be replaced with current terms.

A =v(0h) (7.10)
Ay =2'(07) + av(0T) (7.11)

A graph depicting the voltage response of a critically damped circuit is shown in figure 7.2. A similar

graph could be made for a current response.

‘ :
S 3 —Viv |
° \\ --- U(t)
g 2 | \\\ N
° T~o
> 0k ! \ S— \ \ \ \ \ \ \
—10 ) 0 5 10 15 20 25 30 35 40 45 50

t (arbitrary)

Figure 7.2: Voltage response of a critically damped second order circuit to an abrupt removal of input voltage.

7.1.3 Underdamped

An underdamped circuit response occurs when o < wg. In an underdamped scenario, the circuit responds
so quickly to changes in the circuit conditions that the output oscillates around the final value, eventually
being attenuated to zero. The roots of the characteristic equation (s and s3) are complex conjugates.

The form of the solution to an underdamped circuit is shown in equation 7.12 for voltage. An identical

form could be found for current.
v(t) = e~ [By cos Bt + By sin St] u(t) +v(07 )u(—t) (7.12)

Note a new parameter, 3, which is equal to the oscillation frequency and has units of rad/s. The equation

for the oscillation frequency is given in equation 7.13.

8= \/ﬁ (7.13)
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The coefficients By and Bs have units of V (or A) and can be derived by solving equation 7.12 for v(0)
and v’(0). This derivation will not be shown in this textbook. The solution for the coefficients is given in

equation 7.14 and 7.15. To find the coefficients for current, all voltage terms should be replaced with current

terms.

By = v(0%) (7.14)

~V'(01) + aw(07)

By = 5 (7.15)

A graph depicting the voltage response of an underdamped circuit is shown in figure 7.3. A similar graph

could be made for a current response.

—~ 5 ‘ B

> — Vin

L o 000000 — . . T v(t) L.

8

_g 75 [ |
-10 -5 0 5 10 15 20 25 30 35 40 45 50

t (arbitrary)

Figure 7.3: Voltage response of an underdamped second order circuit to an abrupt removal of input voltage.

7.2 Homogeneous Series RLC Circuit

A homogeneous series RLC circuit is configured such that, when the input voltage is removed, the circuit
components contain one or more resistor, capacitor, and inductor, all in series with each other. An example
of a series RLC circuit is shown in figure 7.4. The switch is in position a for a long time before moving to

position b at time ¢ = 0.

: v Conilh)

[

Figure 7.4: A series RLC circuit.

Vin

First, the initial conditions of the circuit should be found. In this particular circuit, v(0) = Vin.
Equation 5.5 can be solved for ¢ = 0% to find the initial first derivative of the voltage. Because this is a
second order circuit, both the initial voltage and the initial first derivative of voltage must be calculated to
obtain a complete solution to the equation. For series RLC circuits, equation 5.5 can be rewritten as shown

in equation 7.16. (The circuit in figure 7.4 has v/(07) = 0, but that is not necessarily true for all series RLC

E@®SO Alyssa J. Pasquale, Ph.D. 183 Last updated: 2024/04/18



7 Second Order Circuits 7.2  Homogeneous Series RLC Circuit

circuits.)

1(0+)
(0% = 100 7.16
voh) =15 (7.16)
Kirchhoff’s laws can then be used to solve for the voltage drop over the capacitor (v(t)) once the switch
has been moved to position b. The KVL equation is shown in equation 7.17.

di(t)
dt

0=Ri(t)+ L +o(t) (7.17)

Equation 5.5 relating the current through a capacitor to the voltage drop over a capacitor can then be
plugged into equation 7.17 to find the second order equation. This derivation is shown in equation 7.18.
_ d*u(t)  Rdo(t) 1

- ot 1
=" "L ar """ (7.18)

Now that the equation is configured to have the second order derivative term with a coefficient of one, it
is easy to determine the values of a; (R/L) and a¢ (1/LC). The damping parameter « is obtained by using

equation 7.2 and is shown in equation 7.19.

o= v (7.19)

wo = ——— (7.20)

Calculate v(t) for the circuit below. The switch opens at a time of 0 seconds.

100 47 Q

50 mH +

20 v@) (1) 470 fF—— 470 nF —— (1)
220 O _

Analyze the initial conditions of the circuit, before the switch opens at 0 seconds. The inductor can be
treated as a short and the capacitors can be treated as open circuits. The voltage over the capacitor and

current through the inductor are continuous at time ¢ = 0 and do not need to be separately analyzed at
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t=0"T.

100 © 47 Q

20V

Use Ohm's law to calculate the initial current flow.

20V

i(0) = 335 = —625 mA

Use a voltage divider to calculate the initial voltage drop.

220 Q

Use equation 7.16 to determine the initial derivative of the voltage.

—0.0625 A
/ Yy T = —
V(01 = i oo = 0648936 V/s

At this point, the circuit can be analyzed with the switch open to determine the values of R, L, and C

to use to determine the damping parameter and resonant frequency.

47 Q

50 mH +
(V) 4700 F == 470 0F —— v(t)

220 Q _

The total resistance is equal to 267 €2, the inductance is 50 mH, and the capacitance is 940 nF. Use

equation 7.19 to calculate the damping parameter.

267 Q
= o005 m - OTOND/s
Use equation 7.20 to calculate the resonant frequency.

1
1/(0.05 H)(940 x 10-9 F)

wo = = 4612.66 rad /s
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This circuit is underdamped. Use equation 7.13 to calculate the oscillation frequency of the circuit.

B = \/4612.662 — 26702 = 3761.35 rad/s
Use equations 7.14 and 7.15 to calculate the coefficients.

B =137V

—66489.36 + (2670)(13.75)

3761.35 = -T2V

By =
Plug all of these quantities into equation 7.12 to calculate the equation for v(t).
v(t) = e 27 [13.75 V cos(3761.35t) — 7.92 V sin(3761.35t)] u(t) + 13.75 V u(—t)

The voltage is plotted below as a function of time.

15 -
< 10| .
= °r *
T ol .
| | | | | | | |
0 200 400 600 800 1,000 1,200 1,400
t (us)

7.3 Homogeneous Parallel RLC Circuit

A homogeneous parallel RLC circuit is configured such that, when the input current is removed, the circuit
components contain resistance, inductance, and capacitance in parallel with each other. An example of a
parallel RLC circuit is shown in figure 7.5. The switch is in position a for a long time before moving to

position b at time ¢ = 0.

Iin

Figure 7.5: A parallel RLC circuit.

First, the initial conditions of the circuit should be found. In this particular circuit, i(0) = I;n. The
equation for voltage in equation 6.4 can be solved for ¢t = 0% to find the initial first derivative of the current.

This is shown in equation 7.21 for RLC parallel circuits. (The circuit in figure 7.5 has i'(07) = 0, but that
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is not necessarily true for all parallel RLC circuits, particularly those that have a capacitor that is not fully

discharged.)

_ v(07)

i'(0T) 7

(7.21)

Kirchhoff’s laws can then be used to solve for the current flow through the inductor (i(¢)) once the switch

has been moved to position b. The KCL equation is shown in equation 7.22.

Cot) dv(t)
0=~ +i(t) +C

dt

(7.22)

Equation 6.4 relating the voltage drop over an inductor to the current can then be plugged into equa-

tion 7.22 to find the second order equation. This derivation is shown in equation 7.23.

i) 1 dit) 1

Now that the equation is configured to have the second order term with a coefficient of one, it is easy
to determine the values of a; (1/RC) and ag (1/LC). The damping parameter « is obtained by using

equation 7.2 and is shown in equation 7.24.

1

The resonant frequency wy is obtained using equation 7.3. Because ag in the parallel RLC circuit is the

same as ag in the series RLC circuit, they will have the same resonant frequency, given by equation 7.20.
Example: Homogeneous RLC parallel circuit

Calculate i(t) for the circuit below. The switch opens at a time of 0 seconds.

10 Q
B QN

6V 30mHEY 300 uF —— 50> (1)

i(t) -

Analyze the initial conditions of the circuit, before the switch opens at 0 seconds. The inductor can
be treated as a short and the capacitor can be treated as an open circuit. The voltage dropped over the

capacitor and current flowing through the inductor are both continuous at ¢t = 0.

E@®SO Alyssa J. Pasquale, Ph.D. 187 Last updated: 2024/04/18



7 Second Order Circuits 7.3 Homogeneous Parallel RLC Circuit

10

6V vi(0) 5Q v(0)

Use Ohm's law to calculate the initial current flow.

6V
i(0) = ——= =06 A
i(0) 109 0.6
Because there is no voltage dropped over the 5  resistor (it is shorted out by the inductor), the initial
voltage drop will be zero, and the value of i’(0T) will also be zero.

At this point, the circuit can be analyzed with the switch open to determine the values of R, L, and C

to use to determine the damping parameter and resonant frequency.

+
30 mMHE 300 uF — 50 v(t)

i(t) -

The total resistance is equal to 5 €, the inductance is 30 mH, and the capacitance is 300 uF. Use

equation 7.24 to calculate the damping parameter.

1
~2(5Q)(300 x 10-6 F)

(0%

= 333.33 Np/s

Use equation 7.20 to calculate the resonant frequency.

1
1/(0.03 H)(300 x 10-6 F)

wo = = 333.33 rad/s

This circuit is critically damped with both roots equal to —333.33. Use equations 7.10 and 7.11 to

calculate the coefficients.

A =06 A
A, = (333.33)(0.6) = 200 A/s
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Plug all of these quantities into equation 7.9 to calculate the equation for i(t).
i(t) = (0.6 A e 333 1200 A/s t e 3333) w(t) +0.6 A u(—t)

The current is plotted below as a function of time.

0.6 =
< 04+ |
> 02 N
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7.3.1 Analysis with Parasitic Resistance

The analysis above ignores the parasitic resistance that exists in real inductors. A realistic circuit, which
explicitly includes the parasitic resistance in series with the inductor, can be analyzed. The corresponding

circuit diagram is shown in figure 7.6.

Figure 7.6: A parallel RLC circuit including parasitic resistance Rp that comes from the inductor.

As will be discussed in section 7.4, second order circuits in general are analyzed by determining initial
conditions, and then using Kirchhoff’s laws to find a second order equation for the quantity of interest. That
is what will be done in this circuit.

KCL can be used to find the first equation, which is identical to that of the non-parasitic RLC circuit,
given in equation 7.22. KVL around the loop containing the inductor, parasitic resistance, and capacitor is
given in equation 7.25.

di(t)
dt

o(t) = L=~ + Rpi(t) (7.25)

Equation 7.25 can be plugged into equation 7.22 to solve for the second order equation in terms of current.
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The full derivation will not be shown. The final result is given in equation 7.26.

0=

d2i(t) [ 1 +RP} di(t)_i_{ L, Rr

a2 " |RC T L | at ' |IC RLC} i) (7.26)

Now that the equation is configured to have the second order term with a coefficient of one, it is easy to
determine the values of a; and ag. The damping parameter « can be solved using equation 7.2 and is shown

in equation 7.27.

1 Rp

(e

The resonant frequency wy can be solved using equation 7.3 and is shown in equation 7.28.

/1 Rp

Equation 7.25 can also be solved at time ¢t = 0 to find the initial condition of the first derivative of the

current, shown in equation 7.29.

_ 0(0*) — Rpi(0%)

/(0%) K

(7.29)

Example: Homogeneous RLC parallel circuit with parasitic resistance

Calculate i(t) for the circuit below. The switch opens at a time of 0 seconds. The inductor has a parasitic

resistance of 60 Q (not shown).

X .

_|_

200 mA CD 100mHE 22nF —— 47 Q§ v(t)

i(t) -

Analyze the initial conditions of the circuit, before the switch opens at 0 seconds. The voltage dropped
over the capacitor and current flowing through the inductor will both be continuous at ¢t = 0. The inductor
can be treated as a short and the capacitor can be treated as an open circuit. The parasitic resistance is

shown in this diagram to make it clear that the inductor is not shorting out the 47 € resistor.

200 mA CD 60 47 Q§ v(0)
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Use a current divider to calculate the initial current flow.

60 Q//47 Q

i(0) = 200 mA ( 00

) = 87.85 mA

The initial voltage drop will not be zero. Use Ohm’s law to calculate v(0).
v(0) = (0.2 A)(60 ©2//47 Q) =527V
Use equation 7.29 to calculate the initial first derivative of the current. It is equal to zero. Use equa-

tion 7.27 to calculate the damping parameter.

1 60

* = AT O)(22 x 10-9F) © 2(0.1 M)

= 483858.99 Np/s

Use equation 7.28 to calculate the resonant frequency.

! + 60 © 32168.56 rad/
— = 56 T
TNV O1H) (22 % 100 F) T (47 2)(0.1 H)(22 x 10-°F) adrs

This circuit is overdamped. Use equations 7.4 and 7.5 to calculate the roots of the characteristic equation.

51 = —483858.99 + 1/483858.992 — 32168.562 = —1070.52

59 = —483858.99 — \/483858.992 — 32168.562 = —966647.46

Use equations 7.7 and 7.8 to calculate the coefficients of the equation.

_ (87.85)(—966647.46)

1 T 066647.46 + 1070.52
—(87.85)(—1070.52)

= — —0.10 mA

2= T966647.46 £ 107052~ 0m

= 87.95 mA

Plug all of these quantities into equation 7.6 to calculate the equation for i(t).
i(t) = (87.95 mA 7197052 _ 0,10 mA e~ 905647461) 4 (¢) 4 87.85 mA u(—t)

The current is plotted below as a function of time.
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7.4 General Homogeneous Second Order Circuits

The procedure for solving second order circuits that do not follow the exact format of parallel RLC or series

RLC follows.
1. Use KCL and KVL to find a second order differential equation in terms of the desired quantity.
2. The equations from step one can be solved for v/(0%) or ¢/ (0T).
3. Solve the circuit for the initial conditions.
4. Use the differential equation from step one to calculate a and wy.
5. Calculate the coefficients.
6. Find the equation for v(t) or i(t).

All of the equations in this section of the text have discussed finding the voltage drop over the capacitor
or current flow through an inductor. It is also possible to derive a second order equation to find voltage over
or current through any arbitrary component in a circuit. It is important to note that the initial conditions
may be discontinuous. All other quantities must be analyzed at ¢ = 0~ (steady state initial conditions),
and again at exactly t = 0 to determine the response at t = 07. Then, final steady-state conditions can be
analyzed to find the response at t — oco. If the initial condition is discontinuous, the value at t = 0% should

be used as the value of v(0) or i(0).
Example: Homogeneous general second order circuit in symbolic form

Calculate v(t) for the circuit below. The switch opens at a time of 0 seconds.

Rs L

First, analyze the initial conditions of the circuit, before the switch opens at 0 seconds. The inductor

can be treated as a short and the capacitor can be treated as an open circuit.

Rs
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Use a voltage divider to calculate the initial voltage. This value will be continuous at time t = 0 s due

to the inductor current and capacitor voltage drop being continuous at that moment.

v(0) :Vs< Ra/ /B )

Rs + Ry//R:

Analyze the circuit with the switch open to determine the second order equation. Some other intermediate

terms (i(t) and vy(t)) will be introduced to assist in the analysis.

The current flowing through the inductor (i(t)) is equal to v(t)/R2. (Note that this equation will be used
below to find v'(0).)

_ L dv(?)
Ry dt

va(t) +o(t)

Perform KCL at the node connecting the capacitor, resistor Ry, and the inductor.

@ +Cd’02(t) + ’l)Q(t)

=0
Ry dt Ry

Solve the last two equations for v(t) and ensure that the highest order term has a coefficient of one.

+

d2’U(t) RQ 1 d’l)(t) RQ 1
a2 [L * CRJ at {RILC * LC] vt)

Solve for alpha and omega.

o= @ + !
oL T 2CR,
R, 1
“o=\'rrc T IC
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Find an equation for the initial derivative of the voltage drop.
R
V(0F) = 7 (02(0) = 0(0))

Because the initial voltage drops v(0) and v,(0) are equal, this value will be equal to zero, regardless of
the value of any individual components.

This circuit can now be solved given any values of Vs, Rs, L, C, R; and Rs.

Example: Homogeneous general second order circuit in numeric form

Calculate i(t) for the circuit below. The switch opens at a time of 0 seconds.

500 mH

20 Q 30 Q
10V 20 30 Q 400 mH
i(t)

Analyze the initial conditions of the circuit, before the switch opens at 0 seconds. Both inductors can be

treated as short circuits. Because the 500 mH inductor acts as a short, the 20 © and 30 2 resistors are in

parallel and have been reduced to an equivalent resistance.

20 Q 30 2

10V 12 Q i(0)

Use a current divider to calculate the initial current. Because this is the current through an inductor, it

will be continuous at time t = 0 s.

i0) = 0V <20 Q//12 Q//30 Q> N

200 30 Q

It will also be useful to determine the initial voltage drop over the 12 (2 resistor. Use a voltage divider to
calculate this quantity. This quantity will also be continuous at time t = 0 s. If it weren't, the circuit would

need to be analyzed at exactly the moment the switch was opened to determine the value at t = 0+.

v129(0)210V< 12 2//30 ):3v

20 Q+ 12 Q//30 Q
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Analyze the circuit with the switch open to determine the second order equation. Some other intermediate

terms (v(t) and iz(t)) will be introduced to assist in the analysis.

500 mH 30 2

Perform KVL around the loop consisting of both 30 €2 resistors and the 400 mH inductor. At this point,
all units will be removed from equations. All quantities will be in terms of €2, V, A, and H.

di(t)

o(t) = 30i(t) + 04—

Perform KCL at the node connecting the 500 mH inductor and both 30 2 resistors.

in(t) =~ iy

One last equation is required. Perform KVL around the loop consisting of the 20 €2 resistor, the 500 mH

inductor, and the 30 €2 resistor.

dis(t)
dt

o(t) = 20i5(t) + 0.5

There are now three equations and three unknowns. Solve each equation to find a second order equation

in terms of i(t). Ensure that the highest order term has a coefficient of one.

d%i(t) di(t)
= 250—= +1 (t
0 72 + 250 ar + 10500:(t)
Calculate alpha and omega.
250
a=—-= 125 Np/s

wo = V10500 = 102.47 rad/s

This circuit is overdamped.

Find an equation for the initial derivative of the current. v(0) is equal to the initial voltage drop over the
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12 € resistor that was calculated in a previous step to be 3 V.

v(0) — 304(0)

0+ —

(0T = 0.4
~3-130(0.1)
a 0.4
=0A/s

Use equations 7.4 and 7.5 to calculate the roots of the characteristic equation.

s1 = —125 4+ /1252 — 102.472 = —53.41
so = —125 — /1252 — 102.472 = —196.59

Use equations 7.7 and 7.8 to calculate the coefficients of the equation.

_(0.1)(—196.59)
17 106.59 + 53.41

— M ——0.04 A
—196.59 + 53.41

=014 A

2
Plug all of these quantities into equation 7.6 to obtain the equation for i(t).
i(t) = (0.14 A e %41 —0.04 A e 19%5) y(t) + 0.1 A u(—t)

The current is plotted below as a function of time.

100 =
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7.5 Non-Homogeneous Second Order Circuits

A non-homogeneous second order circuit contains a source in the final configuration of the circuit. The
differential equation, which was shown in equation 7.1 for a homogeneous circuit, will no longer be equal to

zero. The new form of the second order equation is shown in equation 7.30.

~d?u(t) ta dv(t)

y(t) = —>3 1= T aov(?) (7.30)

To solve a non-homogeneous second order equation, first find the general solution. Then, find the par-
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ticular solution. These two solutions are added together to find the overall circuit response. The general
solution is the response of the homogeneous equation, which was discussed in the previous sections of this
chapter. The particular solution v, (t) is the only new aspect to solving a non-homogeneous second order
circuit.

The other change that happens is that the form of each circuit response equation (overdamped, under-
damped, and critically damped) will be modified. Note that the resulting equations are the general form of
an equation. The homogenous response is simply the specific case where v, (t) or i,(t) is equal to zero. The
non-homogeneous equations can therefore be used to analyze any second order circuit. All of the equations
given below will be in terms of voltage. To modify the equations to solve for current, simply replace all
voltage terms with current terms.

The overdamped circuit will be characterized by the equation shown in equation 7.31.
v(t) = (vp(t) + Are™" + Aze®") u(t) + v(07) u(—t) (7.31)
The critically damped circuit will be characterized by the equation shown in equation 7.32.
v(t) = (vp(t) + Are™ " + Aste™ ") u(t) +v(07) u(—t) (7.32)
The underdamped circuit will be characterized by the equation shown in equation 7.33.
v(t) = (vp(t) + e~ [By cos Bt + Bysin Bt]) u(t) + v(07) u(—t) (7.33)

7.5.1 Constant Input Non-Homogeneous Second Order Circuits

A constant input second order circuit will have a DC source connected in the final circuit configuration. In
this case, the particular solution will simply be equal to the final steady-state voltage (or current), shown in

equation 7.34.
up(t) = v(c0) (7.34)

The coefficients for each type of circuit response can now be solved in terms of the initial conditions and

final conditions of the circuit. The overdamped coefficients are given in equations 7.35 and 7.36.

24, = 20(07) —v(e0)) — v'(07)

—ufeo (7.35)
4y — V' (0F) — s;(zf(?:) —v(00)) (7.36)
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The critically damped coeflicients are given in equations 7.37 and 7.38.

A =v(0") — v(o0) (7.37)
As =" (0%) — 51 (v(0") — v(c0)) (7.38)

The underdamped coefficients are given in equations 7.39 and 7.40.

By = o(0*) — v(o0) (7.39)
B V' (0F) + a(vg)*) —v(o0)) (7.40)

Example: Constant input non-homogeneous general second order circuit in symbolic form

R 2

Is CD Rs C—— v(v)

The initial conditions are straightforward to determine. The voltage drop will be zero as it will be
disconnected from the current source and all energy will have discharged through the resistor and inductor.
The voltage dropped over the capacitor and the current flowing through the inductor will both be continuous

at t = 0.

Analyze the circuit with the switch closed to find a second order differential equation. An intermediate
term i(t) will be introduced to assist in the analysis.

Is CD Rs CT—— v(t)

. 3i(t)

Perform KVL around the loop consisting of the resistor R, inductor, and capacitor.

di(t)

o(t) = Rit) + L=
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Solve KCL at the node connecting the power supply, both resistors, and the capacitor.

dv(t)

ISZM—H'(t)—FC 7

R,

Solve the latter equation for i(t) and plug into the former to find the differential equation. Ensure that

the highest order term has a coefficient of one.

LRC ; di;gt) [ 1 R} dv(t) [1 R

o RsC L] at LC+RSLC} v(t)

The latter equation can also be used to find an equation for the initial derivative of the voltage drop.

v(0) .
i(0)
"0t) = Rs
V(%) -
Calculate alpha and omega.
R 1
2L  2CRg

wo = R +L
=V RsLC " ILC

The final value of the voltage drop over the capacitor will be used to determine the particular solution

vp(t). The inductor can be replaced with a short and the capacitor can be replaced with an open.

Is CD Rs R v(c0)

Use Ohm's law to calculate this value.

v(oe) = L <R]§1RR>

This circuit can now be solved given any values of Is, Rs, L, C, and R.

Example: Constant input non-homogeneous general second order circuit in numeric form

Calculate v(t) for the circuit below. The switch closes at a time of 0 seconds.
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10 ©2 20 mH 10 ©

20 V 1kQ > 100 nF —— v(t)

The initial voltage drop will be zero due to the lack of connection to the voltage source. The voltage

dropped over the capacitor will be continuous at t = 0.

The final value of the voltage can be determined by analyzing the circuit in the steady-state condition.

The inductor can be replaced with a short and the capacitor can be replaced with an open.

10 10

20 V 1 kQ v(o0)

Use a voltage divider to calculate v(co), which is equal to the value of the particular solution.

1000 €2
1010 Q

v(c0) =20V =19.80 V
(fos)

Analyze the circuit with the switch closed to determine the second order equation. Some other interme-

diate terms (i(t) and i»(t)) will be introduced to assist in the analysis.

102 ) 20 mH 10 ©

20V

Perform KVL around the loop consisting of the voltage source, both 10 € resistors, the inductor, and

the capacitor. All quantities will be in terms of 2, V, A, and H.

du(t)
dt

dis(t)

7 +o(t)

+(1x107%)

20 = 10iy(t) + 0.02

Perform KCL at the node connecting the inductor, the 1 k{2 resistor, and the 10 € resistor. (This equation
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will be used below to calculate the value of the initial derivative of the voltage.)

io(t) = i(t) + (100 x 1077) d“;—sf)

One last equation is required. Perform KVL around the loop consisting of the 1 k{2 resistor, the 10

resistor, and the capacitor. Divide by 1 k2.

i(t) = (1 x1077) dZ—it) +0.001v(t)

There are now three equations and three unknowns. Solve each equation to find a second order equation

in terms of v(t). Then, ensure that the highest order term has a coefficient of one.

d?v(t) du(t)
9 x 107 = 10896.04——~ 10®
9.9 x 10 e +10896.0 7 + (5 x 10%) v(t)
Calculate alpha and omega.
10896.04
o = ——— =5448.02 Np/s

wo = V5 x 108 = 22360.68 rad/s

This circuit is underdamped.
Calculate the initial derivative of the voltage. Because i(t) and ix(t) will both be zero at t = 0 s (and
are continuous when the switch closes), v'(0) will be zero.

Use equation 7.13 to calculate the oscillation frequency of the circuit.

B = 1/22360.68% — 5448.022 = 21686.84 rad/s

Use equations 7.39 and 7.40 to calculate the coefficients of the equation.

B, =-19.80 V
—(5448.02)(19.80)
By = —_—
2 21686.84 oV

Plug all of these quantities into equation 7.33 to obtain the equation for i(t).
v(t) = (19.80 V + e 24802 [_190.80 V cos(21686.84t) — 4.97 V sin(21686.84t)]) wu(t)

The current is plotted below as a function of time.
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0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
t (ms)

7.5.2 Variable Input Non-Homogeneous Second Order Circuits

It is possible for a second order circuit to be connected to a variable input source (rather than a DC source)
in the final circuit configuration. In this case, the particular solution will no longer be equal to that given

in equation 7.34. The particular solution for commonly used sources is given in table 7.1.

Source Type Equation Particular Solution Notes
. If 0 is not a root of the characteristic
Polynomial Axt? + At + Ag Kot? + Kit + Ky ' It
equation.
If 0 is a single root of the characteristic
3 2
Kot? + Kot + Kot | o oo
. If 0 is a double root of the characteristic
Koth + K 3 + Kot? s 2 ot St
equation.
Exponential et Ko—at If a is. not a root of the characteristic
equation.
Kto—at If a is a single root of the characteristic
equation.
K2e-at If a is a double root of the characteristic
equation.
Cosine A coswt Ky coswt + Ko sinwt
Sine Asinwt K coswt + Ko sinwt

Table 7.1: Particular solutions for commonly used variable sources.

To solve for the coefficients of the solution, solve the equation for v(0) and v'(0) and use linear algebra
to determine the coefficients. These calculations will not be derived for all variable input sources in this

textbook.
Example: Variable input non-homogeneous general second order circuit in symbolic form

Calculate i(t) for the circuit below. The switch closes at a time of 0 seconds.

> .

Is t u(t) Q) R c—— L

i(t)

The initial current flow will be zero, due to the lack of connection to the voltage source. It is no longer

relevant to discuss steady-state values as the input is a ramp function and will not lead to a constant output
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value.

Analyze the circuit with the switch closed to determine the second order equation. The voltage drop
over the inductor v(t) will also be used to assist in the analysis.

Is t u(t) G) R C :; v(t) L

Perform KCL.

Lot = 28 i(t) + o)

Use equation 6.4 to replace v(t) terms with i(t) terms. Divide all terms until the second order term has

a coefficient of one. Note that this is simply a non-homogeneous parallel RLC circuit, so the equation looks
very similar to equation 7.23.

Is ,  d%(t) 1 di(t) 1 .
6= a2 twre a e’

The particular form of the solution will need to be obtained. Consult table 7.1

ip(t) = Kit + Ko

Plug the particular solution into the second order equation to calculate the values of the coefficients K;
and K2.

Ig d?

1 d 1
= [Kit+ K] + — — [Kit + K] + — [Kit + K.
ot o (Kt + 2]+R0dt[ 1t + 2]+LC[ 1t + K]

Perform all of the derivatives. Then, combine all of the constant terms together in one equation and all
of the t terms together in another equation.

1
0= =K +K;

RC
Is 1
c - o™
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These two equations and two unknowns can be put into a matrix to solve for the coefficients.

Ky =1Ig
I
Koy — — 22
>~ "RC
The particular solution is now known.
. I
ip(t) = Ist — }TSC

At this point, it is not possible to go any farther in the calculations due to the symbolic form of the
solution. The circuit could be overdamped, underdamped, or critically damped. The general solution of the

equation cannot be solved without specific component values.

Example: Variable input non-homogeneous general second order circuit in numeric form

Calculate i(t) for the circuit below. The switch closes at a time of 0 seconds.

50 O 1 uF
5 V sin(27100t) 100 O 100 mH
i(t)

The initial current flow will be zero, due to the lack of connection to the voltage source. This current

flow will be continuous at time ¢ = 0. It is no longer relevant to discuss steady-state values as the input is
a sinusoidal function and will not lead to a constant output value.
Analyze the circuit with the switch closed to determine the second order equation. Some other interme-

diate terms (v(t) and ix(t)) will be introduced to assist in the analysis.

1 uF

5 V sin(27100t) v(t) 100 mH

- i(t)

Perform KVL around the loop consisting of the voltage source, the 50 € resistors, the capacitor, and the
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inductor. All quantities will be in terms of Q, V, A, and H.

t .
5sin(27100t) = 50ia(t) + (1 x 10°) / i(r) dr + 0.1d2(tt)

—00

Perform KCL at the node connecting both resistors and the capacitor.
ia(t) = 0.01v(t) + i(t)

This latter equation can be plugged into the former to obtain an equation only in terms of v(t) and i(t).

5sin(27100t) = 0.5v(¢) + 50i(t) + (1 x 10°) /t i(r)dr + o_1d2(tt)

—00

One last equation is required. Perform KVL around the loop consisting of the 100 (2 resistor, the inductor,

and the capacitor.

vu(t) = (1 x 10°) /t i(T)dT—i-O.ldii(tt)

— 00

Plug the latter expression into the former to obtain a second order equation that is only in terms of i(t).

d%i(t) di(t) .
2 333.33W + (1 x 107) i(t)

6666.6771 cos(2m100t) =

Calculate alpha and omega.

o= 33?;733 = 166.67 Np/s

wo = V1 x 107 = 3162.28 rad/s

This circuit is underdamped.

Use equation 7.13 to calculate the oscillation frequency of the circuit.

B = 1/3162.282 — 166.672 = 3157.88 rad /s

Calculate the value of the particular solution. Because the input is a sine wave, the particular solution

will take the form given below.
ip(t) = K1 cos(2m100t) 4+ Ko sin(2w100¢)

Plug the particular solution into the second order equation as shown to calculate the values of the
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coefficients K; and K.

2

d
6666.677 cos(2mr100t) = p7e] [K1 cos(2m100¢) + K5 sin(27100t)]

d
+333.33 2 [ cos(2m1001) + Iz sin(2m100)

+ (1 x 107) [K7 cos(2m100t) + K, sin(27100¢)]

Perform all of the derivatives. Then, combine all of the sine terms together in one equation and all of

the cosine terms together in another equation.

0 = —40000m* K> — 66666.677K; + (1 x 107) K>

6666.67m = —4000072 K + 66666.67m Ko + (1 X 107) K
These two equations and two unknowns can be put into a matrix to solve for the coefficients.

Ky =218x 1073 A

Ky =475x107° A
The particular solution is now known.
ip(t) = (2.18 x 107?) cos(27100¢) + (4.75 x 10~°) sin(2w100¢)
Because the equation is underdamped, equation 7.33 can be used to find an equation for i(t).

i(t) = (2.18 x 107?) cos(2r100t) + (4.75 x 107°) sin(27100¢)

+ e 160678 [B) cos(3157.88t) + By sin(3157.88¢)]

The last step is to calculate the values of coefficients By and B,. This is where the initial conditions i(0)
and i'(0") are used. Both of these values are zero. The first equation to be used to calculate the coefficients

is to solve i(t) for t = 0 s.
i(0) =0= (218 x 107°%) + By
The second equation to be used is to take the first derivative of i(t) and solve for when t = 0 s.

i(0%) = 0 = 3157.88B, — 166.67B; + 0.0298451

E@®SO Alyssa J. Pasquale, Ph.D. 206 Last updated: 2024/04/18



7 Second Order Circuits 7.5 Non-Homogeneous Second Order Circuits

Both coefficients can now be calculated.

B =-218x 1072 A

By=-125x10"* A
Put everything together to find an equation for i(t).

i(t) =[(218 x 107%) A cos(2100¢) + (4.75 x 107°) A sin(27100¢)

+ e 10007 [(—2.18 x 107%) A cos(3157.88t) — (1.25 x 107*) A sin(3157.88t)]] u(t)

The current is plotted below as a function of time.

| | | | | | | | |
-6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
t (ms)
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Example Problems

Homogeneous Second Order Circuits

1. Calculate an expression for v(t) given the circuit shown in figure 7.7. The switch opens at a time of
zero seconds.

4 kQ

NV

+
10 VCD 500 mH 50 uF —— w(t)

200 ©

Figure 7.7: Circuit diagram for homogeneous second order circuits question 1.

2. Calculate an expression for i(t) given the circuit shown in figure 7.8. The switch opens at a time of
zero seconds.

200
ANN— —

_|_
20 VCD 150 O 20 mH 100 nF ——

it) -

Figure 7.8: Circuit diagram for homogeneous second order circuits question 2.

3. Calculate an expression for v(t) given the circuit shown in figure 7.9. The switch opens at a time of
zero seconds.

I {

+ 0.1 H
40 mA CD 20 © smF—— o(t) () 35 Q§

10 ©

Figure 7.9: Circuit diagram for homogeneous second order circuits question 3.
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4. Calculate an expression for v(t) given the circuit shown in figure 7.10. The switch moves from position
a to position b at a time of zero seconds.

100 Q

2 uF —”— w(t)

Figure 7.10: Circuit diagram for homogeneous second order circuits question 4.

5. Derive a second order differential equation in terms of i(t) given the circuit shown in figure 7.11. The
switch opens at a time of zero seconds.

Ly Ly
I

Is CD R R

Ry R

i(t)

Figure 7.11: Circuit diagram for homogeneous second order circuits question 5.

Non-Homogeneous Second Order Circuits

6. Calculate an expression for v(t) given the circuit shown in figure 7.12. The switch moves from position
a to b at a time of zero seconds.

960
160 O b 480 O 500 pH
—\\\ /5000
NN T

08 VC—D 125 nfF —— o(t) 20 VCD

Figure 7.12: Circuit diagram for non-homogeneous second order circuits question 6.
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7. Calculate an expression for i(¢) given the circuit shown in figure 7.13. The switch closes at a time of

zero seconds.

125 Q

AN

25 VCD 6.25 uF —— 250 mH

Figure 7.13: Circuit diagram for non-homogeneous second order circuits question 7.

i(t)

8. Calculate an expression for v(¢) given the circuit shown in figure 7.14. The switch moves from position

a to b at a time of zero seconds.

. b 20 Q 40 Q
3 — N\ \/\—
+
200 mA Q) 100 €2 500 nF 200 nF —— w(t)

Figure 7.14: Circuit diagram for non-homogeneous second order circuits question 8.

9. Calculate an expression for i(t) given the circuit shown in figure 7.15. Switch S1 opens at a time of

zero seconds and switch S2 closes at a time of zero seconds.

50 10 ©2 20

S1 S2

6 v@) 50 mH 20 uF —— 15 V

Figure 7.15: Circuit diagram for non-homogeneous second order circuits question 9.
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10. Calculate an expression for v(t) given the circuit shown in figure 7.16. The switch closes at a time of
zero seconds.

10 Q 05H

+
10 sin(2740t) v@ 10 O 2mF — —

Figure 7.16: Circuit diagram for non-homogeneous second order circuits question 10.
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8 Phasors and Impedances

A phasor is a mathematical construct that uses complex numbers (and Euler’s equation) to analyze the
AC steady-state behavior of circuits. While it might initially seem scary to use complex numbers to an-
alyze circuits, it removes all of the calculus from the analysis and replaces it with addition, subtraction,
multiplication, and division.

Euler’s equation (shown in equation 8.1) provides a relationship between the argument of a cosine wave
and exponent of the base of the natural logarithm. The variables in the expression correspond to the
amplitude of the wave (A), the phase of the wave (¢), the frequency of the wave (w), and the square root of

negative one (j).
Acos(wt 4 ¢) = Ae?@tHo) (8.1)

When a circuit contains a sinusoidal source, all of the voltages and currents of the circuit will have
a sinusoidal behavior. None of the circuit elements discussed in this book are capable of changing the
frequency of the response. Therefore, the only truly important properties of each sinusoid are the amplitude
and phase. (The frequency is important, but does not need to be included in calculations because it is
constant throughout a circuit, and because the amplitude and phase of sinusoidal quantities will not be
affected by the frequency in any calculations.) The review of sinusoidal waves in section 1.5.2 of this book
should be consulted if there is any question about what is meant by the amplitude or phase of a wave.

Euler’s equation reduces to /¢ when angular frequency is omitted. This phasor quantity can be expressed
in either Cartesian form (expressed with real and imaginary components) or polar form (expressed with
magnitude and phase). These two phasor forms (and how to convert between the two) are discussed in
sections 8.1.1 and 8.1.2.

All of the phasors that are constructed in circuit analysis take the form of a cosine wave with positive
amplitude. Any waveforms that are described in terms of a sine wave or that contain a negative amplitude will
require conversion before analysis can take place. The angular argument of the phasor is usually expressed
in degrees between —180° and +180°.

Waveforms with a negative amplitude can be converted to a waveform with a positive amplitude by
phase-shifting the wave by either positive or negative 180°. A sine wave can be converted into a positive-
amplitude cosine wave by subtracting 90° from the phase. Conversions from non-standard to standard form

are shown in equations 8.2-8.4.

— cos(wt + ¢) = cos(wt + ¢ £+ 1807/180) (8.2)
sin(wt + ¢) = cos(wt + ¢ — 907 /180) (8.3)
—sin(wt 4 ¢) = cos(wt + ¢ + 907/180) (8.4)
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Example: Converting negative amplitude cosine to phasor form

Convert the following expression to standard phasor form.
v(t) = =110 cos(2760¢ 4 2107 /180) V

Use equation 8.2 to convert to standard phasor form. It is desirable to keep the value of the angular

component between +180°, so it is best to subtract 180° rather than add 180°.

v(t) = 110 cos(2760¢ + (210 — 180)7/180) V

= 110 cos(2760¢ + 307/180) V

Example: Converting negative amplitude sine to phasor form

Convert the following expression to standard phasor form.
i(t) = —20sin(2760t 4+ 1207/180) A
Use equation 8.4 to convert to standard phasor form. Subtract 360° to keep the angle within +180°.

i(t) = 20 cos(2m60¢ + (120 + 90)7/180) A
= 20 cos (2760t + 2107/180) A

= 20 cos(2m60t — 1507 /180) A

8.1 Phasor Arithmetic

The major benefit of using phasors is the ability to solve complicated circuit analysis by simply adding,
subtracting, multiplying, and dividing. No calculus is required. Before discussing how to perform these
operations with phasors, a review of Cartesian and polar forms will be conducted.

Cartesian coordinates are used to explain the location of a point on the imaginary axes using two quanti-
ties: the real part and the imaginary part. This is similar to (x,y) coordinates; the x-coordinate corresponds
to the real part, and the y-coordinate corresponds to the imaginary part. Polar coordinates are used to
explain the location of a point using the magnitude of the vector (distance from the origin) and the angle

from the positive real axis. These two forms are shown graphically in figure 8.1.
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imaginary imaginary

T+ jy rZo

real real

Figure 8.1: A complex number can be described in two ways: Cartesian form (left) and polar form (right).

Note that the symbol j is used to represent the imaginary quantity /—1. This is because I and i are
reserved in electrical engineering to discuss current. (How can you tell the difference between an electrical

engineer and a physicist? Ask them how they represent the square root of negative one!)

8.1.1 Cartesian to Polar Conversion

If the Cartesian form (z + jy) of a phasor is known, it is possible to use trigonometry to represent the phasor

in polar form as 7Z¢. The magnitude r is found using the Pythagorean theorem, shown in equation 8.5.

r=+a?+y? (8.5)

To precisely find the angle of a point given Cartesian coordinates, the two-argument arctan function
(atan2) should be used, as arctan alone is unable to determine in which quadrant a point is located. The

atan2 function is defined in equation 8.6.

atan(Z) ifz >0,

atan(%) + 7 if x <0 and y > 0,

atan(Z) —7 if x <0 and y <0,

atan2(y,z) = (8.6)
+3 ifx=0andy >0,

ifr=0and y <0,

undefined ifr=0andy=0
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The angle ¢ is found using the atan2 function, shown in equation 8.7.
¢ = atan2(y, x) (8.7)

8.1.2 Polar to Cartesian Conversion

If the polar form (rZ¢) of a phasor is known, it is possible to use trigonometry to express it in Cartesian
form as x + jy. The real part of the phasor, expressed as x, is found using the cosine of the angle, shown in

equation 8.8.
T =TCcos¢ (8.8)

The imaginary part of the phasor, expressed as y, is found using the sine of the angle, shown in equa-

tion 8.9.
y=rsing (8.9)

8.1.3 Phasor Addition and Subtraction

Phasor addition and subtraction is simplest to complete when the phasors are in Cartesian form. To add two
phasors together, simply add the real parts together to find the real part of the sum and add the imaginary

parts together to find the imaginary part of the sum. The solution to Z; + Zs is shown in equation 8.10.

Zy+Zo=(x1+22) + jly1 + y2) (8.10)

Subtraction is much the same. Remember that subtraction, unlike addition, is not commutative. The

solution to Z; — Zs is shown in equation 8.11.

Zy — 7y = (x1 —x2) + j(y1 — y2) (8.11)

Example: Addition of two sinusoids

Add together v (t) and vy(t), defined below, and express the answer in cosine form.

v1(t) =10 V cos(27100¢ + 307/180)

va(t) = =5 V sin(27100t — 457 /180)
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Use equation 8.4 to convert v,(t) to correct form to be converted into a phasor.

va(t) =5 V cos(2m100¢ + 457 /180)

Both of the terms can be expressed as phasors. Cartesian form will lead to easier addition.

V1 =10VZ30°=8.66+j5V

Vo =5V/45° =3.54 +j3.54 V

Add both of the vectors together.

Vi1i+V2=12204 35854V

Use equations 8.5 and 8.7 to convert to polar form and express as a cosine.

v1(t) +v2(t) = 14.89 V cos(27100t 4 34.997/180)

Example: Subtraction of two sinusoids

Subtract ix(t) from i1(t), defined below, and express the answer in cosine form.

i1(t) = 120 mA cos(2760t + 607 /180)

i2(t) = 110 mA cos(2760¢ — 1357 /180)
Both of the terms can be expressed as phasors. Cartesian form will lead to easier subtraction.

I; =120 mAZ60° = 60 + j103.92 mA

Io =110 mA/ — 135° = —77.78 — j77.78 mA
Perform the subtraction.
I, — I, =137.78 4+ j181.70 mA
Use equations 8.5 and 8.7 to convert to polar form and express as a cosine.

i1(t) —i2(t) = 228.04 mA cos(27w60t + 52.837/180)
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8.1.4 Phasor Multiplication and Division

Phasor multiplication and division is simplest to compute when phasors are in polar form. Recall that
polar form (rZ¢) is shorthand for re/?. Multiplication and division in exponentials turns into addition and
subtraction.

Two phasors Z; and Z5 are multiplied together in equation 8.12.
Z1Zy = riroL(¢1 + ¢2) (8.12)

Two phasors in polar form are divided in equation 8.13. Recall that division, unlike multiplication, is

not commutative.

Z,

1
Zy gl(ﬁf’l — ¢2) (8.13)

Example: Multiplication of two sinusoids

Multiply i(t) and z(t), defined below, and express the answer in cosine form.

i(t) =4 mA cos(2w50t + 1207/180)

z(t) = 20 kQ cos(2750t — 907 /180)
Both of the terms can be expressed as phasors. Polar form will lead to easier multiplication.

I=4mA/120°

Z =20 kQ/ —90°
Perform the multiplication.
IZ =80 V/£30°
It is now possible to express this phasor as a cosine.

v(t) =80 V cos(2750t + 307/180)
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Example: Division of two sinusoids

Divide v(t) by i(t), defined below, and express the answer in cosine form.

v(t) =110 V cos(2760t + 607 /180)

i(t) = 5 mA cos(27w60t 4+ 307/180)
Both of the terms can be expressed as phasors. Polar form will lead to easier division.

V =110 VZ£60°

I=5mAZ30°
Perform the division.
¥ =22 k2£30°
It is now possible to express this phasor as a cosine.

z(t) = 22 kQ cos(2760t 4 307 /180)

8.2 Impedance

Impedance is the equivalent of resistance that exists in AC circuits. It relates to the measure of opposition
to current flow based on a given voltage rise or drop. Using time-varying signals, z(t) = v(t)/i(t). Using
phasors, the relationship between voltage, current, and impedance is given in equation 8.14. The units of

impedance is the same as that of resistance, Q (ohms).

A\
7 = —
I

(8.14)

As impedance is a complex quantity, it can be represented in cartesian form, shown in equation 8.15.

The quantity R is the resistance of the circuit element, and X is the reactance of the circuit element.
Z=R+jX (8.15)

Impedance can be calculated for each circuit element (resistor, capacitor, and inductor) by using the

relationship between voltage and current through that circuit element to find v(t) and i(t).
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8.2.1 Resistors

In a resistor, voltage and current are related via Ohm’s law (equations 2.21). If the voltage drop over a
resistor is given as V;, cos(wt + ¢), then Ohm’s law states that the current flowing through the resistor will
be equal to (V;,/R) cos(wt + ¢). The conversion of v(t) and i(t) to phasor form, as well as the calculation of

the impedance of a resistor, is shown in equation 8.16 and derived below.

Z=R (8.16)

DERIVATION

V =V, Lo
Vin

="y
i ¢

7 =

| <

_ V4
(Vin/R) 2o
=R
The impedance of a resistor is therefore a real quantity and is equal to the resistance. There is no change
in the way we express resistance in AC circuits as compared to DC circuits.

8.2.2 Capacitors

In a capacitor, the relationship between voltage and current is given by equation 5.5. If the voltage drop
over a capacitor is given as V,, cos(wt + ¢), then equation 5.5 states that the current flowing through the
capacitor will be equal to wC'V;, cos(wt + ¢ + 907/180). The conversion of v(t) and i(t) to phasor form, as
well as the calculation of the impedance of a capacitor, is shown in equation 8.17 and derived below.

—J
7 = 1
e (8.17)
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DERIVATION
V =V, 2
I =wCV,,Z(¢+ 90°)
A%
Z=—
I
B Vinl o
" wCV Z($+ 90°)
1
= 74 — ©
oC 90
_
wC

The impedance of a capacitor is purely imaginary (from a mathematical point of view) and is frequency
dependent. As the frequency of a circuit approaches zero, the impedance of a capacitor approaches infinity.
This explains why we were able to analyze capacitors in steady-state DC conditions as open circuits. As
the frequency of a circuit approaches infinity, the impedance of a capacitor becomes zero, making it act as

a short circuit.

8.2.3 Inductors

In an inductor, the relationship between voltage and current is given by equations 6.4 and 6.5. If the current
flowing through an inductor is given as I,,, cos(wt + ¢), then equation 6.4 states that the voltage drop over
the inductor will be equal to wLl,, cos(wt + ¢ + 907w /180). The conversion of v(t) and i(t) to phasor form,

as well as the calculation of the impedance of an inductor, is shown in equation 8.18 and derived below.

Z = jwlL (8.18)

DERIVATION

V = wLl, /(¢ +90°)

I=1,/¢
v

Z=—
T

_ WLL, /(¢ +90°)
- Il

= wL/90°

= jwL

The impedance of an inductor is purely imaginary (from a mathematical point of view) and is frequency
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dependent. As the frequency of a circuit approaches zero, the impedance of an inductor also approaches zero.
This explains why we were able to analyze inductors in steady-state DC conditions as short circuits. As the
frequency of a circuit approaches infinity, the impedance of an inductor also approaches infinity, making it

act as an open circuit.

8.2.4 Equivalent Impedance

Impedance takes a lot of confusion out of reducing circuits. Impedances in series always add together, as

shown in equation 8.19.

ZEQ =Z1+2Zo+Zs+..+7Zy, (819)

The reciprocal sum is used to calculate parallel impedances, as shown in equation 8.20.

R R (8.20)

Finding equivalent impedance enables us to reduce to one circuit element the parallel and series combi-
nations of different types of passive elements (resistors, capacitors, and inductors), which we were unable to

do in previous chapters.
Example: Equivalent impedance

Calculate the equivalent impedance of the circuit below, and express as individual components. The frequency

of the circuit is 100 Hz.

ZEQ — 65 mH

O L 2
Convert each of the values into impedances. The resistor values will remain unchanged.

J

- — 2274 Q
27100(70 x 10-6) 227

ZoouF =
Zosme = j27100(0.065) = 40.94 Q

J
27100(65 x 10-9)

Zes,F = = —j24.49 Q

Re-draw the circuit.
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20—j22.74 Q

—L__

Zrq —
FQ j40.84 Q| | 50-j24.49

Two of the impedances (j40.84 2 and 50—j24.49 €2) are connected in parallel and can be reduced to an
equivalent impedance of 30.134j30.98 2. The circuit can be re-drawn.

20-j22.74 Q

O I l
L |

Z —
£Q 30.134j30.98 Q|:

L |

The last two impedances can be combined in series to an equivalent impedance of 50.13+j8.25 €. This

impedance consists of a resistor (50.13 2) and an inductor. The value of that inductor can be calculated.

8.25
Sr100 o8 m

50.13 Q

13.13 mH

8.3 Delta-Wye and Wye-Delta Transforms

The concept of delta-wye and wye-delta transforms was discussed in section 2.3. These transforms can be
used to find the equivalent impedance of circuit elements that are neither in parallel nor in series with each
other.

A delta circuit arrangement of impedances is shown in figure 8.2.
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Z; Z3

Zs

Figure 8.2: A delta circuit with impedance rather than resistance.

The impedance between any two nodes in a delta circuit are parallel and series combinations of those

impedances, shown in equations 8.21-8.23.

Zaw =71//(Z2 + Z3) (8.21)
Zye =Z2//(Z1 + Z3) (8.22)
Zoc =Z3//(Z1 + Z2) (8.23)

A wye circuit arrangement of impedances is shown in figure 8.3.

a

b C

Figure 8.3: A wye circuit with impedance rather than resistance.

The impedance between any two nodes in a wye circuit are series combinations of those impedances,

shown in equations 8.24-8.26.

Zoyw =7y + 7y (8.24)
Zyhe =2y + Z¢ (8.25)
Zooe =20+ Zc (8.26)

A delta-wye transform modifies a delta arrangement of impedances (figure 8.2) and turns it into a wye
arrangement (figure 8.3). The equivalent impedance between any two nodes of the wye circuit must be
identical to the corresponding equivalent impedance of the delta circuit in order to make this transformation
valid. Equation 8.21 is set equal to equation 8.24; equation 8.22 is set equal to equation 8.25; and equa-
tion 8.23 is set equal to equation 8.26. The quantities Z,, Zy, and Z. are solved for. (The algebraic details

of these derivations will not be shown in this book.) The results are given in equations 8.27-8.29. These
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equations govern the delta-wye transform.

7,73
7, —-——"—— 8.27
Z1+Zy+7Zs (8.27)
VAV
7y, = —————— 8.28
b 7 {7t Zs (8.28)
ZoZs
= 472 8.29
C T Zi4+Zo+Zg (8.29)

Example: Using a delta-wye transformation to calculate equivalent impedance

Calculate the equivalent impedance of the circuit as shown, and express as individual components. The

frequency of the circuit is 1 kHz.

o Py

400 Q

ZEQ —

500 ©

None of these elements shares a branch, therefore none are in series. None of these elements shares two
nodes, therefore none are in parallel. A delta-wye transform is required. (Note that a wye-delta transform

could be accomplished as well.) Calculate the impedance of the capacitor and the inductor.

Z1, = j271000(0.02) = 5j125.66

j
2771000(500 x 10-9)

Zc = = —j318.31 Q

The circuit has been re-drawn. The impedances in the delta-arrangement are highlighted in thick outlines.

Each of the nodes is labeled.
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400 Q > -j31831 Q

j125.66

Use equations 8.27-8.29 to solve for Zp, Zg, and Zc.

(j125.66 £2)(1000 )

Za — — 3.48 + j41.60 Q
A= 17125.66 Q) + (1000 Q) + (500 Q) _ o8 F 74160
(j125.66 ©)(500 ) .
Zp = — 6.97 + j83.19 Q
B = (j125.66 Q) + (1000 Q) + (500 Q) +J
1000 2)(500 ©
Zc = (1000 £2)(500 £2) — 331.01 — j27.73 Q

(j125.66 €2) + (1000 €2) + (500 )

Re-draw the circuit.

400 Q> -j318.31 Q —
ZEQ —
3.48+j41.60 Q2 6.97+j83.19

331.01-j27.73 Q

C

Combine all series impedances and re-draw.

o Py

403.48+-j41.60 Q |::|6.97—j235.12 Q

ZEQ —

331.01-j27.73 Q
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Calculate the equivalent impedances of the two upper circuit elements in parallel with each other.

(403.48 + j41.60 ©)(331.01 — j27.73 Q) ,
7= = 113.98 — j176.68 Q
(403.48 + j41.60 Q) + (331.01 — 527.73 Q) J

The overall equivalent impedance is equal to the above impedance added to 331.01-j27.73 Q.
Zgq = 444.99 — j204.41 Q

This impedance is consistent of a resistor in series with a capacitor. The capacitor value is calculated

below.

1
= V- = . F
¢ = Sriooo@onar) — 00 n

The circuit can be re-drawn one last time.

44499 Q

778.60 nF

A wye-delta transform modifies a wye arrangement of impedances (figure 8.3) and turns it into a delta
arrangement (figure 8.2). Just as with the delta-wye transforms, the circuits must be equivalent to each other.
Equation 8.21 is set equal to equation 8.24; equation 8.22 is set equal to equation 8.25; and equation 8.23
is set equal to equation 8.26. The quantities Z1, Zs, and Zg are solved for. (The algebraic details of these
derivations will not be shown in this book.) The results are given in equation 8.30— 8.32. These equations

govern the wye-delta transform.

ZaZb + Zch + ZaZc

Zy = 7 (8.30)
ZoZ + ZpZe + ZaZ
Zy = ab+;°+ aze (8.31)
ZoZb + ZpZe + ZaZ
Z; = ab+'z°°+ aze (8.32)
b

Example: Using a wye-delta transformation to calculate equivalent impedance

Calculate the equivalent impedance of the circuit as shown, and express as individual components. The

frequency of the circuit is 200 Hz.
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600 Q

——AMA——

400 Q 200 mH

AN

Zeq — 2 uF —— 800 Q§

None of these elements shares a branch, therefore none are in series. None of these elements shares two

nodes, therefore none are in parallel. A wye-delta transform is required. (Note that a delta-wye transform
could be accomplished as well, but it is probably more obvious to do a wye-delta transform.) Calculate the

impedance of the capacitor and the inductor.

Z1, = j27200(0.2) = j251.33 Q

j ‘
Zo=-—— ) = 30780 Q
©= "m0 x 108y 30T

The circuit has been re-drawn. The impedances in the wye-arrangement are highlighted in thick outlines.

Each of the nodes is labeled.

600 Q

— AW

400 j251.33 Q

o_.._l\/\/\'—o—‘m‘—tb B

Zeq — —j397.80 Q= 800 Q

Use equations 8.30—-8.32 to solve for Zy, Z5, and Z3.

100000 — 558623.98 ?

1 = 147.34 + j251.33 Q

—j397.89 Q
100000 — j58623.98 02 .
- — 950 — j146.56
) 5 50 — j146.56
100000 — j58623.98 02 .
- — ~233.26 — j397.89 Q
3 j251.33 Q J

Re-draw the circuit.
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600
A 147.34+j251.33 Q
o » B
250-j146.56 Q)
Zeq — §800 Q
-233.26-j397.89 Q)
o ¥
C

Calculate the equivalent impedances of the 600 €2 resistor in parallel with the 147.34 + j251.33 Q)

impedance.

(600 Q)(147.34 + j251.33 Q)

Z =
(600 Q) + (147.34 + j251.33 Q)

= 167.23 4 j145.54 2

Calculate the equivalent impedances of the 800 €2 resistor in parallel with the 250 — j146.56 ) impedance.

(800 Q)(250 — j146.56 )
(800 Q) + (250 — ;146.56 Q)

Z = = 202.12 — j83.45 Q

Re-draw the circuit.

167.23+145.54 Q

Zeq — -233.26-j397.89 Q |::| 202.12-j83.45 Q

The equivalent impedance is calculated below.

(167.23 + j145.54 Q + 202.12 — j83.45 Q)(—233.26 — j397.89 Q)
167.23 + j145.54 Q) + (202.12 — j83.45 Q) + (—233.26 — j397.89 Q)

ZEQ =
(
= 349.23 — j324.55 Q)
This impedance is consistent of a resistor in series with a capacitor. The capacitor value is calculated
below.

1

C=-— " =245 uF
27200(324.55) a

The circuit can be re-drawn one last time.
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‘ 349.23 Q %

2.45 uF

g
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Example Problems

Phasor Arithmetic
1. Convert —200 — 5100 to polar form.
2. Convert 5Z — 120° to Cartesian form.

3. Calculate the value of (10 4+ 520)(—30 4 j50) + (—15 — j40) and express the answer in both Cartesian

and polar forms.

4. Calculate the value of (10£60° — 4£ — 140°)(20£20°) and express the answer in both Cartesian and

polar forms.

5. Calculate the value of (10 4 j14)(60£ — 140°) + (38£20°)/(—5 — j18) and express the answer in both

Cartesian and polar forms.

Impedance and Equivalent Impedance

6. Calculate the impedance of a 25 mH inductor at a frequency of 60 Hz.
7. Calculate the impedance of a 470 nF capacitor at a frequency of 2 kHz.

8. Calculate the equivalent impedance of the circuit shown in figure 8.4. The frequency of operation is

200 Hz.

65 Q

85 mH 45 Q

O L 4

Figure 8.4: Circuit diagram for impedance and equivalent impedance question 8.

9. Calculate the equivalent impedance of the circuit shown in figure 8.5. The frequency of operation is

450 Hz.

100 mH 460 mH
o

330nF—— 240 86 O

O L 2

Figure 8.5: Circuit diagram for impedance and equivalent impedance question 9.
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10. Calculate the equivalent impedance of the circuit shown in figure 8.6. The frequency of operation is

6 kHz.
20 50
— 4
6
50 uF — — 33 uH%
68 puF —
o

Figure 8.6: Circuit diagram for impedance and equivalent impedance question 10.

Delta-Wye and Wye-Delta Transforms

11. Convert the circuit shown in figure 8.7 to a delta circuit.

a
B8 Q

—j10 30 Q

b

Figure 8.7: Circuit diagram for delta-wye and wye-delta transforms question 11.

12. Convert the circuit shown in figure 8.8 to a wye circuit.

a

6.20 j13.4 Q

200 -j3.9 0

Figure 8.8: Circuit diagram for delta-wye and wye-delta transforms question 12.
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13. Calculate the equivalent impedance of the circuit shown in figure 8.9.

6 Q2

— AW

4Q 5 Q

0—0—/\/\/\/—0—[6666\—0
3o — 9 Q§

Figure 8.9: Circuit diagram for delta-wye and wye-delta transforms question 13.

O

14. Calculate the equivalent impedance of the circuit shown in figure 8.10. The frequency of operation is

10 kHz.

470 Q

O

Figure 8.10: Circuit diagram for delta-wye and wye-delta transforms question 14.
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15. Calculate the equivalent impedance of the circuit shown in figure 8.11. The frequency of operation is

50 Hz.
o .

10 Q

50 pF —
60 pF —
60 mH
0000 ——
20 O 80 mH§
40 Q

Figure 8.11: Circuit diagram for delta-wye and wye-delta transforms question 15.
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9 Analysis of Phasor Transformed Circuits

Now that the concepts of phasors and impedances have been explained, it is possible to use those quantities

to analyze the AC characteristics of circuits.

9.1 Complex Circuit Analysis Techniques

All linear circuits can be analyzed using the following circuit analysis techniques. All of them have been
covered earlier in this textbook in the context of DC circuits. Phasors and impedances will be used to
implement these tools to solve AC circuits. All sources will be converted into phasor quantities, and all
passive circuit elements will be converted into impedances.

Because all of these concepts have already been covered, the discussions that follow will not be exhaustive

as those that were included in chapters 2 and 3 in this textbook.

9.1.1 Voltage Divider

The voltage divider uses the complex form of Ohm’s law (V = IZ) to calculate the voltage dropped over
any series impedance without having to calculate the current flowing through the series circuit. Given n
impedances in series and a source voltage of Vg, the voltage drop over the k*" impedance (where k < n) is

shown in equation 9.1.

Zy
V=V 9.1
k S<Z1+Zz+Z3+...+Zk+...+Zn> (©.1)

Example: Complex voltage divider

Calculate vout(t) in the circuit below.

55 Q2 65 mH

—VVN— T

105

150 V cos(2760t + 607/180) @ 25 uF — — Vout (t)
210 mH

Calculate the impedance Z; containing the 55 € resistor and 65 mH inductor.

Z1 = 554 j2760(0.065) Q = 55 4 j24.50 €2
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Calculate the impedance of the capacitor.

Zo=— ) = 106.10 Q
€~ 2760(25 x 10-6) 7

Calculate the impedance of the 105 2 resistor and 210 mH inductor branch.
Zgry, = 105 + j2760(.210) Q = 105 + 579.17 Q

The capacitor is in parallel with the resistor/inductor branch. Calculate the parallel impedance.

(—5106.10 Q)(105 + 579.17 Q) ,
Zy = = 100.60 — 580.30 Q2
27 (Z106.10 Q) + (105 + j79.17 Q) J

Convert the voltage source into a phasor quantity.
V =150co0s60 + j150sin60 V =75+ j129.90 V

The circuit can now be re-drawn.

55-+j24.50 ()

1
L |

+
75+j129.90 V@ 100.60-j80.30 Q|:j| Vout

Apply the voltage divider equation to find V¢ in phasor form.

Zo
Vout = V _
¢ S<zl+z2)

= (75 + §129.90 V) <

100.60 — j80.30 ©
(55 + j24.50 Q) + (100.60 — 580.30 Q)

=87.98 + j76.83 V

=116.80 V£41.13°
Convert the output to a time-varying signal.

Vout(t) = 116.80 V cos (2760t + 41.137/180)
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9.1.2 Current Divider

The current divider uses the complex form of Ohm'’s law to calculate the current flowing through any parallel
impedance without having to calculate the voltage dropped over the parallel circuit. Given n impedances in
parallel and a source current of Ig, the current flow through the k" impedance (where k < n) is shown in

equation 9.2.

AN
5Q
10 A cos(2750t+1207/180) @ 8 Q 470 uF ——
i 25 mH
(1) vis(t)

Calculate the impedances of the inductor and the capacitor.

Zy, = j2750(0.025) = ;7.85 Q

_ J —
Ze =~ oo x 108 - 0T ¢

Convert the current source to phasor form.

I=10c0s120° + j10sin 120° A = —5 + j8.66 A

Calculate an equivalent impedance consisting of the 3 € resistor, the capacitor, the 5 2 resistor, and the

inductor

Z=(5Q)+ (j7.85 Q)//(—§6.77 Q) + 3 Q = 11.76 — j8.67 Q

Re-draw the circuit
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—5+j8.66 A @ 80 11.76-j8.67 €2

Iy I

Use the current divider rule to calculate I3 and Is.

(8 Q)//(11.76 — j8.67 Q)

Ti — (=5 + j8.66 A) - — 2,01 4 j6.46 A
. (8 Q)//(11.76 — j8.67 Q) ,

Ip = (=5 + j8.66 A — 999+ 2.20 A
2= (=547 ) 176 867 0 T

Convert both of these values into time-varying signals.

iy (t) = 6.77 A cos(2r50t + 107.307/180)

io(t) = 3.71 A cos(2r50t 4 143.687/180)

Re-draw the circuit. Current iz(t) can be used to represent a source current supplying the capacitor, 5

resistor and inductor.

—2.994j2.20 A@ J6.77 QT 5+j7.85 Q

vi3

Use the current divider rule to calculate I; and I,.

(—76.77 Q)//(5 + j7.85 Q)

Tg = (—2.99 + j2.20 A — —6.66 — j1.05 A
3=( +J ) —6.77 Q J

. (—36.77 Q)//(5 + j7.85 Q) .
Iy = (-2 2.20 A = 3. .25 A
2= (—2.99 +52.20 A) S G 3.68 + j3.25

Convert both of these values into time-varying signals.

ig(t) = 6.75 A cos(2x50t — 171.007/180)

ig(t) =4.91 A cos(2r50t + 41.487/180)

9.1.3 KCL and KVL Analysis

Kirchhoff’s current and voltage laws still hold in a phasor transformed circuit. KCL states that the sum of

all branch currents entering a node is equal to zero. KVL states that the sum of all voltage drops in a loop
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is equal to zero.

Together, KCL and KVL can be used to solve for every branch current in a circuit. Those branch currents
can be multiplied by impedance to find voltage drops over every circuit element. By analyzing nodes and
loops in a circuit, a number of equations (using KCL, KVL, and Ohm’s law) can be found. If there are n
unknown branch currents in the circuit, n linearly independent equations will be needed. A matrix can then
be used to solve for the unknowns.

The equations that are derived to determine the matrix defining the circuit will now contain complex
coefficients. Not all graphing calculators are capable of solving a matrix with complex coefficients. The TI-89
is capable of solving complex matrices. Otherwise, programs such as Matlab or websites such as Wolfram

Alpha are capable of doing such calculations.

Example: Complex KCL / KVL analysis

Calculate all branch currents in the following circuit. All sources have a frequency of 100 Hz.

20 uF
I
NEA 20 Q b 100 mH I,
» C
50 Q 100 ©
4 AZ20°( N 20 V/45°
25 mH 25 uF
I l | Is
Phasor transform all circuit elements and re-draw.
-j79.58 Q
I:l I»
NEA 20 j62.83 Q2 I

b 4
]
C
50+j15.71 © 4 AZ20° ( N 20 V/45° 100-j63.66 €2
Il 15

The current source has a Cartesian form of 3.76+j1.37 A. The voltage source has a Cartesian form of
14.14+j14.14 V.

The circuit has two perfect nodes: node a and node c. These nodes will be solved using KCL. The
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circuit will be analyzed using units of A, V, and 2, but units will be removed from all variables to make the

equations neater.

I + I + I3 = (3.76 + j1.37)

I +1,—I5=0

There are three perfect loops in the circuit. One contains I, I3, and the voltage source. The second
one contains the voltage source, 14, and I5. The third one contains I», I3, and I. Apply KVL around each
loop. Use the direction of the current to determine if the voltage is a rise or a drop. Voltage rises will be

negative, and voltage drops will be positive.

—(50 + j15.71)I; + (20)I3 = —(14.14 + j14.14)
(j62.83)I4 + (100 — j63.66)T5 = (14.14 + j14.14)

(—j79.58)I5 — (j62.83)14 — (20)I3 = 0

Now that five linearly independent equations have been found, they can be put into the form of aly +

BIa 4+ I3 4 014 + 7I5 = C and placed into a matrix.

1 1 1 0 0 (3.76 + 51.37)
0 1 0 1 -1 0

—(50 4 j15.71) 0 20 0 0 —(14.14 + j14.14)
0 0 0  (j62.83) (100 —563.66) (14.14 + j14.14)
0 (—j79.58) —20 —(j62.83) 0 0 ]

Solve for each current by finding the reduced row echelon form of the matrix.

I, = 1.15+j0.13 A
I; = 0.53+j0.71 A
Is = 2.08 4 j0.53 A
I, = —0.84 — j0.24 A

Is =—-0.314;047 A
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Convert each branch current to a time-dependent (cosine) function.

i1(t) = 1.16 A cos (27100t + 6.487/180)
i2(t) = 0.89 A cos (27r100¢ + 53.317/180)
i3(t) = 2.14 A cos (2w100¢ + 14.247/180)
ia(t) = 0.87 A cos (27100t — 164.097/180)
i5(t) = 0.56 A cos (27100t + 123.237/180)

9.1.4 Mesh Analysis

Mesh analysis can also be used in phasor transformed circuits. KCL and KVL are used to solve for mesh
currents. The mesh analysis method steps, outlined in section 2.8.2 of this book, are exactly the same in a

phasor transformed circuit.
Example: Complex mesh analysis

Calculate all mesh currents as well as Vx in the following circuit. All sources have a frequency of 250 Hz.

The proportionality constant of the VCCS has units of A/V.

500 Q 47|0 |nF

Phasor transform all circuit elements and re-draw.
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500-j1354.51

1
L |

B
a

220

2Vx @ |::|680-j2893.73 Q

-j936.21 Q2

+

Vx
330 V£-50° @ /ID

The voltage source has a Cartesian form of 212.12-j252.79 V.

There is only one regular mesh in this circuit: the one containing mesh current I3. The circuit will be

analyzed using units of A, V, and €, but units will be removed from all variables to make the equations

neater.
(500 — j1354.51)I5 + (220)(I3 — Iz) + (—4936.21)(I3 — I;) =0
The two loops containing I; and I are a supermesh. KCL will be applied at node a.

(—5936.21)(I; — I3) + (220)(I5 — I3) + (680 — j2893.73)I5 = (212.12 — j252.79)
L +2Vx —I, =0

The presence of the controlling voltage (Vx) provides an additional unknown. This equation will come

from the relationship between the controlling voltage and mesh currents Iy and I3.
Vx =(—5936.21)(I; — I3)

Put all four equations into the form of aly 4+ fIs 4+ vI3 + §Vx = C and place into a matrix.

(7936.21) —220 (720 — j2290.72) 0 0

(—7936.21) (900 — j2893.73) —(220 — j936.21) 0 (212.12 — j252.79)
1 ~1 0 2 0

(—7936.21) 0 (j936.21) ~1 0

Solve for each mesh current as well as the controlling voltage by finding the reduced row echelon form
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of the matrix.

I = 0.001 + j0.02 A
I, = 0.10 + j0.04 A
I = 0.001 + j0.02 A

Vx =0.05430.01 V

Convert each variable to a time-dependent (cosine) function. (Note the units have been changed to mA

and mV due to the small quantities.)

i1(t) = 15.59 mA cos (27100t 4 85.207/180)

in(t) = 108.09 mA cos (27100t + 23.147/180)

i3(t) = 15.54 mA cos (27100t + 85.137/180)
vx (t) = 50.86 mV cos (2100t + 15.367/180)

9.1.5 Superposition

Superposition applies to all linear circuits. If a linear circuit has n independent sources, then n subcircuits
can be created, each with one of the independent sources activated and all others deactivated. Add the
properties of each of the subcircuits together to find the total value of the property. To deactivate a voltage
source, replace the voltage source with a short circuit (corresponding to 0 V). To deactivate a current source,
replace the current source with an open circuit (corresponding to 0 A). Any dependent sources that exist in

the circuit cannot be eliminated and must be present in all subcircuits.
Example: Complex superposition

Use superposition to calculate v(t) in the circuit below.

150 68 uF

Q

12
2 A cos(2760t) @ 20 Q 2 v(t) @ 50 V cos(2760t+607/180)
55 mH
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Calculate the impedances of the inductor and the capacitor.

Zy, = j2760(0.055) = j20.73
J

Ze=-—— 30
© 7 T 2760(68 x 106

= —j39.01 Q

Both sources can be converted to phasor form. The current source is 2 A in phasor form because the

angle is zero degrees.
V =50co0s60° + j50sin 60° V = 25 + j43.30 V

Deactivate the current source and calculate the contribution to the output voltage provided by the voltage

source.

15-j39.01 Q 16 Q

12+j20.73 Q|:

27-j18.27 Q|:

L
N
o
)

<

@ 25+43.30 V

The 20 Q resistor can be combined in parallel with the impedance.

16 Q2

AW

12.61-j2.87 QD Vi @ 25+j43.30 V
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Use the voltage divider rule to calculate Vj.

12.61 — j2.87 Q

Vi = (25 +j43.30 V
1= (254 60+ (1261 - j2579)

= 13.57 4 j17.93 V

Deactivate the voltage source and calculate the contribution to the output voltage provided by the current

source. The 16 €2 and 20 (2 resistors have been combined in parallel.

15-j39.01 Q

.
L |

+
2cos(2760t) A @ 12+j20.73 8.89 Q§ Vs,

Combine the 15—j39.01 € impedance in series with the 8.89 € resistor so that a current divider can be

used.

2cos(2760t) A @ 12+j20.73 Q 23.89-j39.01 Q

Use the current divider rule to calculate I,.

(12 4 j20.73 Q)//(23.89 — j39.01 Q)
23.89 — j39.01 Q

I, =(2A) =0.06+71.19 A
Use Ohm's law to calculate V5.
Vo =(8.89 2)(0.06 + j1.19 A) = 0.57 + j10.56 V
Add together the two voltages to obtain the total voltage V.
V = (13.57 + j17.93 V) 4 (0.57 + j10.56 V) = 14.13 4 528.49 V

Convert this value into a time-varying signal.

v(t) = 31.81 V cos(2m60t 4 63.627/180)
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9.1.6 Source Transformation

In a phasor transformed circuit, source transformation can be used to convert an AC current source into an
AC voltage source and vice versa. The transformation process changes the source type and the impedance
location, but results in an equivalent circuit to the original. The goal of source transformation is usually to
reduce a circuit by changing the position of the source and an impedance; this can lead to further reductions
using series and parallel combinations of impedances.

Two equivalent AC circuits, as shown in figure 9.1, will have identical voltage drops over the load (depicted

as V) as well as identical currents flowing into the load (depicted as I).

Zg

R
+

load Vs/Zs v load

Vs e o
circuit circuit

Figure 9.1: Both of these circuits are equivalent as they have identical voltage drops over the load (V) and
current flow into the load (I).

In this manner, a voltage source in series with an impedance can be made equivalent to a current source
in parallel with an impedance. The complex version of Ohm’s law is used to determine the value of the
voltage or current source. When transforming a voltage source to a current source, the current source value

will be equal to Vg/Zg. This is depicted schematically in figure 9.2.

Zgs

Vs Vs/Zs

b b

Figure 9.2: The transformation of a voltage source in series with an impedance (left) to a current source in
parallel with an impedance (right).

When transforming a current source to a voltage source, the voltage source value will be equal to IsZg

(using Ohm’s law). This is depicted schematically in figure 9.3.
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Zs

b b
Figure 9.3: The transformation of a current source in parallel with an impedance (left) to a voltage source in

series with an impedance (right).

Example: Complex source transformation

Use source transformation and a voltage divider to calculate v(t).

8 Q 3 mH

— ANN—— T
n

24 V cos(27250t) @ 100 uF —— 6 Q§ v(t)

Calculate the impedances of the inductor and the capacitor.

Zy, = j27250(0.003) = j4.71 Q

J
27250(100 x 10—

Zc = = —j6.37 Q

Convert the source to a phasor. Because the angle is zero degrees, the phasor form is 24 V.
Source transform the voltage source to a current source. The value of the current source will be 3 A.

The circuit can be re-drawn.

471 Q
. 5000

+

sa(n)  seS wwe—— mgv

The 8 Q resistor and the capacitor can be combined in parallel.

(8 Q)(—46.37 Q)

Z= (8 Q) + (—46.37 Q)

=3.10 — j3.90 O
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471 Q
+—— 000

3 A@ 3.10-j3.90 2 6 Q2 \Y

Perform another source transformation. Use Ohm’s law to calculate the value of the voltage source.
V =(3A)(3.10—-753.90 Q) =9.31 — j11.69 V

The circuit can be re-drawn. The impedance of the inductor has been added to the impedance of the

source resistor.

3.10-j0.82 Q2

9.31-j11.69 V@ 6 Q§ \Y]

Use a voltage divider to calculate V.

6 Q2

V=031 V) e e B 082 )

=5.40—j8.19 V

Convert this value into a time-varying signal.

v(t) =9.81 V cos(27250t — 56.607/180)

9.1.7 Thévenin and Norton’s Theorems

The phasor transformed version of Thévenin’s theorem states that any linear circuit (regardless of the
complexity) can be represented by an equivalent circuit that contains a voltage source in series with an

impedance. This is depicted in figure 9.4.
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Zru

linear
L Vru
circuit

——ob b
Figure 9.4: Thévenin's theorem states that these two circuits are equivalent, given the correct value of Vg

and Zog.

The Thévenin equivalent voltage (V) is equal to the open-circuit voltage between the output terminals.

The Thévenin equivalent impedance (Zrg) is solved using the procedure below.

e If there are no dependent sources in the circuit, then Zrg is equal to the equivalent impedance seen

between the output terminals, with all of the independent sources deactivated.

o If there are dependent sources in the circuit, calculate the short-circuit current (Isc) between the

output terminals. The Thévenin equivalent impedance is equal to Vg /Isc.

Example: Complex Thévenin equivalent circuit

47 Q 41 pF
R e
+
3V cos(27100t) E\, 22 uF T wx(t) 0.3vx(t) 68
° 3 ob
Calculate the impedance of both capacitors.
ZooyF = — J = —772.34 Q
! 2m250(22 x 106
Zaz,p = J — —j33.86 Q)

27250(47 x 106

Convert the source to a phasor. Because the angle is zero degrees, the phasor form is 3 V.
Mesh analysis will be used to solve this circuit. The mesh currents are depicted below on a simplified

circuit diagram.
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T
@@@é@

ob

Perform KVL around mesh 1. (At this point, units will be removed from most equations. They will all

be in V, Q, and A, unless otherwise specified.)
3=471; + (—4j72.34)(I1 — Io)
Perform KVL around the supermesh.
0=(—572.34)(I2 — I1) + (—j33.86)I2 + 6813
KCL is performed at the intersection of meshes two and three.
0=1I-03Vx — I3

An equation can be created to define the dependent source in terms of mesh currents.

Vx = (—572.34)(I; — I)

Create a matrix in terms of al; + Sl + yl3 + dVx = e

A7—j7234 47234 0 0 3
j72.34  —j10621 68 0 0

0 1 ~1 —03 0
j72.34 —j7234 0 1 0

Reduce the matrix to reduced row echelon form. The quantity of interest is I3. When multiplied by 68 €2
it yields V1y.

Vrr = ((3+,27.78) x 107 A) (68 Q) = 0.20 + j1.89 V
This quantity can be converted to time-varying form.

vep(t) = 1.9 'V cos (27100t + 83.847/180)
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Because there is a dependent source, the short-circuit current must be calculated to determine the value

of the Thévenin equivalent impedance. The 68 ) resistor is shorted and can be removed from the circuit.

-i33.86 Q2

47 Q
—WWr—

3 V@ -j72.34 QT Vx 0.3vx(t) visc

Mesh analysis will be used to solve this circuit. The meshes will be defined the same as above. Perform

KVL around mesh 1.

3 =ATI; + (—j72.34)(I; — Ip)

Perform KVL around the supermesh.

0= (—j72.34) (I3 — I1) + (—433.86)1

KCL is performed at the intersection of meshes two and three.

0=1I,-03Vx —1I3

An equation can be created to define the dependent source in terms of mesh currents.

Vx = (—j72.34)(I; — I2)

Create a matrix in terms of al; + Bl + yl3 + dVx = €.

A7-j7234 47234 0 0 3
j72.34  —j10621 0 0 0

0 1 ~1 -03 0
j72.34 —j7234 0 1 0

Reduce the matrix to reduced row echelon form. The quantity of interest is I3, which is equal to lsc.

Isc =139.65 + j373.15 mA
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Use Ohm's law to calculate the Thévenin equivalent impedance.

0.20 + j1.89 V

= ISV 06— j2.14 Q
0.14 +j0.37 A J

VAT

This is equal to a resistor of 4.26 ) in series with a capacitor. The capacitor value can be calculated.

1
C=_—"—-="T43.20 uF
27100(2.14) s
The Thévenin equivalent circuit is shown below.
743.20 uF

4.26 Q

[ E—
—VVV B

1.9 V cos(27100t+83.847/180) @

ob

Norton’s theorem states that any linear circuit, regardless of the level of complexity, can be represented

by an equivalent circuit that contains a current source in parallel with an impedance. This is depicted in

figure 9.5.
—oa a
I!nea.r In
circuit
——ob b

Figure 9.5: Norton's theorem states that these two circuits are equivalent, given the correct value of Iy and
ZN.

Norton’s theorem is simply a source transformed version of a Thévenin equivalent circuit. However, it
is possible to derive a Norton equivalent circuit without first deriving a Thévenin equivalent circuit. The
Norton equivalent current (In) is equal to the short-circuit current between the output terminals. The

procedure to calculate the Norton equivalent impedance is given below.

e If there are no dependent sources in the circuit, then Zy is equal to the equivalent impedance seen

between the output terminals, with all of the independent sources deactivated.

e If there are dependent sources in the circuit, calculate the open-circuit voltage (Voc) between the

output terminals. The Norton equivalent impedance is equal to Voc/IN.
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Example: Complex Norton equivalent circuit

220 Q
4{ a

30 V cos(272000t+1207/180) @ 20 mH

. 3 o b

Calculate the impedance of both inductors and the capacitor, and convert the voltage source to phasor

form.

J

Zc = —
© 7~ T 272000(470 x 109

= —4169.31 Q

Zoomu = j272000(0.02) = j251.33 Q
Z1omu = j272000(0.01) = j125.66

V =30cos120° + 530sin120° = —15 4 j25.98 V

Calculate the Norton equivalent current. Because the 150 €2 resistor and 10 mH inductor are shorted,

they are effectively removed from the circuit.

-1169.31 Q

%

-15+j25.98 v@ j251.33 Q Iny

220 ©

Perform a source transformation. The value of the current source is calculated below.

—15+525.98 V .
= TTIRI Y 015 - j0.09 A
—j169.31 Q J
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-0.15-j0.09 A@ -j169.31 Q T j251.33 Q 220 Q

Use a current divider to calculate ly.

(—7169.31 ©)//(j251.33 )/ /(220 Q)

In = (—0.15 — j0.09 A) 550 0

=—0.16 — j0.02 A

This quantity can be converted to time-varying form.

in(t) = 163.13 mA cos(272000t — 172.987/180)

There are no dependent sources, so the Norton equivalent impedance can be calculated directly. The

voltage source will be deactivated.

-j169.31 Q

220 Q

j251.33 Q ~2Zn

3 . o b

Combine the capacitor and inductor impedances in parallel.

220 Q

a
-j518.86 Q|: —Zy

ob

Add that impedance to 220 2.
* 0 a
220-j518.86 Q|::| 150+j125.66 2 +—2Zn

* ob
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Combine both impedances in parallel.

Zn = 192.36 + j68.76

This is equal to a resistor of 192.36 2 in series with an inductor. The inductor value can be calculated.

68.76
_ — 547 mH
L= 5000 ~ 24T m

The Norton equivalent circuit is shown below.

192.36 2

163.13 mA cos(27100t-172.98/180) @

5.47 mH

9.2 Passive Filters

A filter is a circuit that selectively blocks certain frequencies (or a range of frequencies) from passing through
to the output. Filters can be passive (made of RLC components only) or active (made with RLC components
and an op-amp). Active filters will be discussed in section 9.3.

Filters are defined by their frequency response. The four types of frequency responses are low-pass, high-
pass, band-pass, and band-stop. Each of these four passive filter types will be explained in sections 9.2.1-
9.2.4. In addition, filters are defined by the circuit order. First order filters consist of first order circuits
(only one energy storage device is included in the design). Second order filters consist of second order circuits

(two energy storage devices are included in the design).

9.2.1 Low-Pass Filters (LPF)

A low-pass filter blocks high frequency signals (above a cutoff frequency) from passing through to the output.
(Only low frequencies can pass through, hence the name “low-pass filter.”) Low-pass filters are useful for
removing high frequency noise (for example) from a circuit’s output.

As the input voltage frequency changes, the magnitude of the output voltage will change. This can be
characterized by calculating v,yt/vi, at varying frequencies and looking at the response. An ideal low-pass
filter has what’s called a “brick wall” response: all frequencies above the cutoff frequency are completely
eliminated from the output, and all frequencies below the cutoff frequency are able to pass through with
no change in magnitude. This ideal brick wall output response, as well as a real low-pass filter response, is

shown in figure 9.6 (note the use of the log/log scale).
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We
100 L T T T 1] T \_\_\_\_‘ T T T 1] T T LI \?
£ .
L 107 : E
E 10-2 | |— Real LPF ' 1
S - |--- Ideal LPF |
10—3 L . . . . L1 Lo ! [ R Lo

10! 10? 103 10* 10°
w (rad/s)

Figure 9.6: Comparison between an ideal (“brick wall") low-pass filter and a real low-pass filter.

There are many different ways to implement a low-pass filter. One example of a first order passive low-
pass filter is shown in figure 9.7. The capacitor, having a low impedance at high frequencies, leads to a

decreasing voltage drop as frequency increases.

R

AVAVAY

vrn (t) @ C " wout(t)

Figure 9.7: This resistor-capacitor circuit acts as a low-pass filter. As frequency increases, the voltage drop
over the load will decrease.

It is also possible to use a resistor-inductor combination to create a first order low-pass filter. This
circuit, shown in figure 9.8, acts as a low-pass filter because the inductor acts as an open at high frequencies,

blocking current flow through the output resistor.

L
/3000

+

(%) § o)

Figure 9.8: This resistor-inductor circuit acts as a low-pass filter. As frequency increases, current flow through
the load will decrease.

Both filters in figures 9.7 and 9.8 are first order circuits. The cutoff frequency of a first order filter is

given by equation 9.3.

We

ao (93)

Second order passive low-pass filters can be created by cascading two first order filters together, as shown
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in figure 9.9.

Ry Ry

— A

vin () @ OT= T )

Figure 9.9: This circuit acts as a second order low-pass filter by cascading together two resistor-capacitor fil-
ters.

The cutoff frequency of a second order filter is given by equation 9.4. This is equal to the resonant

frequency of the second order circuit.

we = /ao (9.4)

Other second order filter architectures include cascading RL filters, or by using a series RLC circuit.
Because of parasitic resistance effects in inductors, it is not always practical to use inductor-based filters.

A second order filter will cause a much faster decay of the output signal compared to a first order filter.
A comparison of waveforms for a first and second order RC low-pass filter (with identical cutoff frequencies)

is shown in figure 9.10.

We
100 T T T 7 T L ] T T T T T L ‘ T T T T T LN |
< 1
5 I
3 1072 |—— First order !
® —— Second order '
10—4 . . . — | | L1 ! [ R [
10! 102 103 10% 10°
w (rad/s)

Figure 9.10: Comparison between first order RC and second order RC low-pass filter.

There is theoretically no limit to how many stages can be cascaded together to create higher-order filters.

This textbook will only consider first and second order circuits.
Example: Low-pass filter analysis in symbolic form

Analyze the following low-pass filter. Determine the cutoff frequency
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in(t) @ R €= vou(t)

The second order equation will provide information about the properties of the circuit. It can be found

by performing KCL at the node between the inductor, resistor, and capacitor.

1 d2U0ut(t) 1 d’l)out(t) 1
cW="4 TRe”a Tz

Using equation 9.4, it is now possible to calculate the cutoff frequency of the circuit.

9.2.2 High-Pass Filters (HPF)

A high-pass filter blocks low frequency signals (below a cutoff frequency) from passing through to the output.
(Only high frequencies can pass through, hence the name “high-pass filter.”)

An ideal high-pass filter has a brick wall response: all frequencies below the cutoff frequency are com-
pletely eliminated from the output, and all frequencies above the cutoff frequency are able to pass through
with no change in magnitude. This ideal brick wall output response, as well as a real high-pass filter response,

is shown in figure 9.11.

We
1005 T T T L I T T T T “‘HE
S0t : ]
102 : — Real HPF |
S ! --- Ideal HPF | |
10—3 Lo [ R | [ R . . —— |
101 102 103 104 105
w (rad/s)

Figure 9.11: Comparison between an ideal (“brick wall”) high-pass filter and a real high-pass filter.

There are many different ways to implement a high-pass filter. One example of a first order passive
high-pass filter is shown in figure 9.12. The capacitor, having a high impedance at low frequencies, blocks

current from passing through the load at low frequencies.
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C

S
oi(®) @ RS vt

Figure 9.12: This resistor-capacitor circuit acts as a high-pass filter. At low frequencies, current cannot pass
through the load resistor.

It is also possible to use a resistor-inductor combination to create a first order high-pass filter. This
circuit, shown in figure 9.13, acts as a high-pass filter because the inductor acts as a short at low frequencies,

creating leading to a small voltage drop over the load.

R

AVAVAY
+

o) @ L% bout (1)

Figure 9.13: This resistor-inductor circuit acts as a high-pass filter. At low frequencies, there will be minimal
voltage dropped over the load.

The cutoff frequency for a high-pass first order filter is the same as that of a first order low-pass filter.

The relationship is given in equation 9.3.

It is possible to create higher order high-pass filters. Second order filters can be created by cascading two

first order filters together, as shown in figure 9.14.

o o2
% .
vrn (t) @ R Ry > vous(t)

Figure 9.14: This circuit acts as a second order high-pass filter by cascading together two resistor-capacitor
filters.

The cutoff frequency of a second order filter is given by equation 9.4, and is equal to the resonant frequency

of the second order circuit. There are other possible architectures for creating passive second order high-pass

filters.

A second order filter will cause a much faster decay of the output signal compared to a first order filter.
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A comparison of waveforms for a first and second order RC high-pass filter (with identical cutoff frequencies)

is shown in figure 9.15.

We
100/

£ !

= 1
\§ 10-2 E —— First order | |

= i —— Second order
10—4 R [ | T T —r—r—r 1 |
10! 102 103 10% 10°
w (rad/s)

Figure 9.15: Comparison between first order RC and second order RC high-pass filter.

There is theoretically no limit to how many stages can be cascaded together to create higher-order filters.

This textbook will only consider first and second order circuits.

Example: High-pass filter analysis

Analyze the following high-pass filter. Calculate the cutoff frequency.

200 nF 4 KO

4{ )
Vin(t) @ 5 kQ 10 mH% Vout (t)

The second order equation will provide information about the properties of the circuit. It can be derived

using any circuit analysis technique.

d?v;n (1) B d* Vot (t)
dt — dt?

dvout (t)

+ (401000) =

4 (9 % 10%)vgus (t)

Using equation 9.4, it is now possible to calculate the cutoff frequency of the circuit.

we = 30000 rad/s

9.2.3 Band-Pass Filters (BPF)

A band-pass filter only allows a range of frequencies to pass through to the output. Anything below a certain
frequency, or above a certain frequency, is blocked from reaching the output.
An ideal band-pass filter has a brick wall response: all frequencies within the so-called passband (centered

around the center frequency wp) are able to pass through with no change in magnitude. All frequencies
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outside of the passband are eliminated. This ideal brick wall output response, as well as a real band-pass

filter response, is shown in figure 9.16.

Wel Wo  We2

< 10%F = —— Real BPF | |
=z g | ! --- Ideal BPF | |
T 107 : ! E
> r ! 1 .
10—2 L1l [ B ! Lo [ _
10! 102 103 10* 10°
w (rad/s)

Figure 9.16: Comparison between an ideal (“brick wall") band-pass filter and a real band-pass filter.

At least two energy-storage elements are required to create a band-pass filter; all band-pass filters must
be at least second order circuits. One possible band-pass filter architecture is shown in figure 9.17. At very
low frequencies, the inductor acts as a short and the capacitor acts as an open; there will be minimal voltage
dropped over the load. At very high frequencies, the inductor acts as an open and the capacitor acts as a

short; there will again be minimal voltage dropped over the load.

R

NN

v (8) @ L CT— vouilt)

Figure 9.17: This RLC circuit acts as a band-pass filter. At both very low and very high frequencies, there will
be minimal voltage dropped over the load.

The center frequency (wp) of a second order filter is equal to its resonant frequency, described in equa-
tion 7.3. The cutoff frequencies of a band-pass filter describe the frequency at which the voltage is reduced
to a value of 1/ V2. There are two cutoff frequencies: w.; describes the low-frequency bound of the pass-
band; w.s describes the high-frequency bound of the passband. Both cutoff frequencies are described in

equations 9.5 and 9.6.

Wel = —a+ /a2 +wd (9.5)
Wea = a+ /a2 +w? (9.6)

The bandwidth of the circuit describes the width of the passband, and is described in equation 9.7. The

wider the passband (and hence the larger the bandwidth), the more frequencies that are allowed to pass
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through to the output.

B =we — wei (97)

Band-pass filters can also be characterized by their quality factor. A filter with a high quality factor will
have a very narrow passband (low bandwidth), and vice versa. A graph showing the output response of

band-pass filters with different quality factors is shown in figure 9.18.

wo

0 [ T L ‘ T L ' T L ‘ = = = = = =T \j

- 10 ; — Low q factor |

2 107tk —— High q factor |

3 1072 F

10—3 L I I | L
10! 102 103 10* 10°

w (rad/s)

Figure 9.18: Comparison between band-pass filters with low and high quality factors.

The quality factor of a second order band-pass filter can be calculated based on its characteristic equation.

This relationship is given in equation 9.8.

Q=¥ 98)

Example: Band-pass filter analysis

Analyze the following band-pass filter. Calculate the center frequency, both cutoff frequencies, the

bandwidth, and the quality factor.

40 uF

120 Q
Vin(t) @ 200 20 uF T vou(t)

The second order equation will provide information about the properties of the circuit. It can be derived

using any circuit analysis technique.

dvin (t) A%Vt (t)

416. =
(416.67) dt dt?

+ (750)

d ou t
”7;() + (52083.33)vous (t)
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Using equation 9.4, it is now possible to calculate the center frequency of the circuit.

wo = 228.22 rad/s

The cutoff frequencies can be calculated using equations 9.5 and 9.6.

we1 = 63.99 rad/s

weo = 813.99 rad/s

Calculate the bandwidth using equation 9.7.

B =750 rad/s

Use equation 9.8 to calculate the quality factor.

Q = 0.304

9.2.4 Band-Stop Filters (BSF)

A band-stop filter rejects a range of frequencies centered around the center frequency. Anything below a
certain frequency, or above a certain frequency, is passed through to the output.

An ideal band-stop filter has a brick wall response: all frequencies within the so-called stopband (centered
around the center frequency) are rejected. All frequencies outside of the stopband are passed through. This

ideal brick wall output response, as well as a real band-stop filter response, is shown in figure 9.19.

Wel Wo  We2

: 100 E T 1 1] _ _\ _\ 1 1] __\_ T 1 1] T L \E
s i | |
T 0 : — Real BSF |
S - : --- Ideal BSF |

10—2 [ LA I | T T ——r—1 |
10 102 103 10* 10°
w (rad/s)

Figure 9.19: Comparison between an ideal (“brick wall”) band-stop filter and a real band-stop filter.

At least two energy-storage elements are required to create a band-stop filter; all band-stop filters must
be at least second order circuits. One possible band-stop filter architecture is shown in figure 9.20. At very
low frequencies, the inductor acts as a short and the capacitor acts as an open; there will be maximum
voltage dropped over the load. At very high frequencies, the inductor acts as an open and the capacitor acts

as a short; there will again be maximum voltage dropped over the load.
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o (t) @ RS vt

Figure 9.20: This RLC circuit acts as a band-stop filter. At both very low and very high frequencies, there will
be maximum voltage dropped over the load.

The center frequency of a second order filter is given by its resonant frequency described in equation 7.3.
Similarly, the cutoff frequencies can be described by equations 9.5 and 9.6. The bandwidth is given in
equation 9.7.

Band-stop filters can also be characterized by their quality factor. A filter with a high quality factor will
have a very narrow stopband, and vice versa. A graph showing the output response of band-stop filters with

different quality factors is shown in figure 9.21.

wo

100 L T T T 11 \ T T T 11 \ T T T 11 \ T T LI \:

&
£ 107 E
3 10-2 - — Low g factor |
s 1077k —— High q factor |
10—3 L Lo L1 [ R . . — 1 1]

10! 102 103 104 10°
w (rad/s)

Figure 9.21: Comparison between band-stop filters with low and high quality factors.

The quality factor of a second order band-pass filter can be calculated based on its characteristic equation.
This relationship is given in equation 9.8. It is not different from the equation used to find the quality factor

in a band-pass filter.
Example: Band-stop filter analysis

Analyze the following band-stop filter. Calculate the center frequency, both cutoff frequencies, the

bandwidth, and the quality factor.
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10
+
200 mH
Vin(t) @ Vout(t)
50 uF —

The second order equation will provide information about the properties of the circuit. It can be derived

using any circuit analysis technique.

dQU,‘n (t)
dt

- d2 Vout (t)

Qo (t
+ 1000000, () =~ Vout (1

dt

+ (50) + (100000)voy: (t)
Using equation 9.4, it is now possible to calculate the center frequency of the circuit.
wo = 316.23 rad/s

The cutoff frequencies can be calculated using equations 9.5 and 9.6.

wer = 292.21 rad/s

wea = 342.21 rad/s

Calculate the bandwidth using equation 9.7.

B =50 rad/s

Use equation 9.8 to calculate the quality factor.

Q=632

9.2.5 Determining Filter Type

To determine the type of filter a circuit corresponds to, first analyze the circuit given a DC steady-state
(w = 0). In this case, all capacitors can be replaced with opens and all inductors can be replaced with shorts.
Determine the value of the output voltage (which will either be zero or non-zero).

Second, analyze the circuit given a frequency approaching infinity (w — o0). In this case, all capacitors

can be replaced with shorts and all inductors can be replaced with opens. Determine the value of the output
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voltage (which will either be zero or non-zero).

Table 9.1 can then be used to determine the filter type based on vy:(0) and vgy:(00).

Uout(o) ‘ Uout(oo) ‘ Filter Type

zero zero band-pass filter
zero non-zero | high-pass filter
non-zero | zero low-pass filter

non-zero | non-zero | band-stop filter

Table 9.1: It is possible to determine a filter type by analyzing the output voltage at low frequency (w = 0)
and very high frequency (w — o).

Example: Determining filter type

Determine the type of filter shown below.

L R

L AVAVAY,

Vin(w) @ C— vou(w)

Re-draw the circuit for w = 0.

n(0) @ o (0)

Determine the output voltage.

Vout (0) = Uin

Re-draw the circuit for w — oco.

Vin(OO) Vout(oo)
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Passive Filters

Determine the output voltage.

Vout(00) =0

Consult table 9.1. The circuit is a low-pass filter.

Example: Determining filter type

Determine the type of filter shown below.

R
+
Rc RL
() @ Vo)
cC_—— L
Re-draw the circuit for w = 0.
R
+
Rc Re
vin(0) @ Vout (0)

Determine the output voltage.

Re-draw the circuit for w — oo.
R

NN

Rc

vin(50) @

RL

Vout(oo)
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Rc

Uout(OO) = Umm

Consult table 9.1. The circuit is a band-stop filter.

9.3 Active Filters

It is possible to design filters that use an op-amp; these filters are known as active filters. Active filters are
capable of generating output amplification (from the op-amp gain), and can also be used to create band-
pass filters and band-stop filters without using inductors, which are physically large and contain parasitic

resistance. While there are many different types of active filters, only a few will be discussed in this book.

9.3.1 First Order Active Filters

First order active filters are first order (one energy storage element) filters that use an op-amp. An active

first order low-pass filter is shown in figure 9.22.

Ry

—AAMNV—

I

— A

o) () L ot (1)

Figure 9.22: First order active low-pass filter.

The first order differential equation that describes the behavior of this low-pass filter is shown in equa-

tion 9.9, and can be derived by performing KCL at the inverting node of the op-amp.

Vin(t)  dvgyu(t) 1
R~ a T moton® (9.9)

The cutoff frequency of the filter is defined by the coefficient on the v, (t) term, therefore the cutoff

frequency of the first order active low-pass filter depicted in figure 9.22 is given in equation 9.10.

1
RxC

(9.10)

We =

The gain of this active filter is given by the ratio of feedback resistor to input resistor, which can be seen
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in the coefficient of the ratio of output to input voltages, shown in equation 9.11 and derived below. The

initial equation in the derivation is obtained by performing KCL at the inverting input of the op-amp.

'Uout(t) _ & (R;Cl> (9'11)

vin(t) B Rl jw + RyC

DERIVATION

Uin(t) _ _Uout(t) _ vout(t)
Ry Ry L

An active first order high-pass filter is shown in figure 9.23.
Ry

Vin (t) = Vout (t)

o |

Figure 9.23: First order active high-pass filter.

The first order differential equation that describes the behavior of this high-pass filter is shown in equa-

tion 9.12, and can be derived by performing KCL at the inverting node of the op-amp.

R2 dUin (t) dvout (t) 1
_ = 12
Ry dt dt * R, C (9.12)

The cutoff frequency of the filter is defined by the coefficient on the v,y (t) term, therefore the cutoff
frequency of the first order active high-pass filter depicted in figure 9.23 is given in equation 9.13.

(9.13)

We =

=
Q
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The gain of this active filter is given by the ratio of feedback resistor to input resistor, which can be seen
in the coefficient of the ratio of output to input voltages, shown in equation 9.14 and derived below. The

initial equation in the derivation is obtained by performing KCL at the inverting input of the op-amp.

Vout (t) _ e (]u)) (9.14)

DERIVATION
Uin(t) _ _ Yout (t)
R+ ]w% Ry
Uout(t) _ R2
Uzn(t) Rl + jw%
_ ijRQ
~ jwCR; +1

_ i gw
Ry jw+RiC

9.3.2 Cascaded Filters

As mentioned in section 4.5.3, op-amps can be cascaded together. While section 4.5.3 made reference to the
product of each individual circuit gain, cascaded filters can be analyzed by calculating the product of each
filter’s transfer function (discussed in section 9.4). In this manner, band-pass filters, band-stop filters, and
second order (or higher) high-pass and low-pass filters can be designed.

A low-pass filter whose input is fed into a high-pass filter acts as a band-pass filter. A cascaded active

band-pass filter is depicted in figure 9.24.

Ry,

NV
b

—\VV\— Ry O
@ Vin(t) =

Figure 9.24: Cascaded active band-pass filter.
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This filter has three stages. The first stage is a low-pass filter, the second stage is a high-pass filter, and
the third stage is an inverting amplifier to provide overall amplification (gain). The low-pass filter stage sets
the upper cutoff frequency, which was defined in equation 9.6 as w.2. Using equation 9.10, we can derive the

upper cutoff frequency as shown in equation 9.15.

!
T RLCL

We2

(9.15)
The high-pass filter stage sets the lower cutoff frequency, which was defined in equation 9.5 as w¢;. Using
equation 9.13, we can derive the lower cutoff frequency as shown in equation 9.16.

_ 1
- RyCy

We1 (916)

The final stage has a gain given by equation 4.9 and sets the overall gain of the band-pass filter circuit.
In this manner, each of the circuit properties can be tuned in each individual stage.
A low-pass filter and high-pass filter can also be used as inputs to a summing amplifier, which leads to

an active band-stop filter. This circuit is depicted in figure 9.25.

Ry,

—AMV—

L

Ry,

R '
. c A e
S L |
—VVAV— Vour (t)

(n) 0 I

Figure 9.25: Cascaded active band-stop filter.

The low-pass filter sets the lower cutoff frequency of the stopband and the high-pass filter sets the upper

cutoff frequency of the stopband. The summing amplifier sets the overall gain of the band-stop filter circuit.
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This gain is defined by the input and feedback resistors, described in equation 9.17.

A=-—""2 (9.17)

Finally, higher order active filters can be created by cascading together multiple low-pass filters or multiple
high-pass filters (for example). Cascading together identical filters creates a sharper slope at the cutoff

frequency. An inverting amplifier can be staged at the output to create an overall circuit gain.

9.3.3 Other Active Filter Topologies

While there are numerous other active (and passive) filter designs that will not be explored in this book, one
other active filter topology will be described. This is called the Sallen-Key topology. A low-pass Sallen-Key
filter is depicted in figure 9.26. (Swapping all resistors for capacitors and vice versa will result in a high-pass

Sallen-Key filter. A band-pass Sallen-Key filter can also be realized.)

&
| |
| |
R, Rs 0
AN +
Vin(t) o — Vour()

Figure 9.26: A unity gain Sallen-Key low-pass filter circuit.

The voltage follower configuration of the circuit gives it a gain of one (known as unity gain), and ensures
that the voltage at the non-inverting input of the op-amp is equal to v,y (t). If a filter gain is desired, then
the voltage follower configuration can be altered to include divided feedback instead of shorting the inverting
input to the output.

The Sallen-Key filter shown in figure 9.26 has a differential equation described in equation 9.18 and is
derived below using KCL at the nodes connecting the two resistors to capacitor C7 and also at the non-
inverting input of the op-amp. (The term v,(t) in the derivation denotes the note connecting the two resistors

to capacitor C1.)

1 dzvout (t) 1 1 dvout (t) 1
S5 A~ Vinl(t) = out (t 1
RiECC ) T +{R101+RQCJ i | v (9.18)
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DERIVATION
Vin (t) — Vg (t) o i dvout (t)
7}21 = Cl dt [’Ua(t) Vout (t)] T 02 7(‘[15
vin(t) [ 1 d d d
Rl - |:R1 +C1 dt] Ua(t) T |:CQ dt Cl dt:| 'Uout(t)
Ua(t) - Uout(t) —C dvout(t)
R, Tt
AVpy (t
Ve (t) = RoCs dtt( ) 4 Vot (t)
vin(t) [ 1 d vyt (t) d d
Rl - |:R1 +C1 dt:| |:R202 dt +U0ut(t) + Cth Cl dt vout(t)
- RQCQ dvout (t) 1 d2vout (t) d’l}out(t)
=R 7 F Evout(t) + C1R2Co 702 + Cs 7
- d2v0ut(t) RQCQ dvout(t) 1
= RxC1Cs oTE + [ R Jrcz} g + {RJ Vout (1)
1 dzvout(t) 1 1 d'l)out(t)
5~~~ Vin(l) = out (T
Rmec m = g {Rlc1 +RQCJ a [Rlecch Vout (¢)

9.4 Transfer Functions

All of the analysis that was carried out on filters in the previous sections of this book looked at the magnitude
response of Vgt (t)/vin(t) at different frequencies. A transfer function is defined as the frequency response

of a system, described in equation 9.19.

Vout(Jw)

H(jw) = Vin(jw)

(9.19)

The transfer function provides a lot of useful information about the response of a circuit across many
different frequencies of operation. The transfer function is a complex function of jw. It can be split into
magnitude and phase responses. The magnitude of the transfer function is calculated by taking the absolute

value of H(jw), as shown in equation 9.20.

|H (jw)| = v/ (RH(jw))? + (SH (jw))? (9.20)

The phase response is calculated by finding the angle between the real and imaginary parts, as shown in

equation 9.21.
ZH (jw) = atan2 (SH (jw), RH (jw)) (9.21)

When plotted together, this is called a Bode plot. A Bode plot shows the frequency response of a system

by showing the magnitude and phase response of the system.
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9.4 Transfer Functions

The transfer function of a circuit is derived by using a phasor transformed circuit to calculate the output

voltage divided by the input voltage as a function of jw. The function is normalized by forcing the highest

order term of jw (which, for a second order circuit, is —w?) to have a coefficient of one.

Consider the phasor transformed low-pass filter circuit shown in figure 9.27.

R

— A\

um(w)® o W)

Figure 9.27: A phasor transformed low-pass filter circuit.

The voltage divider rule can be used to determine the transfer function of the circuit, shown in equa-

tion 9.22 and derived below.

1
H(jw) = —8+
Jw + %

DERIVATION

1
0 _ JwC
) = <R + ijC)
1

~ JwRC +1
1
RO

Cjw+
The magnitude response of the filter is shown in equation 9.23 and derived below.

1
H (jw)| = =

DERIVATION
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The phase response of the filter is shown in equation 9.24 and derived below.

1
/H(jw) = —atan2 — 9.24
(i) = - aten (4, 7 ) (9.21)
DERIVATION
/(=L
LH(ju) = ——BD) _
Z(]w—f‘m)
OO

atan2 (w, 7<)

1
= —atan2 (w, ——
atan (w, RC’)

Given values of R = 100 Q and C = 100 uF, it is possible to create a Bode plot of the filter. This is

shown in figure 9.28.

100 C T T T 1] LA T T T T T T T Lz
2 ) ]
o 10_2; ! ! [ R | ! ! Lo ! ! [ R R R | ! ! T B | \;
g_\ 0 T T L T T LN T T LN B B T T T T T
é —45 .
T
N 790 L I I | L

10° 10* 102 10 104

w (rad/s)
Figure 9.28: Bode plot for the low-pass filter circuit shown in figure 9.27 given R = 100 Q2 and C' = 100 uF.
Example: Transfer function in symbolic form

Derive a transfer function for the circuit shown below. Then, determine the filter type.

R:

NN—

Vin(w) @ Rz L% Vout(w)

This transfer function can be derived using a voltage divider. Combine the impedances of resistor Ry
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and the inductor in parallel.

ijRQ

Zpp = ———
RE Ry + jwL

Apply the voltage divider rule, and minimize until the transfer function is normalized.

ijRQ
Ratjwl 1

Vout (W) = Vin(w) R
R]_ + }%:}JrijL
jwL Ry
. _ Ra+jwlL
A(w) = == it
Ro+jwlL

- ijRQ

o ijRl + R1R2 + jOJLRQ
- ijRQ

"~ jwL(Ry + R2) + R1 R

. Ro
__ JYR LR,
- Ri1R>
Wt TR +R3)

To determine the filter type, first analyze the circuit for w = 0.

Ry

vin(0) Ra Vout (0)

The output voltage will be zero at w = 0 due to the inductor being a short in those conditions. Then,

analyze the circuit for w — oco.

R:

NN

vin(oo>® 3 V(o)

The output voltage will be non-zero at w = 0o due to the inductor being an open in those conditions.

Therefore, this is a high-pass filter.
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9.4 Transfer Functions

Example: Transfer function in numeric form

Derive a transfer function for the circuit shown below. Then, determine the filter type.

20 mH
+
800 2
Vin(w) @ Vout(w)
200 nF ——

It is advantageous to begin by deriving the transfer function in symbolic form, and then substituting

numeric values in at the end. This circuit’s transfer function can be derived by applying the voltage divider

rule and minimizing until the transfer function is normalized.

R+ 1~
Uout(w) = ’Uin(w) L—chl
jwL + R+ FoC
. jwCR+1
H =
(je) —w?LC + jwCR+1
R 1
JWT tic

= R, 1
—w?+jwt + 75

Now that the transfer function has been derived symbolically, a numerical solution can be obtained.

Jw40000 + 2.5 x 108

H ) =
Uw) = = 27010000 1 2.5 x 10°

The bode plot for this filter is shown below.

1005 T T 1 ] T T \\\75
3 g |
= F ]
R (G E
. 07 : _— : _— : —
2 45 .
A

\‘7907 [N [N L]

103 10% 10°

w (rad/s)

To determine the filter type, first analyze the circuit for w = 0.
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800 Q2

vin(w)® ou(®)

The output voltage will be non-zero at w = 0. Then, analyze the circuit for w — oo.

+
800 Q2

vin(w)® ou(®)

The output voltage will be zero at w = co. Therefore, this is a low-pass filter. This analysis is verified

by the Bode plot.

9.4.1 Relating Transfer Functions and Differential Equations

After close observation, it can be seen that a transfer function contains exactly the same information as the
differential equation that describes a circuit. Consider the circuit in figure 9.27. KCL can be used to derive

the differential equation, shown in equation 9.25.

1 d 1
%Uln(t) = a’l}out (t) + %’Uout(t) (925)

It is possible to replace every d/dt term with jw, every ¢ term with w, and solve for v,y /v;n. This is

shown in equation 9.26 and derived below.

Vour(®) _ 7o (9.26)

vin(w)  jw+ s
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DERIVATION
e in() = Ve (t) + s Uoue (1)
RC Vin = JWYUout RC Vout
1 . 1
ﬁvm(w) = Uout(w) (]w + M)
1
Uout(w) - RC

Vin(w)  jw + %
Note that this is exactly the same as the transfer function derived in equation 9.22!

9.4.2 Understanding Transfer Function Poles and Zeros

Identifying the poles and zeros of a transfer function can provide information about the stability of a system.
Poles are the roots of the denominator of the transfer function; zeros are the roots of the numerator of
the transfer function. Stability relates to what happens after a system is disturbed from a condition of
equilibrium. If, after a disturbance, a system tends to return to equilibrium, that system is said to be stable.
If, after a disturbance, the system remains in the new state without changing, that system is said to be
marginally stable. If, after a disturbance, the system diverges away from equilibrium, that system is said to
be unstable.

In resistive circuits (such as the ones described in this book), the systems are stable due to the damping
property of resistors. This causes all exponential terms in output voltage equations to have negative powers,
causing them to decay over time. All poles have negative real values. The greater the magnitude of the real
part of the pole, the faster the exponential term will decay.

Second order systems (such as second order circuits) will have two poles. If the two poles have real and
distinct negative values, then the system will have an overdamped transient response. If the two poles have
real and repeated negative values, then the system will have a critically damped transient response. If the

two poles are complex conjugate pairs, then the system will have an underdamped transient response.

Example: Relating poles to the transient response (overdamped)

A second order circuit has a transfer function described below.

H(jw) jw+6
W)= ———"——
J —w? + jw3 + 2

There is one zero at —6, and two poles (at =2 and —1). The transfer function can be rewritten.

(jw + 6)

H(jw) = (o +2)(jw + 1)

Because the poles are real and distinct, the transient response of this circuit will be overdamped. The

step transient response of the circuit is plotted below as a function of time.
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6,
S 4 ]
= 20 |
pu)
O I I | | | | | | | | | ]
-2 -1 0 1 2 3 4 5 6 7 8 9 10
t(s)

A second order circuit has a transfer function described below.

1
—w? + jw2000 + 1 x 106

H(jw) =

There are no zeros, and two repeated poles at —1000. The transfer function can be rewritten.

1
(jw + 1000)(jw + 1000)

H(jw) =

Because the poles are real and repeated, the transient response of this circuit will be critically damped.

The step transient response of the circuit is plotted below as a function of time.

6,
s |
= 2f |
>
O I I | | | | | | | | | 1
-2 -1 0 1 2 3 4 5 6 7 8 9 10
t (ms)

Example: Relating poles to the transient response (underdamped)

A second order circuit has a transfer function described below.

2

H 1 =
Uw) = = Fjoss 575

There are no zeros, and two repeated poles at —1000. The transfer function can be rewritten.

(jw + 0)(jw + 0)
(jw + 1.75 + jv/4.4375) (jw + 1.75 — j/4.4375)

H(jw) =

Because the poles are complex conjugate pairs, the transient response of this circuit will be underdamped.

The step transient response of the circuit is plotted below as a function of time.
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A transfer function can be re-written as shown in equation 9.27. Each of the z values is a zero, and each
of the p values is a pole. A first order system (such as a first order circuit) will have one pole. A second

order system will have two poles.

(j:w —21)(Jw — 29)...(Jw — zn)

H(jw) = (Gw — p1)(jw — p2)-..(jw — pn)

(9.27)

Example: Poles and zeros

Determine the poles and zeros of the transfer function of the second order low-pass filter from figure 9.9,
where Ry =10 , Ry =20 Q, C; = 200 uF, and Cy = 500 pF.

The transfer function of the circuit is given below.

50000
—w? 4 jw850 + 50000

H(jw) =
The transfer function has no zeros and two poles (at —=786.42 and —63.58). The transfer function can be

rewritten.

50000
(jw + 786.42)(jw + 63.58)

H(jw) =

Poles and zeros can be plotted on the complex plane. Each pole is depicted with an x symbol, and each
zero is depicted with a o. Based on the location of the poles in the complex plane, the stability of the system

can be quickly determined. Pole-zero diagrams for stable second order systems are depicted in figure 9.29.
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imaginary imaginary imaginary

real real real

Figure 9.29: Distinct poles lead to an underdamped response (left). Repeated poles lead to a critically
damped response (middle). Complex conjugate poles lead to an underdamped response (right). All three of
these pole-zero diagrams is stable.

Unstable systems have increasing exponential functions in the output response. In the real physical
world, this output response is impossible. Not only is there only a finite amount of energy (which means
that no output, whether it be voltage, current, or a non-electrical property, can increase infinitely), but any
physical system will eventually break once the output response reaches a certain value. An unstable second

order system with distinct or repeated real roots is depicted in figure 9.30.

imaginary

real = N

Figure 9.30: Poles with positive real parts (whether they are distinct, as shown, or repeated, not shown) lead
to an unstable response (left). The system output consists of increasing exponentials (right).

An unstable system with complex conjugate roots (with positive real parts) has an output response of

an increasing amplitude sinusoid. This is depicted in figure 9.31.
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imaginary

real | |

Figure 9.31: Poles that are complex conjugates with positive real parts lead to an unstable response (left).
The system output consists of an increasing amplitude sinusoid (right).

Marginally stable systems have constant amplitude functions in the output response. A second order

system with two poles of zero is depicted in figure 9.32.

imaginary

real I N

Figure 9.32: Poles equal to zero lead to a marginally stable response (left). The system output consists of a
constant value (right).

A marginally stable system with complex conjugate pair poles (with no real part) has a constant amplitude
sinusoid as a response. This would be the case for an ideal LC circuit with no parasitic resistance. The

output response is depicted in figure 9.33.

imaginary

real - .

Figure 9.33: Poles that are complex conjugates with zero real parts lead to a marginally stable response (left).
The system output consists of a constant amplitude sinusoid (right).
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Extra Resources

o Cheever, Erik. Bode Plots Overview. Retrieved 3 March 2021. https://lpsa.swarthmore.edu/

Bode/Bode.html

e Massachusetts Institute of Technology Department of Mechanical Engineering. Retrieved 2 Septem-

ber 2021. https://web.mit.edu/2.14/www/Handouts/PoleZero.pdf

e National Semiconductor Corporation, 2010. Application Note 779: A Basic Introduction to Filters
- Active, Passive, and Switched Capacitor. https://www.ti.com/1lit/an/snoa224a/snoa224a.

pdf

e Texas Instruments, 2002. Application Report: Analysis of the Sallen-Key Architecture. https:
//www.ti.com/lit/an/sloa024b/sloa024b.pdf
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Example Problems
Complex Voltage and Current Divider
1. Calculate v(t) given the circuit diagram shown in figure 9.34.

50

AYAYAY

50 V cos(2760t + 607,/180) @ 35 uF —— w(t)

Figure 9.34: Circuit diagram for complex voltage and current divider circuits question 1.

2. Calculate v(t) given the circuit diagram shown in figure 9.35. The frequency of operation is 80 Hz.

j26.4 Q
3080
+
120 O
160 V / 150° @ o(t)
758 Q

Figure 9.35: Circuit diagram for complex voltage and current divider circuits question 2.

3. Calculate i(t) given the circuit diagram shown in figure 9.36. The frequency of operation is 150 Hz.

6 Q2

20 A £ -120° @ o

i(t)

Figure 9.36: Circuit diagram for complex voltage and current divider circuits question 3.
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4. Calculate v(t) given the circuit diagram shown in figure 9.37.

28 Q) 52 mH

AVAVAY o000
+

7 V cos(27100t) @ 43 uF —— 30 Q§ v(t)

Figure 9.37: Circuit diagram for complex voltage and current divider circuits question 4.

5. Calculate i(t) given the circuit diagram shown in figure 9.38.

4.5 A cos(2w6000t+307/180) @ 40 Q 330 nfF —— 1 mH%

i(t)

Figure 9.38: Circuit diagram for complex voltage and current divider circuits question 5.

Complex Kirchhoff’s Laws
6. Calculate i(t) given the circuit diagram shown in figure 9.39.

40 Q 10 mH

— A\

24V cos(2m60t) @ 330 uF —— 80 Q

i(t)

Figure 9.39: Circuit diagram for complex Kirchhoff's laws question 6.

7. Calculate v(t) given the circuit diagram shown in figure 9.40. The frequency of operation is 20 Hz.

30 50

+

80 V /£ 120° @ 10 O -6 —— j5 Q% o(t)

Figure 9.40: Circuit diagram for complex Kirchhoff's laws question 7.
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8. Calculate v(t) given the circuit diagram shown in figure 9.41. The frequency of operation is 20 kHz.

j9 0 8 Q
—jsszI+
15A400® 6 o(t) J5 Q%
4Q

Figure 9.41: Circuit diagram for complex Kirchhoff's laws question 8.

9. Calculate v(t) given the circuit diagram shown in figure 9.42. The frequency of operation is 30 Hz.

-5 Q

Figure 9.42: Circuit diagram for complex Kirchhoff's laws question 9.

10. Calculate v(t) given the circuit diagram shown in figure 9.43.

20 40 uF

an
5 V cos(27200t) @ 5Q v(t) 0.50(t) 7Q 100 uF — —

Figure 9.43: Circuit diagram for complex Kirchhoff's laws question 10.
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Complex Mesh Analysis

11. Calculate v(t) given the circuit diagram shown in figure 9.44. The frequency of operation is 50 Hz.

12 Q 9Q

Figure 9.44: Circuit diagram for complex mesh analysis question 11.

12. Calculate i(t) given the circuit diagram shown in figure 9.45.

30 Q 25|0 l’“‘F
AVAVAY, ||
15 Q 8 mH

30 V cos(27100t + 457/180) @ 160 uF —— 20 Q§

vi(t)

Figure 9.45: Circuit diagram for complex mesh analysis question 12.

13. Calculate v(t) given the circuit diagram shown in figure 9.46.

130 ©2
5 uF —— 56 Q)
210 ©
12 V cos(27200t) @ (
_l’_
80 Q 95 mMHE v(t)

Figure 9.46: Circuit diagram for complex mesh analysis question 13.
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14. Calculate v(t) given the circuit diagram shown in figure 9.47. The frequency of operation is 5 kHz.

20 Q 1.4 /|¢F
+ 20 Q
10 V £ -50° @ 50 Q> w(t) 60 O
2u(t)

Figure 9.47: Circuit diagram for complex mesh analysis question 14.

15. Calculate v(t) given the circuit diagram shown in figure 9.48.

20 O 5'T ‘rF
" NNN— ||

v(t)

30 Q 60 O

15 V cos(27600t -+ 257/180) @ 0.30(t)

Figure 9.48: Circuit diagram for complex mesh analysis question 15.

Complex Superposition
16. Calculate v(t) given the circuit diagram shown in figure 9.49. The frequency of operation is 10 kHz.

—j40 ©

F
5V415°® @govmo

Figure 9.49: Circuit diagram for complex superposition question 16.

20 Q
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17. Calculate v(t) given the circuit diagram shown in figure 9.50. The frequency of operation is 40 Hz.

20 Q

- A

_|_

10A £ 0° @ 50 v(t) —-j20/9 Q — IRy @ 100 V £ -90°

Figure 9.50: Circuit diagram for complex superposition question 17.

18. Calculate v(t) given the circuit diagram shown in figure 9.51. The frequency of operation is 100 Hz.

20 12 Q j16 Q

+ v(t) —

100-j50 v@ i5Q HGloQ—— @ 30420 A

Figure 9.51: Circuit diagram for complex superposition question 18.

19. Calculate i(t) given the circuit diagram shown in figure 9.52. The frequency of operation is 2 kHz.

20 uF
| |
| |

10 uF 120
l}—{ b
5/’-\400@ 310 pH @20V£90°

i(t)

Figure 9.52: Circuit diagram for complex superposition question 19.
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20. Calculate i(t) given the circuit diagram shown in figure 9.53. The frequency of operation is 20 Hz.

200 O 150 Q j60 ©

120 @ 600 mA £ 45°

10 V Z 60°

Figure 9.53: Circuit diagram for complex superposition question 20.

Complex Source Transformation

21. Use source transformation to calculate v(t) in the circuit shown in figure 9.49 (in the complex super-

position section).

22. Use source transformation to calculate v(t) in the circuit shown in figure 9.50 (in the complex super-

position section).

23. Use source transformation to calculate i(¢) for the circuit shown in figure 9.54. The frequency of

operation is 10 Hz.

7 Q

6 Q j4Q }7

20V400® -5Q—— 11 Q 30V£0°®

i(t)

Figure 9.54: Circuit diagram for complex source transformation question 23.
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24. Use source transformation to calculate v(t) for the circuit shown in figure 9.55.

500 nF

v(t)
3 A cos(2750000t) @ 25 uH 12 Q

E\, 15 V cos(2750000t)

Figure 9.55: Circuit diagram for complex source transformation question 24.

25. Use source transformation to calculate v(t) for the circuit shown in figure 9.56.

2 Q 0.3 mF

— AAN ﬁ%{ I .
i
3V cos(27100t) @ 1.6 mF —— o(t) #2 o(t) §5 )

Figure 9.56: Circuit diagram for complex source transformation question 25.

Complex Thévenin and Norton’s Theorems

26. Derive the Thévenin equivalent circuit between nodes a and b in the circuit shown in figure 9.57. The

frequency of operation is 50 Hz.

750 uF

o

50

10V£30°® 25 mH

* ob

Figure 9.57: Circuit diagram for complex Thévenin and Norton theorems question 26.
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27. Derive the Thévenin equivalent circuit between nodes a and b in the circuit shown in figure 9.58.

50 Q 2 uF ——

60 mA cos(271500t) @ +—oa

10 mH 100 Q2

. . o b

Figure 9.58: Circuit diagram for complex Thévenin and Norton theorems question 27.

28. Derive the Thévenin equivalent circuit between nodes a and b in the circuit shown in figure 9.59. The

frequency of operation is 2 kHz.

10 600 pH
AN N OO —— a
6 Q
50V40°® 10 uF ——
400 puH
o ob

Figure 9.59: Circuit diagram for complex Thévenin and Norton theorems question 28.

29. Derive the Norton equivalent circuit between nodes a and b in the circuit shown in figure 9.60. The

frequency of operation is 60 Hz.

50 200 uF
vV |
+

3V Z0° @ 500 uF —— w(t) 0.3 v(t) 8 Q

3 ° o b

Figure 9.60: Circuit diagram for complex Thévenin and Norton theorems question 29.
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30. Derive the Norton equivalent circuit between nodes a and b in the circuit shown in figure 9.61. The

frequency of operation is 300 Hz.

6 Q 20 uF
4\/\/\#.% 2
+ 10 Q
10V Z O°® 100 uF —— o(¢)
0.8 v(t)
. ob

Figure 9.61: Circuit diagram for complex Thévenin and Norton theorems question 30.

Filters

31. Given the circuit shown in figure 9.62, determine the filter type, calculate the center frequency, band-

width, and quality factor.

R L

NNN———T00

vin () @ C T vou(w)

Figure 9.62: Circuit diagram for filters question 31.

32. Given the circuit shown in figure 9.63, determine the filter type, calculate the center frequency, band-

width, and quality factor.

c
[

| +

|
vin() @ R L§ Vot ()

Figure 9.63: Circuit diagram for filters question 32.
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33. Given the circuit shown in figure 9.64, determine the filter type, calculate the center frequency, band-

width, and quality factor.

1 kO
.
10 mH
vin() @ Dot ()
0.01 uF ——

Figure 9.64: Circuit diagram for filters question 33.

34. Given the circuit shown in figure 9.65, determine the filter type and calculate the cutoff frequency.

Ry

AN

Vin ((-‘J) = Vout (W)

Figure 9.65: Circuit diagram for filters question 34.

35. Given the circuit shown in figure 9.66, determine the filter type and calculate the cutoff frequency.

20 kQ2
5 uF
l}—{ }—4'
30 k2
———O

Vin(w) @ L vo:(w)

O

Figure 9.66: Circuit diagram for filters question 35.
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Transfer Functions

36. Derive a transfer function for the circuit shown in figure 9.67. Then, determine the filter type.

Ry

NNN—

Vin (W) @ Ry C_—— vowr(w)

Figure 9.67: Circuit diagram for transfer functions question 36.
37. Derive a transfer function for the circuit shown in figure 9.68. Then, determine the filter type.

L
) |

%wGD RS vpulw)

Figure 9.68: Circuit diagram for transfer functions question 37.

38. Derive a transfer function for the circuit shown in figure 9.69. Then, determine the filter type.

R

AVAVAY
C

.

vM@GD ngmm

Figure 9.69: Circuit diagram for transfer functions question 38.
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39. Derive a transfer function for the circuit shown in figure 9.70. Then, determine the filter type.
%O A

+
’Uin(W) @ Rl L% vout(w)

Figure 9.70: Circuit diagram for transfer functions question 39.

40. Derive a transfer function for the circuit shown in figure 9.71. Then, determine the filter type.

R3

A\

C

Ry
A NN _
Rl ——O
+ +

Vin (W) Ci —

& O

Figure 9.71: Circuit diagram for transfer functions question 40.
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10 AC Power

10.1 Phase and Root Mean Square (RMS)

Discussions about power require an understanding of the voltage and current characteristics of a circuit.
In DC circuits, this analysis is relatively straightforward because voltages and currents do not vary with
respect to time. Even in transient analysis, changes occur quickly and return to a steady-state. This analysis
becomes more difficult in AC circuits because elements do not settle down to one value; the sinusoidal nature
of voltages and currents imply that values are continuously changing.

AC circuits may also have a phase difference between voltage and current signals. In other words:
maximum current may arrive at the load slightly before maximum voltage, or maximum current may arrive
at the load slightly after maximum voltage. This phase difference leads to complexr power, which will be
explained in the next section of this book. The phase difference is described in equation 10.1, where ¢, is

the phase of the voltage and ¢; is the phase of the current.

0=, — ¢ (10.1)

Because time-varying signals are frequently plotted with respect to time, and not phase, the phase
difference (in degrees) can be determined by calculating the time difference between subsequent peaks divided
by the period of the wave (T), as defined in equation 10.2. To calculate the phase difference in radians,

multiply by 27 instead of 360°.

t ear,voltage 7t ear,curren
6 = 360° ( peakvoltage —_“peak, t) (10.2)

T

Figure 10.1 shows two different voltage/current relationships measured in the load of a hypothetical

circuit containing resistors, capacitors, and inductors.

5K ! —o(t) | |
Un . | VNS

oL | | — - | | |

g ! —(t) | |
0 B — i) |

-5 L l \ i ' l | l l \K_A
0 5 10 15 20 25 30 35 40 45 50

t (ms)

Figure 10.1: Current-voltage signals for a lagging (top) circuit and a leading (bottom) circuit.

In the top figure, the voltage arrives at the load before current. In other words: the current lags the
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voltage. This is called a lagging circuit, and is caused by an inductive load. In the bottom figure, the voltage
arrives at the load after current. In other words: the current leads the voltage. This is called a leading
circuit, and is caused by a capacitive load.

So far, the amplitude of a wave (V,,, for voltage and I,,, for current) has been used to quantify sinusoidal
signals. The amplitude defines the maximum displacement from equilibrium. The average value also provides
useful information. However, a sinusoidal wave with no DC offset has an average of zero. This means that
a normal average does not provide any useful information about a sine or cosine wave. The concept of root
mean square (RMS) value is used instead.

The root mean square definition for a periodic waveform (f(¢)) is defined in equation 10.3, where T is

T
frws =\ | Py (103)

The RMS value for a sinusoidal wave is therefore equal to the amplitude divided by the square root of

equal to the period of the function.

two, shown in equation 10.4. (All of the voltage terms can be replaced with current terms to find the RMS

value of a sinusoidal current.)

Vim
Vems = \ﬁ (10.4)

Triangular and ramp waves have RMS values defined in equation 10.5.

Vi
VRMS = % (10.5)

As will be seen in the next section, RMS values will be used in calculations of complex power in AC
circuits. These values will be noted with a subscript on the variable names, and with the term RMS used in

conjunction with units. In other words, Vg = 10 VRMS will be used to define an RMS voltage of 10 V.

10.2 AC Power

Power, which was initially described in section 1.4 of this textbook, is lost or gained at particular rates in
each circuit element. In AC circuits, there are many different quantities used to describe the power that is

delivered or absorbed by different circuit elements.

10.2.1 Instantaneous Power

Instantaneous power was defined in equation 1.2. Instantaneous power in a circuit can be calculated using
the time-varying forms of voltage and current and multiplying them together. The instantaneous power

equation, rewritten in terms of cosine form for voltage and current, is shown in equation 10.6 and derived
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below. (Note, the derivation uses a product-to-sum trigonometric identity to derive the result.)

p(t) = VRumsIras [cos 0 + cos (2wt + ¢y, + ;)] (10.6)

DERIVATION

v(t) = Vi, cos (wit + ¢y)
i(t) = Iy, cos (wt + ¢;)
p(t) = [Vin cos (wt + ¢y)][Ln, cos (wt + ¢;)]

— Vm;m [cos B + cos (2wt + ¢y + ¢;)]

= VrmsIrms [cos O + cos (2wt + ¢y, + ¢;)]

10.2.2 Complex and Apparent Power

Complex power is defined in equation 10.7 and derived below, where the * symbol denotes the complex

conjugate. The units used with complex power are VA (volt-amps).

DERIVATION

S = VamsIruse’
— VRMSIRMSej(%_m)
= Vanse’ Innse

*
= Vrmslrus

Equation 10.7 can be unwieldy to use if only current is known and not voltage; or if only voltage is known
and not current. If the voltage is known (but not the current), the equation can be rewritten in terms of only
voltage and impedance. This method uses the complex version of Ohm’s law and is shown in equation 10.8
and derived below.

_ |Vrwms|*Z

v (10.8)

S
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DERIVATION

I (VRMS>*
RMS — 7
g _ VruMsVrus
Z*
_ |Vrms/?
=
_ |Vrms|*Z
a 77
_ |Vrms|*Z
- |zp

If the current is known (but not the voltage), the equation can be rewritten as shown in equation 10.9

(and derived below) in terms of only current and impedance.

S = |Tpms|*Z (10.9)

DERIVATION

Vrwms = IrmsZ

= |Irms|*Z

In Cartesian form, the complex power is defined in equation 10.10. Both terms P (average power) and

Q (reactive power) will be defined in the next two sections of this book.
S=P+jQ (10.10)

The magnitude of the complex power is known as apparent power. It is also measured in units of VA. It

is defined in equation 10.11.

IS| = VamsIrms = vV P2+ Q? (10.11)

10.2.3 Average Power

The average power is equal to the average of the instantaneous power (defined in equation 10.6) over one

period. It is also equal to the real part of the complex power. Either way, the equation for average power is
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provided in equation 10.12.

P= VRMSIRMS cos 6 (10.12)

Average power is the component of complex power that does useful work in a circuit. It is generally

advantageous to maximize average power and reduce reactive power as much as possible.

10.2.4 Reactive Power

Reactive power can be conceptually understood as energy that oscillates between the load and any reac-
tive (inductive or capacitive) components without doing any useful work in a circuit. It is equal to the
imaginary part of the complex power. Reactive power, measured in VAR (volt-amps reactive), is defined in

equation 10.13.

Q = VrmsIrmssint (10.13)

Because reactive power does not contribute any useful work to a circuit, it is generally advantageous to

minimize it as much as possible.

10.2.5 Power Triangle and Power Factor

The power triangle is used to quantify the complex nature of power consumption. The real part of the power
triangle, P, is the average power (measured in W). The imaginary part of the power triangle, @, is the
reactive power (measured in VAR). The sum of these two components is the complex power, S (measured

in VA). This power triangle is depicted in figure 10.2.

imaginary

Q ,,,,,,

real

Figure 10.2: A power triangle is used to quantify the complex nature of AC power. The real part (P) is equal
to the average power, while the imaginary part (Q) is equal to the reactive power.
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Note that the units for each of the components is different (W for P, VAR for @, VA for S). The unit
for power (regardless of the type of power) is watts. However, to clearly differentiate reactive power from
average power from complex power, different units are used. VA (the units for complex power) stands for
volt-amps. VAR (the units for reactive power) stands for volt-amps reactive. This means that you can look
at a number and know exactly what type of power it corresponds to. 28 VAR would be a measure of complex
power, whereas 28 W would be a measure of average power.

The angle of the complex power (measured in relation to the positive real axis, as described in section 8.1)
can be used to quantify how much of the power is real vs. reactive. The quantity used to describe this is
called the power factor and is defined in equation 10.14. Note that 6 is the same angle that was calculated
in equation 10.1.

r

pf =cosf =
S|

(10.14)

This power factor relates to how efficiently a circuit delivers useable power to a load. The closer the
power factor is to one, the more the power is real. The closer the power factor is to zero, the more the power
is reactive. Reactive power does no useful work in a circuit, but still uses energy (and thus costs money

when connected to the power grid).
Example: Calculating complex power from time-varying voltage and current

Calculate the complex power consumed by a load characterized by the following voltage and current wave-

forms.

v(t) =100 V cos (2760t 4+ 1207 /180)

i(t) = 8 A cos (2m60t + 607 /180)
Calculate the phase offset between the voltage and current using equation 10.1.

0 =120° — 60°

= 60°

Calculate the RMS value of both the voltage and the current.

100
V| = —= VRMS
Vi=%

— 70.71 VRMS
8
V2

= 5.66 ARMS

I = — ARMS
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Use equation 10.12 to calculate the real power.

P = (70.71 VRMS)(5.66 ARMS) cos 60°

=200 W

Use equation 10.13 to calculate the reactive power.

Q = (70.71 VRMS)(5.66 ARMS) sin 60°
= 346.41 VAR

Use equation 10.10 to determine the complex power.

S =200 + 5346.41 VA

Example: Calculating complex power from average power and power factor

Calculate the complex power consumed by a load characterized by an average power consumption of 1630 W
and a lagging power factor of 0.862.

Use equation 10.14 to calculate the apparent power.

1630 W
S| =
0.862

=1890.95 VA

Use equation 10.10 to calculate the reactive power. It must be positive because the power factor is

lagging.

Q=ISlV1-ps
= (1890.95 VA)\/1 — 0.8622

= 958.54 VAR
It is now simple to state the complex power in terms of the average and reactive power.

S =1890.95 + j958.54 VA

Example: Calculating complex power from a circuit diagram

Calculate the complex power consumed by the following circuit.
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120

20 VRMS cos(27500t—307/180) @ 2 uF ——
20 mH

First, phasor transform the circuit. The load impedance is equal to the impedance of the capacitor in

parallel with the series combination of the resistor and inductor.

17.32-j10 VRMS 128.37-j56.11 2

Use the complex form of Ohm's law to calculate the current flowing through the circuit.

I=—-
Z

1732 — j10 VRMS
~128.37 — j56.11 Q

= 141.87 — j15.89 mARMS

Use equation 10.7 to calculate the complex power.

S = (17.32 — j10 VRMS)(141.87 + j15.89 mARMS)

= 2616.11 — j1143.48 mVA

10.3 Maximum Power Transfer

The theorem of maximum power transfer states that the maximum amount of power will be delivered to the
load when the impedance of the load is equal to the complex conjugate of the Thévenin equivalent impedance

of the circuit. The circuit shown in figure 10.3 will be used to demonstrate this theorem.

Zru I

Vru ZroAD

Figure 10.3: Circuit diagram used to demonstrate the theorem of maximum power transfer for AC circuits.
To determine the impedance of the load (Zpoap) that will lead to maximum power transfer, the power
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consumed by the load can be calculated using equation 10.7. This is shown in equation 10.15 and derived

below.

A °Z
|Vra,rMs|*ZLoAD (10.15)

S =
LOAD |Ztr + Zroap|?

DERIVATION

VT RMS

IioaDRMS = 5———%——
’ ZtH + Z1.0AD

Z1r.0AD )

Vioap,rMs = VTH RMS (
’ ' Zru + Z1.0AD

*
Sroap = Vvroabp,rmsIioap rus

Z1,0AD > ( Via rMs >
Zry + Zroap ) \ (Zru + Zroap)*

= V1H RMS (

_ |Vra rvs|*Zroabp
|Zta + Zroap|?

The partial derivatives of equation 10.15 can be taken with respect to Rroap and Xrpoap and set equal
to zero to find the maximum. (These derivations will not be shown in this book.) The maximum occurs
when Rroap is equal to Rryg, and X1o4p is equal to —X7g. In other words, Zroap is equal to Ziy.

The maximum power that can be consumed by the load can then be calculated by solving equation 10.15

for Zy,oap = Rryg — jX7g. This is shown in equation 10.16 and derived below.

V 2
[Vru rms|® (10.16)

Proap,max =
’ 4RTH

DERIVATION

|Vrurms|? (R — jX1r)

SLoAD MAX =

(2RTH)2
_ |Vrarms|*Rra _ | VrarMs|?XTH
= (2Rrn)? I (2Rrn)?
| VrarMs|? _ | VrarMs|? XTH
= 4Rry IR,
Proap,max = 7|VTH’RMS|2
’ 4RTH

Because a Norton equivalent circuit and a Thévenin equivalent circuit are simply source-transformed
versions of each other, the maximum power transferred to the load in a Norton equivalent circuit would

occur when the load impedance is equal to the complex conjugate of the Norton impedance.
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Example: Deriving a load for maximum power transfer

Determine the components of the load, and their corresponding values, that will lead to maximum power

transfer.
10 20 mH
AN T :
20 Q
200 VRMS cos(27100t+607/180) @ 200 uF — ZoaD
10 mH

First, phasor transform the circuit.

10+j12.57 Q

—L

100+j173.21 VRMS @ 3.14-j7.69 Zioap

Deactivate the source to calculate the Thévenin equivalent impedance. This will be equal to both

impedances in parallel.

(10 + j12.57 Q)(3.14 — 57.69 Q)
(10 + 512.57 Q) + (3.14 — j7.69 Q)

=17.64— 7568 Q2

Zry =

The resistance of the optimal load is equal to the real part of Zty. The reactance of the optimal load is

equal to the negative value of the imaginary part of Zty. This requires the use of an inductor. The value

of the inductor can be calculated using equation 8.18.

_ 5.68Q
" 27100 Hz

=9 mH

The load that will lead to maximum power transfer is therefore a resistance of 7.64 () in series with a

9 mH inductor.
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10.4 Power Factor Correction

It is possible to minimize the reactive power present in the load of a circuit. This is accomplished by putting

a compensation circuit in parallel with the load, as depicted in figure 10.4.

linear 7 compensation
. LOAD L
circuit circuit

Figure 10.4: A compensation circuit can be used to increase the power factor by reducing complex power con-
sumed by the load.

10.4.1 Correcting an Inductive Load

To correct an inductive load, a capacitor can be placed in parallel with the load. The value of capacitance
that is required depends on the final power factor value that is desired (pfy). The final reactive power
(Qy) that is necessary to achieve this final power factor can then be calculated by solving equations 10.14
and 10.11 for . This result will not be derived in this book but is shown in equation 10.17. (Note that the
sign of Q) is positive because the load will still be inductive after correction, although only slightly. If pf;

is one, then the load will be resistive and @ will be equal to zero.)

1

o7 1 (10.17)

Q=

The compensation circuit therefore requires a reactive power that is capable of changing the reactive
power from the initial value to the final value given in equation 10.17. That is, Qc = AQ = Qf — Q;. To
find the value of capacitor that can generate QQ¢, solve equation 10.8 for Z = —% and solve for C. This

result is shown in equation 10.18.

—Qc

C =
[VioaDp rMs|?w

(10.18)

Inductive loads are very common in any circuitry that uses motors. Compensation circuits are frequently

used to reduce the reactive power generated by the inductive load and reduce energy bills.

Example: Correcting an inductive load

Find a capacitor to place in parallel with the load to increase the power factor to 0.98.
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50 Q
+
160 Q
330 VRMS COS(27T60t) @ VioaD
250 mH
Phasor transform the circuit.
50
ANA—

Vioap

330 VRMS @ 160+j94.25 Q|:

L 1

Use the voltage divider tool to calculate the voltage drop over the load. (This is required to determine

the original reactive power.) It is also useful to calculate the magnitude of the load voltage at this time.

160 + j94.25 Q)
Veoap.rMs = 330 VRMS ( +J )

210 + 94.25 Q
= 264.60 + 5j29.35 VRMS

|VLoap rMs|? = 70875.28 VRMS?

Use equation 10.8 to calculate the power consumed by the load.

(70875.28 VRMS?)(160 + j94.25 Q)
(160 + j94.25 Q)|2

(70875.28 VRMS?)(160 + j94.25 Q)
34482.64 02

= 328.86 + 7193.72 VA

SrLoap =

The initial reactive power is 193.72 VAR. Use equation 10.17 to calculate the final reactive power.

1

1

= 66.78 VAR

The change in reactive power due to the compensating capacitor must be 66.78 VAR — 193.72 VAR =
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—126.94 VAR. Use equation 10.18 to determine the value of the compensating capacitor.

126.94 VAR
(70875.28 VRMS?) (2760 Hz)

=475 x10°°%F

= 4.75 uF

10.4.2 Correcting a Capacitive Load

To correct a capacitive load, an inductor can be placed in parallel with the load. The value of inductance
that is required depends on the final power factor value that is desired (pf;). The final reactive power
(Qy) that is necessary to achieve this final power factor can then be calculated by solving equations 10.14
and 10.11 for @. This is equal to the negative value of equation 10.17, shown in equation 10.19. (The sign

now is negative because, after correction, the load will either be purely resistive or be slightly capacitive.)

1
Qf=—-P,|— —1 (10.19)
! pf7
The compensation circuit therefore requires a reactive power that is capable of changing the reactive
power from the initial value to the final value given in equation 10.19. That is, Q@ = AQ = Q5 — Q;. To
find the value of inductor that can generate @y, solve equation 10.8 for Z = jwL and solve for L. This result

is shown in equation 10.20.

Vv 2
1 = [Vroaprms[” LoigLRMS‘ (10.20)

Example: Correcting a capacitive load

Find an inductor to place in parallel with the load to increase the power factor to 0.99.

30 Q
_|_
95 Q
220 VRMS cos(2760t) @ Vioab
25 uF

Phasor transform the circuit.
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30

AVAVAY

+

220 VRMS @ 95-j106.10 Q2 VoAb

Use the voltage divider tool to calculate the voltage drop over the load. (This is required to determine

the original reactive power.) It is also useful to calculate the magnitude of the load voltage at this time.

—~ j106.10 ©
Vioap.rMs = 220 VRMS < 95 — j106.10 )

125 — j106.10 ©
= 189.31 — j26.05 VRMS

|[VLoap rums|? = 36517.36 VRMS?

Use equation 10.8 to calculate the power consumed by the load.

(36517.36 VRMS?)(95 — j106.10 €2)
(95 — j106.10 Q)|2

(36517.36 VRMS?)(95 — 5106.10 )
20282.91 2

=171.04 — j191.03 VA

SrLoap =

The initial reactive power is —191.03 VAR. Use equation 10.19 to calculate the final reactive power.

1

-1
0.992

Qr=—(171.04 W)

= —24.37 VAR

The change in reactive power due to the compensating inductor must be —24.37 VAR + 191.03 VAR =
166.66 VAR. Use equation 10.20 to determine the value of the compensating inductor.

(36517.36 VRMS?)
~ (166.66 VAR) (2760 Hz)

=0.581 H

= 581.23 mH
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Example Problems
Phase and Root Mean Square

1. Calculate the RMS value of the voltage and current signals, as well as the phase difference. v(t) =

120 V cos(2w60t + 1207/180), i(t) =5 A cos(2760¢ + 607 /180)

2. Calculate the RMS value of the voltage and current signals, as well as the phase difference. v(t) =

150 V cos(2760t 4 607/180), i(t) = 3 A cos(2w60t + 357/180)

3. Calculate the RMS value of the voltage and current signals, as well as the phase difference. v(t) =

220 V cos(2750t + 1207/180), i(t) = 6 A cos(2w50t — 407/180)

4. Calculate the RMS value of the voltage and current signals, as well as the phase difference, given the

circuit shown in figure 10.5.

8 Q

NV

60v420°® X —

vi(t)

Figure 10.5: Circuit diagram for phase and root mean square question 4.

5. Calculate the RMS value of the voltage and current signals, as well as the phase difference, given the

circuit shown in figure 10.6.

6 Q

100v400® 8 0

Figure 10.6: Circuit diagram for phase and root mean square question 5.

i(t)
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Complex Power

6. Calculate the power consumed by the load (indicated with dashed lines), as well as the power factor,

for the circuit given in figure 10.7. The frequency of operation is 50 Hz.

l Q l
7ARM5400® 155 mH% 1
L8 uF |
| 35 F

Figure 10.7: Circuit diagram for complex power question 6.

7. Calculate the power consumed by the load (indicated with dashed lines), as well as the power factor,

for the circuit given in figure 10.8. The frequency of operation is 60 Hz.

250 VRMS Z 0° @ =200 Q —

Figure 10.8: Circuit diagram for complex power question 7.
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8. Calculate the power consumed by the load (indicated with dashed lines), as well as the power factor,

for the circuit given in figure 10.9. The frequency of operation is 60 Hz.

60 VRMS Z 0° @ 1

Figure 10.9: Circuit diagram for complex power question 8.

9. Calculate the power consumed by the load (indicated with dashed lines), as well as the power factor,

for the circuit given in figure 10.10. The frequency of operation is 60 Hz.

5Q 10 mH

120 VRMS Z 60° @ 20 mH L 10 Q

Figure 10.10: Circuit diagram for complex power question 9.

10. Calculate the power consumed by the load (indicated with dashed lines), as well as the power factor,

for the circuit given in figure 10.11. The frequency of operation is 50 Hz.

25 Q 190 mH

660 VRMS ~Z 30° @ ' 140 mH

Figure 10.11: Circuit diagram for complex power question 10.
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Maximum Power Transfer

11. Determine the circuit elements that must be placed on the load (shown as a generic circuit element)
for maximum power transfer given the circuit in figure 10.12. Then, calculate the power consumed by

that load. The frequency of operation is 60 Hz.

120 mH
/1000

25 uF

190 © 100 ©
250 VRMS Z 0° @

Figure 10.12: Circuit diagram for maximum power transfer question 11.

12. Determine the circuit elements that must be placed on the load (shown as a generic circuit element)
for maximum power transfer given the circuit in figure 10.13. Then, calculate the power consumed by

that load. The frequency of operation is 60 Hz.

10 Q 15 Q

50 VRMS £ 60° @ X S D

Figure 10.13: Circuit diagram for maximum power transfer question 12.

13. Determine the circuit elements that must be placed on the load (shown as a generic circuit element)
for maximum power transfer given the circuit in figure 10.14. Then, calculate the power consumed by

that load. The frequency of operation is 50 Hz.

50 mH 2|“F

e |

40 VRMS £ 50° @ 80 Q2 |::|

Figure 10.14: Circuit diagram for maximum power transfer question 13.
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14. Determine the circuit elements that must be placed on the load (shown as a generic circuit element)
for maximum power transfer given the circuit in figure 10.15. Then, calculate the power consumed by

that load. The frequency of operation is 50 Hz.

40 mH 80

. e AANA, o

20 ARMS / 45° @ 50 05mF—— D

Figure 10.15: Circuit diagram for maximum power transfer question 14.

15. Determine the circuit elements that must be placed on the load (shown as a generic circuit element)
for maximum power transfer given the circuit in figure 10.16. Then, calculate the power consumed by

that load. The frequency of operation is 60 Hz.

10 Q 16 mH

28 ARMS Z 0° @ 04mF—— 18 Q D

Figure 10.16: Circuit diagram for maximum power transfer question 15.

Power Factor Correction

16. Calculate the initial power factor consumed by the load (indicated with dashed lines) in the circuit
shown in figure 10.17. Then, determine the circuit element that must be placed in parallel with the

load to increase the power factor to 0.800. The frequency of operation is 60 Hz.

33 Q

80 VRMS Z 0° @

Figure 10.17: Circuit diagram for power factor correction question 16.
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17. Calculate the initial power factor consumed by the load (indicated with dashed lines) in the circuit
shown in figure 10.18. Then, determine the circuit element that must be placed in parallel with the

load to increase the power factor to 0.860. The frequency of operation is 60 Hz.

Figure 10.18: Circuit diagram for power factor correction question 17.

18. Calculate the initial power factor consumed by the load (indicated with dashed lines) in the circuit
shown in figure 10.19. Then, determine the circuit element that must be placed in parallel with the

load to increase the power factor to 0.990. The frequency of operation is 60 Hz.

350 45 mH
50> |
17OVRM5400® |
65 mHEY

Figure 10.19: Circuit diagram for power factor correction question 18.
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19. Calculate the initial power factor consumed by the load (indicated with dashed lines) in the circuit
shown in figure 10.20. Then, determine the circuit element that must be placed in parallel with the

load to increase the power factor to 0.980. The frequency of operation is 60 Hz.

30 0 33 mH

900> |

160VRMS40°® |
170 uF 3

Figure 10.20: Circuit diagram for power factor correction question 19.

20. Calculate the initial power factor consumed by the load (indicated with dashed lines) in the circuit
shown in figure 10.21. Then, determine the circuit element that must be placed in parallel with the

load to increase the power factor to 0.960. The frequency of operation is 60 Hz.

23 Q 29 mH
AVAVAY, . e — B

650 302> |

190 VRMS Z 0° @ | |
" 72 mH 83 mHE} |

Figure 10.21: Circuit diagram for power factor correction question 20.
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11 Laplace Transforms and s-Domain Analysis

11.1 The Laplace Transform

The Laplace transform, defined in equation 11.1, is used to simplify the analysis of circuits containing
energy-storage elements such as capacitors and inductors. As was the case in phasor analysis, using the
Laplace transform converts calculus to algebra. The inverse Laplace transform additionally aids in deriving

time-domain equations for voltage and current without having to derive differential equations.

iy = [ fear (1L.1)

0—

The variable s is a complex variable defined by equation 11.2. As discussed in section 9.4.2 of this book
(although we did not formally use the variable s yet at that point), s relates to the location of a pole or zero
on the complex axis. The real part (o) relates to decaying exponential terms; the imaginary part (w) relates
to oscillatory (sinusoidal) terms. Performing a Laplace transform converts a time-domain function into the

s-domain. (Phasor analysis essentially performed an equivalent transformation, where o = 0.)
s=o0+jw (11.2)

While Laplace transforms are especially important in many applications (such as signal processing),
their focus will be limited to analysis of linear circuits in this textbook. As a result, some Laplace transform
properties (convolution, for example) will not be covered in this textbook.

This textbook will not rigorously derive Laplace transforms for various elementary functions. Instead,
Laplace transforms used for several frequently-used time-varying functions are given in table 11.1. These
transforms will be directly applied to functions in the time domain to convert them to the s-domain, without
requiring the direct use of equation 11.1 (which frequently necessitates the use of integration by parts). The
reader is encouraged to derive the equations themselves if they would like to convince themselves of their

veracity.
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Function Laplace Transform
f(t) F(s) = £{f(t)}
5(t) 1

u(t) H

t u(t) %

e 2 u(t) =

t et u(t) T

sin(wt) u(t) oy

cos(wt) u(t) Tho?

e~ sin(wt) u(t)

e~ cos(wt) u(t)

T Te?
sta
(s+a)?+w?

Table 11.1: Laplace transforms of commonly-used time-varying functions.

Example: Laplace transform

Derive the Laplace transform of

The Laplace transform is

1
5+10°

F(s) =

The Laplace transform has many properties that can also be used to transform more complicated functions

into the s-domain. These properties include multiplication, addition, and differentiation, and are included

in table 11.2.

Property

Laplace Transform

Multiplication
Addition and subtraction
Derivative

Second derivative
Integral

Time translation
Frequency translation
Scaling

L{Kf(t)} = KF(s)

L{f1(t) £ fo(t)} = Fi(s) £ Fa(s)
LLLf(t)} = sF(s) — f(07)
LLLf(t)} = s2F(s) — sf(07) — f'(0)
L{Jy f(a)da) = T2
L{ft—a)ult—a)} =e **F(s),a>0
Lle=t f(1)} = F(s + )

L{f(at)} = LF(2)

Table 11.2: Properties of the Laplace transform.

Using tables 11.1 and 11.2, Laplace transforms of every time-domain function derived in this book can

be computed.

E@®SO Alyssa J. Pasquale, Ph.D. 319 Last updated: 2024/04/18



11 Laplace Transforms and s-Domain Analysis 11.1 The Laplace Transform

Example: Laplace transform

Derive the Laplace transform of the voltage dropped over a circuit element. The time-domain response has

been derived as
v(t) = [40 V+e 1% (2 V cos(20t) + 1 V sin(20t))] u(t).

Use the addition and subtraction property to analyze each individual term. (Note that units are being

dropped from this point forward.)
V(s) = L{40 u(t)} + L{2e71% cos(20t) u(t)} + L{e % sin(20t) u(t)}
Use the multiplication property to factor out coefficients.
V(s) = 40L{u(t)} 4+ 2L {e % cos(20t) u(t)} + L{e % sin(20t) u(t)}

Use table 11.1 to calculate the Laplace transform.

(s+10) 20
(s +10)2+202 ' (s + 10)2 + 202

1

Find a common denominator for all terms and multiply through.

40 [(s + 10)? + 400] + 2(s + 10)s + 20s
s[(s + 10)2 + 400]

V(s) =
Simplify so there is a simple polynomial in both the numerator and the denominator. Factor the denom-
inator so that the order of the polynomial is two.

V(s) = 425% + 840s + 20000
~ s(s2 +20s + 500)

Example: Laplace transform of a differential equation

Derive the Laplace transform of the current described by the differential equation in the example on page 195.
The differential equation is
d%i(t) di(t)

i 250 + 10500i(1).

0=

The initial current flow i(0) = 0.1 A and the first derivative of the current flow is zero.
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Use the addition and subtraction property to analyze each individual term.

d%i(t)
dt?

0=2%{ }+§£{250dil—(f)}+§£{10500¢(t)}

Use the multiplication property to factor out coefficients.

d%i(t) di(t)
0=2%{ e }+ 250%4 o } 4105002 4i(t)}
Use the derivative and second derivative properties to find an expression in terms of I(s).

0= s?I(s) — si(0) —i'(0) + 250 [sI(s) — i(0)] + 105001 (s)

Plug in the initial conditions and simplify to find an expression for I(s).

0= s?I(s) — 0.1s + 250 [sI(s) — 0.1] + 105001 (s)

0.1s + 25 = s2I(s) + 250sI(s) + 105001 (s)

Iy = - Ols+35
52+ 250s + 10500

11.2 Inverse Laplace Transform

To most easily derive a time-domain function of current or voltage in a circuit, an analysis can be done
in the s-domain (which will be described in the next section) to derive an s-domain function V(s) or I(s).
That s-domain function can then be inverse transformed back into the time domain. That inverse transform
process will be described in this section.

Rather than applying a mathematical expression (such as that defined in equation 11.1), a Laplace
transform is broken into individual components using partial fraction expansion. Then, table 11.1 can be

used to derive the time-domain expression.

11.2.1 Partial Fraction Expansion

A function in the s-domain can be represented as a polynomial in the numerator and a polynomial in the
denominator. The denominator can then be factored. Similar to equation 9.27, the factored denominator
contains the poles of the circuit. A generalized factored s-domain expression is given in equation 11.3, where
N(s) is the numerator and p are the poles of the denominator.

N(s)

PO = oG (s — o) (e — 1) (1L3)

The circuits and equations in this textbook will have a denominator with a higher order than the numer-
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ator (i.e. there are more poles than zeros). Otherwise, the partial fraction expansion process will require a
different process that will not be described in this book.

The partial fraction expansion process converts a factored expression (such as that given in equation 11.3)
into a sum of many expressions (shown in equation 11.4, which can then be converted to time-domain

expressions using table 11.1.

_ K K> K3 L
Flo) = (s=p1) ’ (s —p2) * (s — p3) ot (s — pn) (11.4)

One possibility will be that poles are real and unique, such as those shown in equation 11.5.

K K
F(s) = —— + —2 (11.5)
s+n s+m

To calculate coefficient K, multiply both sides of the equation by (s + n) and solve at s = —n. To

calculate coefficient Ko, multiply both sides of the equation by (s 4+ m) and solve at s = —m.
Example: Partial fraction expansion with unique real roots

Find a partial fraction expansion of the following function, then convert into the time domain.

4s — 5
F(s)= — 9
()= 2655

First, factor the denominator.

4s —5H K1 K2

FO) = G675 ~ 541 545

The roots are real and unique. Perform a partial fraction expansion and calculate coefficients K1 and K2.

4s — 5
s+5
—4 -5
—-1+5
= —-2.25
4s —
Ky = s—5
S+]. s=—5
_ —20-5
4
=6.25

K =

s=—1

The expanded version of F(s) is given below.

225 6.25

F
(5) s+1+s+5
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Consult table 11.1 to derive the time-domain function.

f(t)=[-225e"+6.25 ] u(t)

A second possibility will be that the poles are real and repeated, such as those shown in equation 11.6.

F(s) = G flny + Sff’n (11.6)

To calculate coefficient K7, multiply both sides of the equation by (s 4+ n)? and solve at s = —n. To
calculate coefficient Ko, multiply both sides of the equation by (s +n)?, differentiate with respect to s, then

solve at s = —n.
Example: Partial fraction expansion with repeated real roots

Find a partial fraction expansion of the following function, then convert into the time domain.

—2s
F(s) = — 2>
(5) 52 4+10s+25

First, factor the denominator.

—2s Kl K2

o) = s = Gaoe Tsus

The roots are real and repeated. Perform a partial fraction expansion and calculate coefficients K1 and

K2.

K1 = —2s
=(=2)(-5)
=10

—K5(s+5) = i(—Qs)
s 7 s=—5 ds s=—5
=-2
The expanded version of F(s) is given below.
10 -2
F(s)= ——
O =G tiTs

Consult table 11.1 to derive the time-domain function.

ft)y=[10te® —2e"] u(t)

The third possibility will be that the poles are complex conjugate pairs, such as those shown in equa-
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tion 11.7.

K, Ky

F(s) = s+oz+jﬂ+5+ozfjﬂ

(11.7)

Coefficients K7 and Ks will be complex conjugate pairs that take the form of X + jY. To calculate the
coefficients, multiply both sides of the equation by (s + @ — j8) and solve at s = —a + jf8. Because the
coefficients are complex conjugates, the solution takes the form given in equation 11.8. This is derived below

using Euler’s equations for sine and cosine.

f(t) = e " [2X cos(Bt) + 2Y sin(Bt)] u(t) (11.8)

DERIVATION

X +jY X —jY
s+a+jf s+oa—jp
ft) = [(X +5Y) 7oA 4 (X — 5Y) e<—a+jﬂ>t} u(t)

F(s) =

= e [(X +jY) e 9% 4 (X — 5Y) &7 w(t)

—e [X e 9Bt L X 1Pt 4 jY 798t — jY ejﬁt] u(t)
| o

e—JBt | oift Bt | oiBt
2y
2 72

=e {QX
=e ' [2X cos(Bt) + 2V sin(Bt)] u(t)

Example: Partial fraction expansion with complex conjugate roots

Find a partial fraction expansion of the following function, then convert into the time domain.

F(s) — 405 + 5200
"~ 5% 4 40s + 40400

First, factor the denominator.

—40s + 5200 K K5
F(s) = . . = — + ‘
(5 + 20 + j200)(s + 20 — j200) s+ 20 + 4200 ' s+ 20 — j200

The roots are complex conjugate pairs. Perform a partial fraction expansion and calculate coefficient K1.
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(Note, K2 is simply the complex conjugate of K1, so it is not necessary to calculate it.)

—40s + 5200

s+ 20 — 5200 | s=—20—3200

(—40)(—20 — 5200) + 5200
—35400

6000 + 58000

B —35400

1=

= —20 + j15

The expanded version of F(s) is given below.

(s) = —20 + j15 —20 — j15
T s+20+ 35200 ' s+ 20— 5200

Consult equation 11.8 to derive the time-domain function.

f(t) = e 2% [—40 cos(200t) + 30 sin(200t)] u(t)

Example: Partial fraction expansion with mixed roots

Find a partial fraction expansion of the following function, then convert into the time domain.

F(s) = s+ 100
~ s(s2 +400)(s2 + 6.55 + 10)
First, factor the denominator.
54100 K Ky K3 K, Ks

F(s) = _ 21
) = T G- 201286 s 5720 T 5—j20 5725 s+d

K1 corresponds to a single real root.

K s + 100
"7 (82 4+ 400)(s2 + 6.55 + 10) ls=o
100
4000
=0.025

K2 and K3 correspond to complex conjugate roots.

s+ 100
s(s — j20)(s? + 6.5s + 10) ls=—j20
B —420 + 100
= (—520)(—740)((—520)2 + 6.5(—;20) + 10)

=27x107% - j1.5x 1074

Ky =
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K4 and K5 correspond to unique real roots.

s+ 100
s(s? +400)(s +4) ls=—2.5
97.5
(—2.5)(406.25)(1.5)

= —0.064

s+ 100
~ 5(s2 4+ 400)(s + 2.5) ls=—1
_ 96
~ (—4)(416)(—1.5)

= 0.038

K, =

The expanded version of F(s) is given below.

_ 0025  27x 107 —j1.5x107*  27x 107" 4+ 1.5 x 107" —0.064 = 0.038

F
() == s+ 520 s — 520 totes Tsia

Consult equation 11.8 and table 11.1 to derive the time-domain function.

f(t) = [0.025 + 0.00054 cos(20t) + 0.00031 sin(20t) — 0.064 e~ *5" +0.038 e~ *] u(t)

11.3 s-Domain Analysis

It is possible to fully analyze a circuit in the s-domain and use the inverse Laplace transform to derive a
time-domain function. While this is not always easier than a differential equation analysis, it is frequently
more convenient, especially when the equation is non-constant input non-homogeneous, or the circuit is
higher than second order.

To perform an s-domain analysis, transform each individual circuit component into the s domain. This is
similar to phasor analysis, with the notable difference being that s-domain analysis includes initial conditions
in the circuit transformation. Once all circuit elements are transformed into the s-domain, perform any circuit
analysis technique to obtain an equation for V(s) or I(s). Then perform an inverse Laplace transform to

obtain a time-domain expression.

11.3.1 Resistor

The voltage and current properties of a resistor are defined by Ohm’s law (equation 2.19). Converting to

the s-domain, the relationship between voltage and current becomes that defined in equation 11.9.

V(s) = RI(s) (11.9)
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Therefore, in the s domain, a resistor is expressed simply as a resistor. This transform is depicted in

figure 11.1.

Figure 11.1: Transformation of a resistor from the time domain into the s-domain.

11.3.2 Capacitor

The voltage and current properties of a capacitor are defined in equation 5.5. In the s-domain, this corre-

sponds to the relationship shown in equation 11.10 and derived below.

1 v(0)
Vis) = l(s) + (11.10)
DERIVATION
i(t) = cdz(;)

I(s) = C[sV(s) — v(0)]

sCV (s) — Cv(0)

V(s) = %I(s) + UTO)

Therefore, in the s domain, a capacitor is expressed as a capacitor (with impedance of (sC)~!) in series

with a voltage source corresponding to the initial conditions of the capacitor. This transform is depicted in

figure 11.2.
1o
1
sC
I(s)
+ V(s)
C ’U(t) <~ v(0)

Figure 11.2: Transformation of a capacitor from the time domain into the s-domain.
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11.3.3 Inductor

The voltage and current properties of an inductor are defined in equation 6.4. In the s-domain, this corre-

sponds to the relationship shown in equation 11.11 and derived below.

I(s) = siLV(S) + @ (11.11)
DERIVATION
=120

Therefore, in the s domain, an inductor is expressed as an inductor (with impedance of sL) in parallel

with a current source corresponding to the initial conditions of the inductor. This transform is depicted in

figure 11.3.
I (S)f

+ +

Figure 11.3: Transformation of an inductor from the time domain into the s-domain.

11.3.4 Switched Sources

Frequently, to demonstrate a change in a circuit leading to a transient response, a source will be connected
to a circuit via an opening or closing switch. Sources connected via an opening switch (that are disconnected
from the steady-state response of the circuit) contribute to initial conditions that are included in the s-
domain model of a capacitor (figure 11.2) and inductor (figure 11.3). Sources that are connected via a
closing switch do not contribute to the initial conditions, but do contribute to the transient and/or steady-
state response. Therefore, a source connected via a closing switch can be represented as v(t) u(t) or i(t) u(t).
When transformed into the s-domain, this becomes V(s)/s or I(s)/s. This transformation is depicted in

figure 11.4 for a voltage source.
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11.3 s-Domain Analysis

o>y

v(t) C"D = u(t) u(t) C)

e

Figure 11.4: Transformation of a switched voltage source from the time domain into the s-domain.

Example: First order circuit

s-domain analysis

Calculate V(s) for the circuit given below, and then use the inverse Laplace transform to find an equation

for v(t).

R1

Vsl G) R2

— 1AMV

R3

+

Calculate the initial conditions of the circuit.

R3

— AN

+

() V2 C)

Transform the circuit into the s-domain.

R1

Vs2/s

C—— v(t) Vs2 <+>

E@®®© Alyssa J. Pasquale, Ph.D.
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11 Laplace Transforms and s-Domain Analysis

11.3

Perform KCL at the node between all three resistors and the capacitor. Group like terms and normalize

to find V(s).
YE —V(s) _ V(s) V- 20) V) Vsz
R R T Rs
Vsi  V(s)  Vi(s) sCv(0)  V(s) Vs
SR R TR, OV Ry sRs
VSl ng SCU(O) - 1 1 1
R sk =sCV(s)+ o + 7 + 7 V(s)
1 R3Vs1 + R1Vso . 1 1
s sv(0) + CRiR; } =sV(s)+ {C’Rl + CRy + C’RJ Vi(s)
O+ B
s (S+ [c}h + o+ C}agD

s-Domain Analysis

The parameter values are: Vs1 =5V, Vs2 =10V, C=40 uF, R1 =5, R2=10 €, and R3 = 10 Q.

Find a numeric expression for V(s).

10s + 50000
s (s +10000)
K Ko
s s+10000

V(s) =

Perform a partial fraction expansion to calculate the coefficients.

~ 105 + 50000

L s 10000
50000

~ 10000
=5
~10s + 50000

s=0

5
—50000

—10000
)

s=—10000

The expanded version of F(s) is given below.

F(s) zg-l-

_>
s+ 10000

Consult table 11.1 to derive the time-domain function.

F(£) =[5V +5 Ve 100001 ()
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11.3 s-Domain Analysis

Example: Second order circuit s-domain analysis, symbolic

Calculate V(s) for the circuit given below.

R1
— AN —
+
R2
Vdc C_D L v(t)
cC——
Calculate the initial conditions of the circuit.
R1
+
Vdc C—D vi(0) v(0)
v(0)=0
_ Vpe
i(0) = s
Transform the circuit into the s-domain.
+
R2
i(0)/s (D oL V(s)
1/(sC) —_—
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11 Laplace Transforms and s-Domain Analysis 11.3 s-Domain Analysis

Perform KCL. Group like terms and normalize to find V(s).

—i(0) _V(s) V()

S sL Ry + %
0 2] 2 5] e
—R2i(0) i(0) R 1
— - w0 2V + V() + V()
—sR9i(0) — @ =5%V(s) + %SV(S) + %V(s)

—Ryi(0)s — 1O
V)= 5@ 1
s° + TS + c

Example: Second order circuit s-domain analysis, numeric

Calculate I(s) for the circuit given below, and then use the inverse Laplace transform to find an equation for

i(t).

R1

AAA" &l

Vm cos(wt) @) c—— i(t)

The initial conditions are zero, as no source is connected before the switch closes. Transform the circuit

into the s-domain.

R1

— AW

sL

vm s/(s* + %) @) 1/(sC) —— )

Perform KCL. Group like terms and normalize to find I(s). (Note that Vx is the voltage dropped over
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the capacitor.)

Vims
m _ V
Fhe? T X sCVx + I(s)
Ry
VmS - VX

BT R TVt I(s)

Vx = sLI(s) + RoI(s)

% B Ril [sLI(s) + RoI(s)] + sC [SLI(s) + Rel(s)] + I(s)

= LCs*I(s) + [151 + CRQ} sI(s) + [g? + 1} I(s)

Vins 9 1 Ry Ri+ Ry
—_m? ¢ 22|61 SLr g
OR (2 1o?) ° 1)+ {031 + L}S (s) [ LCR; } ()

Vins
]—(5) _ LCR;,

(s? + w?) (52 + [%Rl + %] s+ [7%&%})

The parameter values are: Vm = 0.5V, w = 50 rad/s, RL =200 2, R2=1Q, C =50 uF, and L =

4 mH. Find a numeric expression for I(s).

1) = 125005
~ (5% + 2500)(s2 + 350s + 5025000)
Kl KQ Kg K4

T 5150 550 | s+ 175+ j22348 | s+ 175 — j2234.8

Perform a partial fraction expansion to calculate the coefficients.

12500s
K, = .
(s — 750)(s2 + 350s + 5025000) | s=—350
B — 625000
= (—100)(—2500 — 517500 + 5025000)
= (1244 + j0.04) mA
12
Ky = 500s

(s2 +2500)(s + 175 4 j2234.8) ls=—175—52234.8
= (—12.44 — j0.98) mA

The time-domain function is

i(t) = [24.89 mA cos(50¢t) 4+ 0.09 mA sin(50¢)

+e 175 (~24.89 mA cos(2234.8t) + 1.95 mA sin(2234.8t))] u(t).

The function is plotted below.
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i(t) (mA)

-20 10 0 10 20 30 40 50 60 70 80 90 100
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Example Problems

Laplace Transforms

1.

Derive the Laplace transform of f(t) = 2 e=5¢ u(t).

. Derive the Laplace transform of f(t) = [6 t e™* +2 e™* 4+ 5] w(t).

Derive the Laplace transform of f(t) = e™* [2cos(10t) + 4sin(10t)] u(t).

Derive the Laplace transform of v(¢). The differential equation describing v(t) is given in equation 11.12.

Note that v(0) =3 V.

du(t)
dt

+0.250(t) =0 (11.12)

Derive the Laplace transform of i(¢). The differential equation describing i(¢) is given in equation 11.13.

Note that (0) = 10 A and ¢/(0) = —5 A/s.

d%i(t) N 6di(t)

109i(t) = 11.1
- o +109i(t) =0 (11.13)

Inverse Laplace Transforms

6.

Derive f(t) by calculating the Laplace transform of F(s), given in equation 11.14. Identify the terms
that contribute to the transient response, then identify the terms that contribute to the steady-state

response.

10

F(s) =
(5) = 710

(11.14)

Derive f(t) by calculating the Laplace transform of F(s), given in equation 11.15. Identify the terms
that contribute to the transient response, then identify the terms that contribute to the steady-state

response.

10s% + 10

Flg) = —— > T -°
() = 52 1105 7 25)

(11.15)
Derive f(t) by calculating the Laplace transform of F'(s), given in equation 11.16. Identify the terms
that contribute to the transient response, then identify the terms that contribute to the steady-state
response.

244

Fls) = (s2+16)(s2 +5s+4)

(11.16)

E@®SO Alyssa J. Pasquale, Ph.D. 335 Last updated: 2024/04/18



11 Laplace Transforms and s-Domain Analysis Example Problems

9. Derive f(t) by calculating the Laplace transform of F(s), given in equation 11.17. Identify the terms
that contribute to the transient response, then identify the terms that contribute to the steady-state

response.

552+ 10s + 3

Fls) = (s +2)2(s? +5s + 64)

(11.17)

10. Derive f(t) by calculating the Laplace transform of F(s), given in equation 11.18. Identify the terms
that contribute to the transient response, then identify the terms that contribute to the steady-state

response.

—4s2 +10
s(s? + 25)(s? + 20s + 100)

F(s) = (11.18)

s-Domain Analysis

11. Use s-domain analysis to calculate V' (s) and v(t) of the circuit shown in figure 11.5. The switch moves
from position a to b at a time of zero seconds. The component values are: Vg =3 V, Vgo =2 V|

Ry =50 Q, Ry =100 Q, C = 250 uF.

Ry

—AAN—
c
.>—{ ._4.

()
Vo C) Vo

Figure 11.5: Circuit diagram for s-domain analysis question 11.
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Example Problems

of zero seconds.

Ry ¢
NV 5l ‘%—{
+
Vbe C) L Ry § v(t)

Figure 11.6: Circuit diagram for s-domain analysis question 12.

12. Use s-domain analysis to calculate V (s) of the circuit shown in figure 11.6. The switch closes at a time

13. Use s-domain analysis to calculate V(s) and v(t) of the circuit shown in figure 11.7. The switch moves

from position a to b at a time of zero seconds. The component values are: Vg =6 V, Vgo = 20V,
Ri=4Q, Ry, =20,C=50puF, L=1mH.
—ao\o Ry L

b ANNVN— B0 —

+
Vs1 CJ_F e
Vs D

Ry Cc—

Figure 11.7: Circuit diagram for s-domain analysis question 13.

14. Use s-domain analysis to calculate I(s) and i(¢) of the circuit shown in figure 11.8. The switch moves

from position b to a at a time of zero seconds. The component values are: Vg3 =40 V, o = 4 rad/s,
Vso =10V, R=50 Q, C =10 puF, L = 400 mH.

a

b

+
Vg t e—ot @—) cC—
Vsa T

R L

Figure 11.8: Circuit diagram for s-domain analysis question 14.
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15. Use s-domain analysis to calculate I(s) and i(t) of the circuit shown in figure 11.9. The switch closes
at a time of zero seconds. The component values are: I,, = 500 mA, w = 60 rad/s, Ry = 200 €,

Ry=20Q, Ry3=19, C =20 uF, L =50 mH.

>, .

I, cos(wt) @ Ry

Ry Rs

i(t)

Figure 11.9: Circuit diagram for s-domain analysis question 15.
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Solutions to Example Problems

Chapter 1

Power

1. 8 mW - Use conservation of power to find the unknown power. 10 mW + 3 mW —5 mW + P = 0.
P = —8 mW. The negative sign indicates that the circuit element supplies 8 mW of power (hence the

positive sign in the answer).
2. 416.67 mA — Use equation 1.2. i(t) = p(t)/v(t) =5 W/12 V = 416.67 mA.

3. (a) Elements A, B, C (b) Element D — Current flows from + to — in elements A, B, and C, hence

they absorb power. Current flows from — to + in element D, hence it delivers power.

4. 0.5cos?(2750t) W — Multiply the two functions together.

5. 120t 6(t—5) mW — Multiply the two functions together. Units of the solution are in mW because
current has units of mA.

Sinusoidal Waves

6. Vin = 3.8V, Vpec =3V, f= 20 Hz, ¢ = 25° — Use equation 1.3 to determine the properties of

the wave.

7. Vmm =219V, Vpp = 4.38 V, T = 0.025 s — Use equation 1.3 to determine the properties of the

wave.

8 Vin =2V, Vpec =1V, f= 125 Hz — Use figure 1.11 to determine the properties of the wave,
and note from equation 1.3 that f =1/T.

9. The waveform is shown in figure SOL.1.

600
< 400
E 200
= o
= —-200

Figure SOL.1: Waveform for sinusoidal waves answer 9.

10. 30 mA - The DC offset required to remove negative components is equal to the magnitude.
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Sources

11. VCVS. The controlling value is a voltage, and the source itself is a voltage source.
12. CCVS. The controlling value is a current, and the source itself is a voltage source.

13. —0.96 mA — The current measured by the ammeter is 4.8 mA, which is opposite the direction of Ix
as defined in the circuit diagram. Therefore Iy = —4.8 mA. Multiply by the proportionality constant

of 0.2 to calculate the magnitude of the dependent current.

14. The circuit diagram is shown in figure SOL.2.

TV

Figure SOL.2: Circuit schematic for sources answer 14.

15. The circuit diagram is shown in figure SOL.3.

e O

Ix

Figure SOL.3: Circuit schematic for sources answer 15.

Elementary Signals
16. f(t) = 26(t+4) — 6(t+2) — §(t) + 1.56(t—5)

17. There are two possible answers, depending on which type of elementary signal is used to
find the answer. — Using the step function, f(t) = u(t +4) + u(t + 1) — 3u(t — 1) + u(t — 4). Using

the rectangular pulse function, f(t) = rect (%) + 2 rect (%) — rect (%)
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18. The signal is shown in figure SOL.4.

4 -3 -2 -1 0 1 2 3 4 5 6 7 & 9 10 11 12
t(s)

Figure SOL.4: Signal function for elementary signals answer 18.

19. The signal is shown in figure SOL.5.

6
~ 4
=2
0+ . . . . . . . . . . f
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
t(s)
Figure SOL.5: Signal function for elementary signals answer 19.
20. The current is shown in figure SOL.6.
14
S| I — 1
— 0
= =05 ¢
-1+ ‘ : : : - : : :
—10 -8 —6 —4 -2 0 2 4 6 8 10 12 14

t(s)

Figure SOL.6: Signal function for elementary signals answer 20.

Chapter 2

Equivalent Resistance

1. The equivalent resistance is given in equation SOL.1. — Combine R, and Rj3 in parallel. Then

combine that result in series with R;.

RoR3

Rpo =R —_— SOL.1
BQ 1+ Ry + Rs3 ( )
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2.

34Q§ §3BQ

The reduced circuit diagram is shown in figure SOL.7. — The only two resistors that can be
combined are the 10 2 and 24  resistors. No other resistors are in purely series or purely parallel

combinations with each other.

130 mA

—)
—/

47 Q

NN—1

18 Q2

2V

Figure SOL.7: Circuit diagram for equivalent resistance answer 2.

1400 ) — Note that you will have to perform either a delta-wye or wye-delta transform to solve this
question.
733.333 ) — This calculation only requires series and parallel combinations.

20.448 k) — Note that you will have to perform either a delta-wye or wye-delta transform to solve

this question.

Ohm’s Law

6.

7.

10.

3.7 Q0 — The minimum equivalent resistance of the circuit is 5 2.

-3.125 mA — Because the current flow is defined opposite to the direction of the voltage drop, the

current is going to be a negative number.

51.2 yW — Using the current divider rule, the current flowing through the 20 2 resistor is calculated
to be 1.6 mA. Then, use equation 2.23 to calculate the power consumed by the resistor. Be careful

with the units. When mA are squared, the resulting units are uA?2.

234.375 W — The equivalent resistance of the circuit is 9.375 €2. Then use equation 2.23 to calculate

the power absorbed by the resistor, which must be equal to the power supplied by the source.

400 ) — Use the voltage divider rule to determine that the voltage dropped over each resistor will be
10 V. Then set equation 2.24 equal to 0.25 W to calculate the minimum allowable value of R.
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Voltage and Current Divider

11.

12.

13.

14.

15.

48V - Vx =72V (5555805

42 Q//12 Q//24 Q
140 mA -~ Iy =500 mA (2202 0/24)

- 470 Q 570 ©//330 Q
3.214V-Vx =8V (100 Q4470 Q) (220 Q1570 ©2//330 Q)

_ 200 Q//150 Q) (400 Q//(25 Q+200 Q//150 Q)
93.986 mA — Ix =210 mA ( 150 ) ( 25 Q200 ©//150 © )

Vx;i is given in equation SOL.2, and Vx» is given in equation SOL.3.

R
Vx1="Vs (m> (SOL.2)
- Ry Rs//(Rs+ R7)
Yz = Vs [Rﬁ T RJ [34 T Ra)/(Ro + R7)] (SOL3)

Kirchhoff’s Laws

16.

17.

18.

19.

20.

3V-5V-2V-Vx=0
6 mA —10mA —4mA—-Ix=0

6.667 mA — There are many different ways to label and solve this question using KCL and KVL. One
possible set of equations is Iy + I — Ix = 0; 5 =1; + 0.1Ix; 3 = I, + 0.11x (all units are in V, mA,
or k).

1.081 V — There are many different ways to label and solve this question using KCL and KVL. One
possible set of equations is Iy — Iy — I3 = 0; 10 = 0.1]; 4+ 0.05I3; —2 = —0.05/5 + 1.213 (all units are
in V, mA, or k). Then use Ohm’s law to calculate Vx.

120 V — There are many different ways to label and solve this question using KCL and KVL. One
possible set of equations is —0.81x +I; = 0; 320 = 100]; + 481 x (all units are in V, mA, or k2). Then

use Ohm’s law to calculate Vx.

Mesh Analysis

21.

22.

23.

24.

In = 10 mA, Ig = 8 mA — Mesh 14 contains a current source, causing 4 to be equal to the value

of the current source. The branch current is equal to T4 — Ig.
9 A — The branch current is equal to the left mesh current minus the right mesh current.
Ix = — I, —I4 — Is — Iy — Note that all of the numbered mesh currents are also branch currents.

1.081 V — This answer is and should be identical to the Kirchhoff’s laws question. There are many

different ways to label and solve this question using mesh analysis. One possible set of equations is
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0.1I; +0.05(1; — Is) = 10; 0.05(I5 — I) + 1.2 = —2 (all units are in V, mA, or kQ2). Then use Ohm’s

law to calculate Vx.

25. 12.181 V — There are many different ways to label and solve this question using mesh analysis. One
possible set of equations is 101y + 20(1; — I3) = 20; Io + 0.008 — I3 = 0; 20([> — I) + 6012 + 1013 =0
(all units are in V, A, or Q). Then use Vx =20 Q(I; — I5).

Chapter 3
Superposition

1. 12.72 V — The voltage contributed by the voltage source is 7.66 V, and the voltage contributed by

the current source is 5.06 V.

2. —3.64 V — The voltage contributed by the voltage source is —7 V, and the voltage contributed by the

current source is 3.36 V.

3. 3.44 mA — The current contributed by the current source is 2.37 mA, the current contributed by the
24 V voltage source is 0.79 mA, and the current contributed by the 5 V voltage source is 0.28 mA.

4. 50 V — The voltage contributed by the voltage source is 20 V, and the voltage contributed by the

current source is 30 V.

5. 4.11 'V — The voltage contributed by the current source is 0.32 V, and the voltage contributed by the

voltage source is 3.79 V.

Source Transformation

6. 12.72 V — This circuit can be reduced to a single current source of 55! /3 mA in parallel with a resistor

of value 229.895 Q. (This answer should be and is identical to question 1 in the superposition section.)

7. —3.64 V — This circuit can be reduced to a single voltage source of 10.4 V in series with a 1300 €
resistor, and the 700 € resistor over which —Vx is measured. (This answer should be and is identical

to question 2 in the superposition section.)

8. 3.44 mA — This circuit can be reduced to a single voltage source of 62.6 V in series with a resistor of
value 18.2 k{2, through which Ix is measured. (This answer should be and is identical to question 3 in

the superposition section.)

9. 50 V — This circuit can be reduced to a single current source of 3'/3 + 0.1Vx A in parallel with a
6 Q resistor, over which Vx is measured. (This answer should be and is identical to question 4 in the

superposition section.)
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10.

Vx = —2.941 V, Vy = —2.353 V — This circuit can be reduced to a single voltage source of
31/342 /3Vx +3Vy V in series with a 62/3 € resistor, a 40 € resistor over which V4 is measured, and

a 50 ) resistor over which Vx is measured. Use a matrix to solve for both unknown quantities.

Thévenin and Norton’s Theorems

11.

12.

13.

14.

15.

Vra = -3 V, Rrg = 21 Q — Calculate the open-circuit voltage using a voltage divider (and be
careful with the sign), then deactivate the voltage source to calculate the equivalent resistance between

nodes a and b.

In = 28 mA, Ry = 891.892 Q) — Use source transformation or superposition to solve. Deactivate

all sources to calculate the equivalent resistance.

Vry = 6.75 V, Rrg = 375 Q — Calculate the open-circuit voltage, then short nodes a and b
to calculate a short-circuit current of 18 mA. Use Ohm’s law to calculate the Thévenin equivalent

resistance.

Vg = 6.2 V, Rrg = 260 ) — Use any circuit analysis tool to calculate the open-circuit voltage

and short-circuit current (23.846 mA). Use Ohm’s law to calculate the Thévenin equivalent resistance.

In = 0.04 A, Ry = 33.333 Q2 — Use Ohm’s law on both sides of the circuit to calculate Vx and Ix;
Vx is the open-circuit voltage. Then short terminals a and b and use Ohm’s law again to calculate

In. Use Ohm’s law to calculate the Norton equivalent resistance.

Maximum Power Transfer

16.

17.

18.

19.

20.

Rroap = 21 Q, Ppax = 0.107 W — Use the Thévenin equivalent resistance from question 11, and

calculate the maximum power using equation 3.8.

Rroap = 891.892 Q, Pyax = 0.175 W — Calculate the Thévenin equivalent resistance from

question 12, and calculate the maximum power using equation 3.8.

Rroap = 375 Q, Pmax = 0.030 W — Use the Thévenin equivalent resistance from question 13,

and calculate the maximum power using equation 3.8.

Rroap = 260 Q, Pyax = 0.370 W — Use the Thévenin equivalent resistance from question 14,

and calculate the maximum power using equation 3.8.

Rroap = 33.333 2, Priax = 0.013 W — Calculate the Thévenin equivalent resistance from question

15, and calculate the maximum power using equation 3.8.
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Chapter 4
1. Vour = -3 V, A = -6 — This is an inverting op-amp circuit.

2. Vour = 4 V — This is a difference amplifier circuit. Calculate the voltage at the non-inverting input

by using a voltage divider. Then use Ohm’s law on the feedback path to calculate the output voltage.

3. Vour = 1.5 V, A = 3 — Find two equations for two unknowns (the output voltage and the node

voltage at the op-amp inputs).

4. A = 1.5 — There are three unknowns in this circuit: Voyr, the virtual node voltage of the left-most
op-amp, and the output of the left-most op-amp. Use the op-amp properties, Ohm’s law, and KCL to

find three equations for these three unknowns, and solve for the gain.

5. Voutr = 4 V — There are three unknowns in this circuit: Voyr, the virtual node voltage of the
left-most op-amp, and the output of the left-most op-amp. Use the op-amp properties, Ohm’s law,

and KCL to find three equations for these three unknowns, and solve for the gain.

Chapter 5
Capacitance and Equivalent Capacitance

1. v(t) = 80 V [1 — €590t u(t), p(t) = 0.08 W [e 500t — ¢71000t] y;(t) — To calculate the voltage,

take the integral of the current. Use equation 1.2 to calculate the instantaneous power.

2. i(t) = 0.033 A u(t), p(t) = 3.3 W/s t u(t) — To calculate the current, take the derivative of the

voltage. Use equation 1.2 to calculate the instantaneous power.

3. 67.2 pF — To calculate series combinations of capacitors, use equation 5.7. To calculate parallel

combinations of capacitors, use equation 5.8.

4. 6.38 nF — To calculate series combinations of capacitors, use equation 5.7. To calculate parallel

combinations of capacitors, use equation 5.8.

5. 2 uF — To calculate series combinations of capacitors, use equation 5.7. To calculate parallel combi-

nations of capacitors, use equation 5.8.

Resistor-Capacitor Circuits

6. v(t) = 200 V e 925 u(t) + 200 V u(-t), i(t) = -5 mA e 62-5% u(t) — This is a discharging
circuit. Analyze the circuit in the initial steady-state configuration (switch is in position a) to find v(0).
Then find the equivalent resistance seen by the capacitor in the final steady-state configuration (switch

is in position b) to calculate 7. Use equation 5.12 to calculate v(t) and equation 5.13 to calculate i(t).
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7.

10.

v(t) = 8 V e 5882t y(t) + 8 V u(—t), i(t) = —0.424 mA e 5882t y(t) — This is a discharging
circuit. Analyze the circuit in the initial steady-state configuration (switch is closed) to find v(0). Then
find the equivalent resistance seen by the capacitor in the final steady-state configuration (switch is

open) to calculate 7. Use equation 5.12 to calculate v(t) and equation 5.13 to calculate i(t).

v(t) = [4.44 V — 4.44 V e 2%] u(t), i(t) = 2 mA e 9% u(t) — This is a charging circuit. Analyze
the circuit in the final steady-state configuration (switch is closed) to find v(c0) as well as the equivalent
resistance seen by the capacitor to calculate 7. Use equation 5.15 to calculate v(t) and equation 5.16

to calculate i(t).

v(t) = [16.875 V — 4.875 V e 6:849t] y(t) + 12 V u(-t), i(t) = 1.336 mA e 6849t y(t) -
This is a general circuit. Analyze the circuit in the initial steady-state configuration (switch is open)
to find v(0). Then analyze the circuit in the final steady-state configuration (switch is closed) to find
v(00) as well as the equivalent resistance seen by the capacitor. Use equation 5.17 to calculate v(t)

and equation 5.18 to calculate (t).

v(t) = [4 V + 10 V e1900] y(t) + 14 V u(-t), i(t) = —0.4 mA e 1990t y(t) — This is a general
circuit. Analyze the circuit in the initial steady-state configuration (switch is closed) to find v(0). Then
analyze the circuit in the final steady-state configuration (switch is open) to find v(c0) as well as the
equivalent resistance seen by the capacitor. Use equation 5.17 to calculate v(t) and equation 5.18 to

calculate i(t).

Chapter 6

Inductance and Equivalent Inductance

1.

v(t) = u(t) mV, p(t) = 0.05 mW u(t) — To calculate the voltage, use equation 6.4. Use equation 1.2

to calculate the instantaneous power.

i(t) = 13.333 A sin(5000t) u(t), p(t) = 6.667 W sin(10000t) u(t) — To calculate the current,

use equation 6.5. Use equation 1.2 to calculate the instantaneous power.

74.375 mH - To calculate series combinations of inductors, use equation 6.6. To calculate parallel

combinations of inductors, use equation 6.7.

102.24 pH — To calculate series combinations of inductors, use equation 6.6. To calculate parallel

combinations of inductors, use equation 6.7.

300 pH — To calculate series combinations of inductors, use equation 6.6. To calculate parallel com-

binations of inductors, use equation 6.7.
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Resistor-Inductor Circuits

6.

10.

i(t) = 5 mA e °%00 u(t) + 5 mA u(-t), v(t) = —8 V € 5900t y(t) — This is a discharging circuit.
Analyze the circuit in the initial steady-state configuration (switch is in position a) to find ¢(0). Then
find the equivalent resistance seen by the inductor in the final steady-state configuration (switch is in

position b) to calculate 7. Use equation 6.9 to calculate i(¢) and equation 6.10 to calculate v(t).

i(t) = 6 mA e 750 y(t) + 6 mA u(-t), v(t) = —0.9 V e 7500t y(t) — This is a discharging
circuit. Analyze the circuit in the initial steady-state configuration (switch is closed) to find i(0).
Then find the equivalent resistance seen by the inductor in the final steady-state configuration (switch

is open) to calculate 7. Use equation 6.9 to calculate i(¢) and equation 6.10 to calculate v(¢).

i(t) = 0.5 mA [1 — e 80000t] y(t), v(t) = 4 V 80000t yy(t) — This is a charging circuit. Analyze
the circuit in the final steady-state configuration (switch is closed) to find i(00) as well as the equivalent
resistance seen by the inductor to calculate 7. Use equation 6.12 to calculate i(t) and equation 6.13 to

calculate v(t).

i(t) = [3.143 mA — 0.643 mA e 3%000] y(t) + 2.5 mA u(-t), v(t) = 5.4 V 35000t y(¢t) -
This is a general circuit. Analyze the circuit in the initial steady-state configuration (switch is open)
to find (0). Then analyze the circuit in the final steady-state configuration (switch is closed) to find
i(00) as well as the equivalent resistance seen by the inductor. Use equation 6.14 to calculate i(¢) and

equation 6.15 to calculate v(t).

i(t) =[5 mA — 3 mA e 20000t] y(t) + 2 mA u(-t), v(t) = 6 V e 20000t y(t) — This is a general
circuit. Analyze the circuit in the initial steady-state configuration (switch S1 is closed and switch S2
is open) to find #(0). Then analyze the circuit in the final steady-state configuration (switch S1 is open
and switch S2 is closed) to find i(c0) as well as the equivalent resistance seen by the inductor. Use

equation 6.14 to calculate i(t) and equation 6.15 to calculate v(t).

Chapter 7

Homogeneous Second Order Circuits

1.

2.

v(t) = —50 V/s t e 299t u(t) — This is a critically-damped series RLC circuit.

i(t) = [0.117 A e 8612667t _ (0,017 A e 58053:987¢] y(t) + 0.100 A u(—t) — This is an overdamped
parallel RLC circuit.

v(t) = [315.83 mV e 3794t — 91.83 mV € %7-7"*] u(t) + 224 mV u(—t) — This is an overdamped

parallel RLC circuit with parasitic resistance in the inductor.

v(t) = 4900t [1.875 V c0s(5999.171t) + 1.53 V sin(5999.171t)] u(t) + 1.875 V u(-t) -

This is an underdamped general RLC circuit.
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5. The differential equation is given in equation SOL.4. — This is a general RLC circuit.

i(t) =0 (SOL.4)

d*(t) [Ry Rs Ry Rl}di(t) [RQR3 RiRs RiR,

dt? L * Ly * Ly * Ly| dt LiLy  LiLy LiLs

Non-Homogeneous Second Order Circuits

6. v(t) = [e 320000t (g V cos(240000t) + 3.83 V sin(240000t)) + 20 V] u(t) + 26 V u(-t) -

This is an underdamped series RLC circuit.

7. i(t) = [e 640t (—0.2 A cos(480t) — 0.267 A sin(480t)) + 0.2 A] u(t) — This is an underdamped
parallel RLC circuit.

8. v(t) = [20 V — 21.373 V ¢ 11567-72t 1 ] 373 V ¢ 180098.94t] y1(t) — This is an overdamped general

second order circuit.

9. i(t) = [0.5 A + 0.971 A ¢ 782:099t _ 0,271 A e 1917901¢] y(t) + 1.2 A u(-t) — This is an

overdamped general second order circuit.

10. v(t) = [-0.08 V sin(2740t) + 0.64 V e °® sin(31.22t)] u(t) — This is a variable input non-
homogeneous second order circuit. Start by deriving the second order differential equation for the
circuit, shown in equation SOL.5. Then, find the particular solution to the equation. Finally, derive
the solution to the homogeneous equation (which is underdamped).

d?v(t) du(t)
dt? +10 dt

5000 sin(2r40t) = + 10000(t) (SOL.5)

Chapter 8
Phasor Arithmetic

1. 223.61/4-153.43°

2. —2.5-j4.33

3. —1315—j140 in Cartesian form, 1322/-173.92° in polar form

4. 74.734j266.24 in Cartesian form, 276.53/74.32° in polar form

5. 79.13—j1027.49 in Cartesian form, 1030.54/—85.60° in polar form

Impedance and Equivalent Impedance
6. Z = j9.425 Q — Use equation 8.18.

7. Z = —j169.314 ) — Use equation 8.17.
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8. Z = 103.217+j16.101 2 — Start by calculating the impedance of the inductor. Then combine

impedances in series and parallel as required.

9. Z = 23.970+j282.647 ) — Start by calculating the impedance of both inductors and the capacitor.

Then combine impedances in series and parallel as required.

10. Z = 0.059-j0.528 () — Start by calculating the impedance of both capacitors and the inductor. Then

combine impedances in series and parallel as required.

Delta-Wye and Wye-Delta Transforms

11. The equivalent circuit is shown in figure SOL.8 — Use equations 8.30-8.32 to complete the

transform.

Figure SOL.8: Circuit diagram for delta-wye and wye-delta transforms answer 11.

12. The equivalent circuit is shown in figure SOL.9 — Use equations 8.27-8.28 to complete the

transform.

4.04-j0.67 Q
—2.17-i5.84 Q 4.70+j12.63 O
b C

Figure SOL.9: Circuit diagram for delta-wye and wye-delta transforms answer 12.

13. Zgq = 2.86 — j2.17 Q — Use either a delta-wye or a wye-delta transform. The equivalent circuit
consists of a 2.86 ) resistor in series with a capacitor of unknown value (the value of the capacitor is

unknown because the frequency of operation is not specified).

14. Zgq = 149.15 — j134.42 Q) — First, convert all values to impedances. Then use either a delta-wye or

a wye-delta transform and combine impedances in series and parallel as needed. The equivalent circuit
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15.

consists of a 149.15 () resistor in series with a 118.40 nF capacitor.

Zgq = 53.10 — j22.89 Q — First, convert all values to impedances. Then use either a delta-wye or a
wye-delta transform and combine impedances in series and parallel as needed. The equivalent circuit

consists of a 53.10 €2 resistor in series with a 139.05 uF capacitor.

Chapter 9

Complex Voltage and Current Divider

1.

v(t) = 41.74 V cos(2760t + 26.597/180) — V = (25 + j43.3 V) 5711225 Start by converting

the capacitance to an impedance. Then apply the voltage divider rule.

- v(t) = 175.00 V cos(2780t + 140.107/180) - V = (—138.56+;75 V) 135—41o- Apply the voltage

divider rule.

. i(t) = 22.14 A cos(27150t + 168.437/180) — I = (—10— j17.32 A)T35-0235 9 Apply the current

6445 Q

divider rule.

v(t) = 3.25 V cos(27100t — 63.887/180) - V = (7 V)m% Start by converting the

capacitance and inductance to impedances. Then apply the voltage divider rule.

i(t) = 3.92 A cos(276000t + 59.407/180) — I = (3.90+ 52.25 A)2%3HATILE Gpart by converting

the capacitance and inductance to impedances. Then apply the current divider rule.

Complex Kirchhoff’s Laws

6.

i(t) = 57.91 mA cos(2760t — 75.867/180) — There are many different ways to label and solve
this question using KCL and KVL. One possible set of equations is Iy — I, — I3 = 0; 24 = 401; +
(—78.04)I5 + (80 4 j3.77)I3; 0 = (j8.04)I5 + (80 + 53.77)I5 (all units are in V, A, or Q).

v(t) = 42.39 V cos(2720t + 137.477/180) — There are many different ways to label and solve
this question using KCL and KVL. One possible set of equations is Iy — Is — I3 =0; Is — Iy — I5 = 0;
—40+ 769.28 = 811 + 1012; 0 = —10I5 + 513 — j614; 0 = j614 + j515 (all units are in V, A, or Q). Then

use Ohm’s law to calculate v(¢).

v(t) = 27.60 V cos(2720000t — 53.827/180) — There are many different ways to label and solve
this question using KCL and KVL. One possible set of equations is Iy + I, = 15; I — I3 — Iy = 0;
0= —6I1 + j9I2 + (4 — j3)I3; 0 = (=4 + j3)I3 + (8 + j5)I4 (all units are in V, A, or 2). Then use

Ohm’s law to calculate v(t).

v(t) = 145.52 V cos(2730t + 14.047/180) — There are many different ways to label and solve
this question using KCL and KVL. One possible set of equations is Iy — I3 — I, = 0; I} + Iy — I5 = 0;
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10.

100 = 515 — j1013; 0 = j10I54 1014+ j10I5; 0 = —5517 — 101, — 515 (all units are in V, A, or ). Then

use Ohm’s law to calculate v(¢).

v(t) = 3.12 V cos(27200t — 8.007/180) — There are many different ways to label and solve this
question using KCL and KVL. One possible set of equations is Iy —Io— I3 = 0; I3—0.5(513) — I, —I5 = 0;
5=2I1 +5I3; 0 = =51 — j19.8915 + 714; 0 = =71, — j7.9615 (all units are in V, A, or 2). Then use

Ohm’s law to calculate v(t).

Complex Mesh Analysis

11.

12.

13.

14.

15.

v(t) = 50.46 V cos(2750t 4+ 17.917/180) — There are many different ways to label and solve this
question using mesh analysis. One possible set of equations is 121y + 24([; — Iy) = 105; 24(Ix — I1) +
(9+ j12)I = 0 (all units are in V, A, or Q). Then use Ohm’s law to calculate v(t).

i(t) = 1.83 A cos(27100t + 103.187/180) — There are many different ways to label and solve this
question using mesh analysis. One possible set of equations is 15(1; —1I3)—59.95(11 —I) = 21.214+521.21;
—79.95(Iy — I) + j5.03(Is — I3) + 2015 = 0; (30 — j6.37)I5 + j5.03(I3 — I3) + 15(I5 — I;) = 0 (all units
are in V, A, or Q).

v(t) = 5.05 V cos(27200t + 32.407/180) — There are many different ways to label and solve this
question using mesh analysis. One possible set of equations is 13011 —j159.15(11 — I3)+80(1; —I3) = 12;
—j159.15(Iy — I1) + 5615 + 210(Io — I3) = 0; 80(I3 — I,) + 210(I5 — Iy) + j119.38I5 = 0 (all units are
in V, A, or Q). Then use Ohm’s law to calculate v(t).

v(t) = 8.09 V cos(275000t + 14.357/180) — There are many different ways to label and solve
this question using mesh analysis. One possible set of equations is 2017 + 50(I; — I3) = 6.43 — j7.66;
50(Iy — I) — j22.74I5 + 20(I5 — I3) + 2V; V — 501 + 5015 = 0; —2V +20(I5 — I) + 6015 = 0 (all units

are in V, A, or ). Then use Ohm’s law to calculate v(t).

v(t) = 15.84 V cos(27600t + 122.137/180) — There are many different ways to label and solve
this question using mesh analysis. One possible set of equations is Iy — 613 — Iy = 0; 30([; — I3) +
60(I — I3) — j40.1915 = 13.59 + j6.34; 2013 — 50.0515 + 60(I3 — Io) + 30(I5 — I1) = 0 (all units are in
V, A, or Q). Then use Ohm’s law to calculate v(t).

Complex Superposition

16.

v(t) = 13.06 V cos(2710000t 4 113.307/180) — The voltage contributed by the 5 V source is
3.84 'V cos(2m10000t+54.817/180). The voltage contributed by the 30 V source is 11.52 V cos(2710000¢+
129.817/180).
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17.

18.

19.

20.

v(t) = 31.62 V cos(2740t — 71.577/180) — The voltage contributed by the current source is
28.28 V cos(2740t — 457 /180). The voltage contributed by the voltage source is 14.14 V cos(2740t —
1357/180).

v(t) = 417.23 V cos(27100t — 38.057/180) — The voltage contributed by the current source is
424.74'V cos(2m100t—42.277/180). The voltage contributed by the voltage source is 31.94 V cos(27100¢+
63.447 /180).

i(t) = 2.23 A cos(272000t + 64.577/180) — The current contributed by the current source is
2.23 A cos(2m2000t—25.737/180). The current contributed by the voltage source is 3.16 A cos(272000t+
109.427 /180).

i(t) = 151.81 mA cos(2720t — 8.727/180) — The current contributed by the five volt volt-
age source is 19.42cos(2720t — 37.517/180) mA. The current contributed by the ten volt voltage
source is 21.97 mA cos(2720¢t + 30.627/180). The current contributed by the current source is
117.89 mA cos(2720t — 10.957/180).

Complex Source Transformation

21.

22.

23.

24.

25.

v(t) = 13.06 V cos(2710000t + 113.307/180) — Convert both sources to current sources. Then,
combine all sources and impedances. Use Ohm’s law to calculate the voltage. (This answer should be

and is identical to question 16 in the complex superposition section.)

v(t) = 31.62 V cos(2740t — 71.577/180) — Convert the voltage source to a current source. Then,
combine all sources and impedances. Use Ohm’s law to calculate the voltage. (This answer should be

and is identical to question 17 in the complex superposition section.)

i(t) = 294 mA cos(2710t — 11.847/180) — Apply repeated applications of source transformation
until there is one current source in parallel with the 11 §2 resistor and one or more additional impedances.

Then, apply the current divider rule to calculate the current through the resistor.

v(t) = 29.81 V cos(2750000t + 3.867/180) — Apply repeated applications of source transformation
until there is one voltage source in series with each passive element. Then, apply the voltage divider

rule to calculate the voltage dropped over the capacitor.

v(t) = 576.06 mV cos(27100t — 53.887/180) — Apply repeated applications of source transfor-
mation until there is one current source in series with one or more impedances. Then, use complex

Ohm’s law to calculate the voltage dropped over the 1.6 mF capacitor.
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Complex Thévenin and Norton’s Theorems

26. The Thévenin equivalent circuit is shown in figure SOL.10 — Calculate the open-circuit voltage
using a voltage divider, then deactivate the voltage source to calculate the equivalent impedance

between nodes a and b.

AVAVAV | oa

8.44 V £ 62.48° @

ob

Figure SOL.10: Circuit diagram for complex Thévenin and Norton theorems answer 26.

27. The Thévenin equivalent circuit is shown in figure SOL.11 — Calculate the open-circuit voltage
using any circuit analysis technique, then deactivate the current source to calculate the equivalent

impedance between nodes a and b.

38.01 Q 1.81 mH

AN T3

412V £ 46.70° @

ob

Figure SOL.11: Circuit diagram for complex Thévenin and Norton theorems answer 27.

28. The Thévenin equivalent circuit is shown in figure SOL.12 — Calculate the open-circuit voltage
using any circuit analysis technique, then deactivate the voltage source to calculate the equivalent

impedance between nodes a and b.

6.18 O 13.54 uH

AN

24.68 V £ -35.44° @

ob

Figure SOL.12: Circuit diagram for complex Thévenin and Norton theorems answer 28.

E@®SO Alyssa J. Pasquale, Ph.D. 354 Last updated: 2024/04/18



Solutions to Example Problems Chapter 9

29. The Norton equivalent circuit is shown in figure SOL.13 — Calculate the open-circuit voltage
and short-circuit current using any circuit analysis techniques. Then divide V /I to calculate the Norton

equivalent impedance.

° oa

4.08

560.52 mA £ 113.05° @

12mF

ob

Figure SOL.13: Circuit diagram for complex Thévenin and Norton theorems answer 29.

30. The Norton equivalent circuit is shown in figure SOL.14 — Calculate the open-circuit voltage
and short-circuit current using any circuit analysis techniques. Then divide V /I to calculate the Norton

equivalent impedance.

. oa

9.78

524.61 mA £ -28.38° @

187.74 uF — —

ob

Figure SOL.14: Circuit diagram for complex Thévenin and Norton theorems answer 30.

Filters

31. The filter is an LPF with center frequency of 1/,/(LC), bandwidth of R/L, and quality
factor of \/L/(R./C) — Note that this is a series RLC circuit.

32. The filter is an HPF with center frequency of 1/,/(LC), bandwidth of 1/(RC), and quality
factor of R,/C/+/L — Note that this is a parallel RLC circuit.

33. The filter is a BSF with center frequency of 100,000 rad/s, bandwidth of 100,000 rad/s,
and quality factor of 1 — Note that this is a series RLC circuit.
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34. The filter is an HPF with cutoff frequency of 1/(R;C) — Tau can be calculated from the first-

order differential equation. The zero-input first-order differential equation is shown in equation SOL.6.

dvout 1
= +

0 - ~ You
it R, CM

(SOL.6)

35. The filter is an LPF with cutoff frequency of 10 rad/s — Tau can be calculated from the first-
order differential equation. The zero-input first-order differential equation (given that R; = 30 kQ,
Ry =20 k2, and C' =5 uF) is shown in equation SOL.7.

_ dvout 1

— L.
T e (SOL.7)

0

Transfer Functions

36. The transfer function is given in equation SOL.8, and the filter is an LPF — Combine

impedances Ry and 1/(jwC) in parallel, then use a voltage divider to calculate the transfer function.

1

H(jw) = —CR SOL.8
T o B oL

37. The transfer function is given in equation SOL.9, and the filter is a BPF — Use a voltage

divider to calculate the transfer function.

H(jw) = JL (SOL.9)
—w? + jwit +

38. The transfer function is given in equation SOL.10, and the filter is an HPF — Combine
impedances R and 1/(jwC) in parallel. Then use a voltage divider to calculate the transfer function.
—w? + jw%

H(jw) = SOL.10
) = (SOL.10)

39. The transfer function is given in equation SOL.11, and the filter is an HPF — Combine
impedances Ry + jwL and R; in parallel. Then use a voltage divider (twice) to calculate the transfer

function. Alternatively, use any other circuit analysis techniques to calculate the transfer function.

— 2

H(iw) =
(jW) —w2 4 _1 + Ro + Ri+Rs
W TJW R C T R.LC

(SOL.11)

40. The transfer function is given in equation SOL.12, and the filter is an LPF — Combine
impedances R3 and 1/(jwCs) in parallel. Then use a voltage divider at the non-inverting node to

calculate the op-amp input node voltage. Then, use the ideal op-amp properties to calculate the
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transfer function.

. 1 Ro+R3
Jw (ClRl) + CiCu R RaR;

w24 1 1 1
W= W (@RS + ClRl) T oG R R,

H(jw) = (SOL.12)

Chapter 10
Phase and Root Mean Square

1. [Vrms| = 84.85 VRMS, |Igms| = 3.54 ARMS, 6 = 60° — Both signals are sinusoids, so use

equation 10.4 to calculate the RMS values. Use equation 10.1 to calculate the phase difference.

2. |[Vrums| = 106.07 VRMS, [Irms| = 2.12 ARMS, 6 = 25° — Both signals are sinusoids, so use

equation 10.4 to calculate the RMS values. Use equation 10.1 to calculate the phase difference.

3. [Vrums| = 155.56 VRMS, |Irms| = 4.24 ARMS, 6 = 160° — Both signals are sinusoids, so use

equation 10.4 to calculate the RMS values. Use equation 10.1 to calculate the phase difference.

4. |Vrms| = 42.43 VRMS, [Igrms| = 4.50 ARMS, 6 = —32.01° — Use complex Ohm’s law to
calculate the current flowing through the circuit. Both signals are sinusoids, so use equation 10.4 to

calculate the RMS values. Use equation 10.1 to calculate the phase difference.

5. |Vrms| = 70.71 VRMS, |Igms| = 7.07 ARMS, 6 = 53.13° — Use complex Ohm'’s law to calculate
the current flowing through the circuit. Both signals are sinusoids, so use equation 10.4 to calculate

the RMS values. Use equation 10.1 to calculate the phase difference.

Complex Power

6. Sp,oap = 3453.00 — j2555.89 VA, pf = 0.804 — The current through the load is given. Find the
equivalent impedance of the load and use equation 10.9 to calculate the power through the load. Then

use equation 10.14 to calculate the power factor.

7. Soap = 338.79 4+ j132.13 VA, pf = 0.932 - Find the equivalent impedance of the load, then
use a complex voltage divider to calculate the voltage dropped over the load. Use equation 10.8 to

calculate the power through the load. Then use equation 10.14 to calculate the power factor.

8. SLoap = 8.31 + j11.08 VA, pf = 0.600 — Find the equivalent impedance of the load, then use a
complex voltage divider to calculate the voltage dropped over the load. Use equation 10.8 to calculate

the power through the load. Then use equation 10.14 to calculate the power factor.

9. SLoap = 557.38 — j203.20 VA, pf = 0.940 — Find the equivalent impedance of the load, then
use a complex voltage divider to calculate the voltage dropped over the load. Use equation 10.8 to

calculate the power through the load. Then use equation 10.14 to calculate the power factor.
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10.

Sroap = 631.25 + j1558.36 VA, pf = 0.375 — Find the equivalent impedance of the load, then
use a complex voltage divider to calculate the voltage dropped over the load. Use equation 10.8 to

calculate the power through the load. Then use equation 10.14 to calculate the power factor.

Maximum Power Transfer

11.

12.

13.

14.

15.

The load should consist of a 205 (2 resistor in series with a 48.8 yF capacitor, the power
consumed by the load will be 76.2 W — Calculate the Thévenin equivalent impedance. The load
impedance should be equal to the complex conjugate of that value. Use equation 10.16 to calculate

the maximum power consumption.

The load should consist of a 5.9 () resistor in series with a 263 yF capacitor, the power
consumed by the load will be 62.52 W — Calculate the Thévenin equivalent impedance. The load
impedance should be equal to the complex conjugate of that value. Use equation 10.16 to calculate

the maximum power consumption.

The load should consist of a 80 () resistor in series with a 13 mH inductor, the power
consumed by the load will be 12.9 mW - Calculate the Thévenin equivalent impedance. The load
impedance should be equal to the complex conjugate of that value. Use equation 10.16 to calculate

the maximum power consumption.

The load should consist of a 11.2 2 resistor in series with a 32.9 mH inductor, the power
consumed by the load will be 142.7 W — Calculate the Thévenin equivalent impedance. The load
impedance should be equal to the complex conjugate of that value. Use equation 10.16 to calculate

the maximum power consumption.

The load should consist of a 6.4 () resistor in series with a 657 yH inductor, the power
consumed by the load will be 553.4 W — Calculate the Thévenin equivalent impedance. The load
impedance should be equal to the complex conjugate of that value. Use equation 10.16 to calculate

the maximum power consumption.

Power Factor Correction

16.

17.

The initial power factor is 0.692, and to increase the power factor to 0.800, a 7.9 uF
capacitor must be placed in parallel with the load — Start by calculating the load impedance
and the voltage dropped over the load. Then use equation 10.8 to calculate the power consumed by the
load. The initial power factor can be calculated with equation 10.14. Use equations 10.17 and 10.18

to determine the value of the corrective capacitor.

The initial power factor is 0.221, and to increase the power factor to 0.860, a 85.4 mH

inductor must be placed in parallel with the load — Start by calculating the load impedance and
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the voltage dropped over the load. Then use equation 10.8 to calculate the power consumed by the
load. The initial power factor can be calculated with equation 10.14. Use equations 10.19 and 10.20

to determine the value of the corrective inductor.

18. The initial power factor is 0.951, and to increase the power factor to 0.990, a 5.9 uF
capacitor must be placed in parallel with the load — Start by calculating the load impedance
and the voltage dropped over the load. Then use equation 10.8 to calculate the power consumed by the
load. The initial power factor can be calculated with equation 10.14. Use equations 10.17 and 10.18

to determine the value of the corrective capacitor.

19. The initial power factor is 0.922, and to increase the power factor to 0.980, a 1.3 H
inductor must be placed in parallel with the load — Start by calculating the load impedance and
the voltage dropped over the load. Then use equation 10.8 to calculate the power consumed by the
load. The initial power factor can be calculated with equation 10.14. Use equations 10.19 and 10.20

to determine the value of the corrective inductor.

20. The initial power factor is 0.921, and to increase the power factor to 0.960, a 8.6 uF
capacitor must be placed in parallel with the load — Start by calculating the load impedance
and the voltage dropped over the load. Then use equation 10.8 to calculate the power consumed by the
load. The initial power factor can be calculated with equation 10.14. Use equations 10.17 and 10.18

to determine the value of the corrective capacitor.

Chapter 11
Laplace Transforms

1. The Laplace transform of f(t) is given in equation SOL.13.

F(s) =~ i - (SOL.13)

2. The Laplace transform of f(t) is given in equation SOL.14.

_ 7s% 4+ 54s + 80

F(s) = —5——F7——+ SOL.14
() s(s? 4 8s + 16) ( )
3. The Laplace transform of f(¢) is given in equation SOL.15.
2s +42
F(s) = ——F——— L.1
)= S asr 01 (SOL.15)
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4. The Laplace transform of v(t) is given in equation SOL.16.

3

V(s) = ———— SOL.16
) =502 ( )
5. The Laplace transform of i(¢) is given in equation SOL.17.
10s 4 55
I(s) = ——F—— L.1
)= 565 1109 (SOL.17)

Inverse Laplace Transforms

6. The function f(t) is given in equation SOL.18. The single term contributes to the transient response

of the circuit.

f(t) =10 e 19 u(t) (SOL.18)

7. The partial fraction expansion of F(s) is given in equation SOL.19, and the function f(¢) is given in

equation SOL.20. The term 0.4 contributes to the steady-state response. The terms —52 ¢ e~®* and
9.6 e~5! contribute to the transient response.
04 —52 9.6
F(s) = == SOL.19
() s +(5—1—5)2+(3—i—5) ( )
f(t)=[04-52te ™ +9.6e "] ut) (SOL.20)

8. The partial fraction expansion of F'(s) is given in equation SOL.21, and the function f(t) is given in
equation SOL.22. The terms 0.11 cos(4¢) and 0.066 sin(4¢) contribute to the steady-state response.

The terms 0.098 e~* and —0.208 e~#! contribute to the transient response.

0.055 + 70.033  0.055 — 50.033 0.098 —0.208
F(s) = . . +
(s+j4) (s —j4) (s+1)  (s+4)

f(t) = [0.11 cos(4t) +0.066 sin(4t) +0.098 e~* —0.208 e~ "] wu(t) (SOL.22)

(SOL.21)

9. The partial fraction expansion of F(s) is given in equation SOL.23, and the function f(¢) is given in

equation SOL.24. All of the terms in the function contribute to the transient response.

0052 —0.173  0.087—j0331  0.087+0331
(s+2)2 " (s+2) ' (s+25—476)  (s+25+47.6)

f(t)=1[0.052 ¢t e —0.173 e % + e > (0.173 cos(7.6t) + 0.663 sin(7.6t))] wu(t) (SOL.24)

F(s) = (SOL.23)

10. The partial fraction expansion of F(s) is given in equation SOL.25, and the function f(¢) is given in
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equation SOL.26. The terms 0.004, —0.021 cos(5t), and 0.028 sin(5t) contribute to the steady-state

response. The terms 0.312 ¢ e~ 1% and 0.017 e~!% contribute to the transient response.

0.004 —0.011 —50.014 —0.011 4 50.014 0.312 0.017
= + : : - S+
s (s+45) (s —75) (s +10) (s +10)

f(t) = [0.004 — 0.021 cos(5¢t) + 0.028 sin(5¢) +0.312 t e % +0.017 e %] w(t) (SOL.26)

(SOL.25)

s-Domain Analysis

11. The s-domain transformed circuit is shown in figure SOL.15. V(s) is given in symbolic form in equa-

tion SOL.27 and v(t) is given in equation SOL.28.

Ry

A
1/(sC) v(0)/s

Ry

Vsa/s +

Figure SOL.15: Circuit diagram for s-domain analysis answer 11.

_ Vso
5) = M (SOL.27)
v(t) = [-4V =2V e ut) (SOL.28)

12. The s-domain transformed circuit is shown in figure SOL.16. V(s) is given in symbolic form in equa-

tion SOL.29.

R, 1/(sC)

VDC/SCD ST mS Vi)

Figure SOL.16: Circuit diagram for s-domain analysis answer 12.
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VbcRo s
Ri+Ra

V(s) = — _ (SOL.29)
s+ [LC(Rl-&l-Rz)} 5+ [LC(R11+R2)}

13. The s-domain transformed circuit is shown in figure SOL.17. V(s) is given in symbolic form in equa-

tion SOL.30 and v(t) is given in equation SOL.31.

i(0)/s
©
+
Ry sL 1/(sC) —_—
—N\/\/\/—s— 00—
V(s)
+
Ve R
wis(2) < woys(t
Figure SOL.17: Circuit diagram for s-domain analysis answer 13.
C
e ] s+ | Dpralamstia| s 4 [13]
Vi(s)= — o (SOL.30)
(Tl + ¥+ [
v(t) = [6.67 V+e 7% (—4.67 V cos(3316.63t) + 9.85 V sin(3316.63t))] wu(t) (SOL.31)

14. The s-domain transformed circuit is shown in figure SOL.18. I(s) is given in symbolic form in equa-

tion SOL.32 and i(¢) is given in equation SOL.33.

R sL
—VVV 75000
1/(sC) _—___
I(s)
VSl/(S + 05)2 C)
VSQ/S

Figure SOL.18: Circuit diagram for s-domain analysis answer 14.
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[2Vs2] 52 4 [Yar=2aVe] oy [fvstcf}

I(s) = (SOL.32)
(s+a)? (s> + [£] s+ [ze])
i(t) =[-1.6 mA/st e * + 04 mA e
+e %29 (0.4 mA cos(496.08t) 4+ 50.44 mA sin(496.08t))] u(t) (SOL.33)

15. The s-domain transformed circuit is shown in figure SOL.19. I(s) is given in symbolic form in equa-

tion SOL.34 and i(¢) is given in equation SOL.35.

>, .

Iys/(s* + w?) @ Ry

sL 1/(sC) ——

Ry Rs

I(s)

Figure SOL.19: Circuit diagram for s-domain analysis answer 15.

CR1R31,, 2 Rily,
I(s) = [4LC(11%1iR3)} s°+ {LC(Rl1+R3)} 8 (SOL.34)

1 RoRs+RiRs+RiR Ri+R
(s? +w?) (52 T [C(Rl—O—Rs) R 70 FEu oy 2} 5+ [Lc(hﬁas)])

i(t) =[0.5 A cos(60t) —0.01 A sin(60¢t)

+e 19433 (_0.5 A c0s(990.5t) + 0.07 A sin(990.5t))] u(t) (SOL.35)
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555 timer, 151 non-polarized, 125
astable mode, 152 parallel combination, 131
monostable mode, 156 polarized, 127

s-domain, 327

active filter, 267 series combination, 130

alternating current, 17 variable, 126

amplifier, 97 center frequency, 260, 263

amplifying, 98 charge, 10, 124

attenuating, 98 circuit elements, 31

differential, 98 active, 31, 97

gain, 97 capacitor, 124, 180, 219
inverting, 98 inductor, 159, 180, 220

non-inverting, 98 passive, 31, 82

saturation, 98 resistor, 33, 219

single-ended input, 97 comparator, 99, 151

single-ended output, 97 critically damped circuit, 181, 197, 198, 278
voltage, 97 current, 13, 48, 129, 161, 180
analog to digital converter, 102 branch. 58. 63. 238

divider, 56, 236
band-pass filter, 259, 269

band-stop filter, 262, 270
bandwidth, 260, 263
Bode plot, 272

branch, 32

lagging, 298

leading, 298

mesh, 63, 240

Norton equivalent, 86, 251

op-amp, 118

short-circuit, 81, 86, 251
current divider, 56, 236
cutoff frequency, 255, 256, 258, 260

current, 58, 63, 238

capacitance, 124, 129
equivalent, 130

parallel, 131 .
damping parameter, 180, 184, 187, 190

parasitic, 160
delta-wye transform, 44, 223

series, 130

capacitor, 124, 180, 219

difference op-amp, 112

differentiator op-amp, 133
ceramic, 125 .

direct current, 16
electrolytic, 128

impedance, 219 elementary signals, 20
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damped sinusoid, 26 wye-delta transform, 226
Dirac delta function, 20 inductor, 220

exponential decay, 25 Norton equivalent, 251

ramp function, 22 parallel, 221

rectangular pulse, 23 resistor, 219

sinusoidal wave, 17 series, 221

step function, 21 Thévenin equivalent, 248, 304
triangular pulse, 24 inductance, 159, 160

equivalent, 161
feedback, 105

divided, 108
negative, 105, 106, 113

parallel, 162
series, 161

inductor, 159, 180, 220
ositive, 105
P 7 impedance, 220

filter, 254 .
parallel combination, 162

active, 267 .
s-domain, 328

band-pass, 259, 269 . o

series combination, 161
band-stop, 262, 270
bandwidth, 260, 263

cascaded, 255, 269

variable, 159
integrator op-amp, 134

inverting op-amp, 108, 270
center frequency, 260, 263

cutoff frequency, 255, 256, 258, 260 Kirchhoff’s current law, 58, 60, 237
first order, 254, 267 Kirchhoff’s voltage law, 59, 60, 237

high-pass, 257, 268

Lapl t st 318
low-pass, 254, 267 aplace transior,

ve. 254 inverse transform, 321
passive,

5-d i lysis, 326
quality factor, 261, 263 SrOOMIALL alatyss,
Sallen-Key, 271

second order, 254, 260

loop, 32
low-pass filter, 254, 267

first order circuit, 135, 163, 254, 267 maximum power transfer, 88, 304

sh, 32
ground, 12 HHest,
analysis, 62, 240
high-pass filter, 257, 268 current, 63, 240

mesh analysis, 62, 240
impedance, 218, 234

capacitor, 219 node, 31
equivalent, 221 non-inverting op-amp, 110
delta-wye transform, 223 Norton’s theorem, 86, 251
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Ohm’s law, 48, 218

op-amp, 97, 99, 106, 108, 267
cascaded, 110, 269
current, 118
difference, 112
differentiator, 133
gain, 106, 108, 110
integrator, 134
inverting, 108, 270
non-inverting, 110
summing, 112, 270
virtual node, 108
voltage follower, 106, 271

open-circuit voltage, 80, 84

oscillation frequency, 182

overdamped circuit, 181, 197, 278

parallel RLC circuit, 186

parasitic resistance, 160, 189

passive filter, 254

phasor, 212, 234

potentiometer, 35

power, 15, 52
apparent, 300
average, 300
complex, 299
conservation, 15
instantaneous, 15, 298
lagging circuit, 298
leading circuit, 298
maximum, 88, 304
phase difference, 297
power factor, 302
reactive, 301
triangle, 301

power factor

correction, 307
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pulse-width modulation, 103
quality factor, 261, 263

reactance, 218
resistance, 33, 36, 48, 218
equivalent, 37-39, 84, 86
delta-wye transform, 44
wye-delta transform, 46
Norton equivalent, 86, 89
parallel, 38
parasitic, 160, 189
series, 37
Thévenin equivalent, 84, 88
resistor, 33, 219
color codes, 34
impedance, 219
parallel combination, 38
potentiometer, 35
s-domain, 326
series combination, 37
variable, 35
resistor-capacitor circuit, 135, 153
charging response, 138
discharging response, 135
general response, 141
time constant, 136, 139, 142
transient analysis, 135
resistor-inductor circuit, 163
charging response, 167
discharging response, 164
general response, 170
time constant, 165, 168, 170
resonant frequency, 180, 184, 187, 190, 256, 258,
260, 263

root mean square, 298

s-domain analysis, 326
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capacitor, 327 independent, 16, 73
inductor, 328 s-domain, 328
resistor, 326 sinusoidal wave, 17
sources, 328 voltage, 16, 17, 77, 82
Sallen-Key filter, 271 stability, 278
second order circuit, 180, 254, 260, 278 summing op-amp, 112, 270
constant input non-homogeneous, 197 superposition, 73, 242

critically damped, 181, 197, 198, 278
damping parameter, 180, 184, 187, 190

Thévenin’s theorem, 83, 247
transfer function, 272, 277, 278

general homogeneous, 192
Bode plot, 272

homogeneous, 180

magnitude response, 272
non-homogeneous, 196

phase response, 272
oscillation frequency, 182

pole-zero diagram, 280

overdamped, 181, 197, 278
poles, 278, 318

parallel RLC, 186
resonant frequency, 180, 184, 187, 190, 256,
258, 260, 263
roots, 180 underdamped circuit, 182, 197, 198, 278
series RLC, 183
underdamped, 182, 197, 198, 278

zeros, 278, 318

transient analysis, 135, 163

variable resistor, 35

voltage, 10, 48, 124, 129, 161, 180
variable input non-homogeneous, 202
amplification, 97

divider, 35, 53, 106, 151, 234

series RLC circuit, 183

short-circuit current, 81, 86, 251
ground, 12
source transformation, 77, 245
open-circuit, 80, 84
sources
Thévenin equivalent, 84, 248
alternating current, 17
voltage divider, 35, 53, 106, 151, 234
current, 16, 17, 77, 82
voltage follower, 106, 271
dependent, 18, 73

direct current, 16 Wheatstone bridge, 55
equivalent, 19 wye-delta transform, 46, 226
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