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Preface

This eBook was written as the sequel to the eBook titled DC Circuitsvhich was written in 2016 by Chad Davis.
The DC Circuits eBook (https://shareok.org/handle/11244/52245) should be reviewed prior to reading this book.
While the first book covered only DC circuits, this book covers Alternating Current (AC) circuits as well as a brief
introduction of electronics. It is broken up into seven modules. Module 1 covers the theory of AC signals. Since

only DC sources are used in the first eBook, details of AC signals such as sinusoidal waveforms (or sine waves),
square waves, and triangle waves are provided. Module 2, titled AC Circuits Math Background, covers the
mathematics needed for solving AC circuit problems. The background material in Modules 1 and 2 are combined
in Module 3 to solve circuits with AC sources with resistors, inductors, and capacitors (RLC circuits).

Note: The term RLC circuivill apply to circuits that contain resistors and capacitor and/or inductors in this
eBook. Therefore, the RLC term will also apply to RL and RC circuits.

Module 4 focuses on using RLC circuits as passive filters. Content that is traditionally associated with AC Circuits
material ends in Module 4, but additional content is included in Modules 5 to 7 to provide more practical
knowledge that builds upon the theory learned in AC circuits. Topics in these final three modules include
transformers, diodes, and operational amplifiers. These topics in Modules 5 to 7 are the foundation of the field
of electronics. Only an overview is provided in this eBook, but if it peaks your interest
http://www.allaboutcircuits.com/textbook/semiconductors/ has a detailed open source eBook on electronics.

An important thing to realize is that most of the information covered in DC circuit theory also applies to AC
circuit theory. In fact, it is a good idea to think of a DC signal as one that can be obtained by freezing time in an
AC signal and looking at the “instantaneous” voltage or current values at that moment in time. With this in
mind, it should be apparent that KVL, KCL, Ohm’s law, and all of the other primary equations used in DC circuits
also apply to AC circuits, since the AC circuit is simply a DC circuit that continually changes values. While DC
voltage or current signals are typically given capital letter variables (V or I), AC waveforms are given lower case
variables and often written as a function of time, v(t) or i(t). In this eBook scalar values that define the different
types of AC voltages and currents are given capital letters (Vpk, Ipk, Vpp, Ipp, Vavg, lavg, Vrms, Irms, and A) as
defined in Module 1.

One goal of this book is to provide practical information to better equip the reader to put circuit theory into
practice. The picture on the cover of this book shows an example of a RLC circuit built on a breadboard. After
the completion of this book you will understand how RLC circuits work and many of the applications they are
used for, as well as obtain a foundation in electronics. While providing practical information, this eBook tries to
avoid going into too many tangents that result in numerous pages being skipped over by the reader. Links are
provided throughout the eBook where more background information is available when | felt the temptation to
depart from the main point. Many of the links come from allaboutcircuits.com, which is a very good open

educational resource. If a link doesn’t open copy it into your browser or search for the document title online.

The circuits in this eBook are created with a user friendly circuit drawing and simulation tool called Multisim.
Creating new circuits and simulating them to verify that your calculations are correct is a good way to hone your
circuit analysis skills. By providing an explanation of how to verify calculations in Multisim, this eBook enables
the reader to create more complicated problems, while having a method to check the results. This is vitally
important with AC circuits because the complex algebra involved in solving them is very tedious and mistakes
are frequently made by students that are learning the problem solving techniques. The DC probes and
Multimeters were used extensively in the DC Circuits eBook, but in this eBook AC probes and the MultiSim
oscilloscope will also be used to make more complicated AC measurements.



http://www.allaboutcircuits.com/

Module 1 — AC Signal Overview

Module 1 is broken up into the following 4 sections.

Section 1.1 — AC Introduction

Section 1.2 — Sinusoids

Section 1.3 — Common AC Waveforms and Voltage Types

Section 1.4 — Sine Wave, Square Wave, and Triangle Wave Example Problems

X X X X

Section 1.1 — AC Introduction

When analyzing Direct Current (DC) circuits, calculations and measurements were simplified because the
currents and voltages remained at a constant value when the circuit was at steady state. For Alternating Current
(AC) circuits, the steady state voltage and current fluctuates in such a manner that the current periodically
changes directions in the circuit. With the signals in the circuit being much more complicated, the analysis of AC
circuits is also at a higher complexity level. An important thing to realize is that most of the information covered
in DC circuit theory also applies to AC circuit theory. In fact, it is a good idea to think of a DC signal as one that
can be obtained by freezing time in an AC signal and looking at the instantaneous voltage or current values at
that specified time. With this in mind, it should be apparent that KVL, KCL, Ohm’s law, and all of the other
primary equations used in DC circuits also apply to AC circuits since the AC circuit is only a DC circuit that
continually changes values. While DC voltage or current signals are given capital letter variables (V or 1), AC
signals are given lower case variables and written as a function of time, v(t) or i(t). In this eBook scalar values
that define the different types of AC voltages and currents are given capital letters (Vpk, Ipk, Vpp, Ipp, Vavg,
lavg, Vrms, Irms, and A). These AC parameters are defined in sections 1.2 to 1.4.

Note: In the DC Circuits eBook Figure 1.7a showed how to change the probe settings in MultiSim and described
each of the “periodic” probe measurements. For convenience, the explanation and Figure (see Figure 1.0) is
repeated here. When the current and voltage probes are normally placed in Multisim the “Instantaneous and
periodic” probe setting is the default so you will see 5 voltage measurements (as shown in Figure 1.0). From top
to bottom these measurements are: 1-Instantaneous, 2-peak to peak (Vpp or Ipp), 3-Root-Mean-Square (Vrms
or Irms), 4-average (Vavg or lavg), and 5-frequency of the signal. The average voltage is labeled V(dc) in the
Multisim probe because the average voltage is equivalent to the DC value. The instantaneous voltage is the
value at a specific time and will continuously change as the AC current flows through the circuit. These four
additional parameters for voltage or current are only used for AC circuits. When dealing with DC circuits there is
only one type of voltage and current so only the instantaneous measurements are needed. To get only the DC
current or voltage click on the probe settings and change the default to “Instantaneous Only” as shown in Figure
1.0.

V473V
V(p-p): 337 V
V120V V(ms): 120V ONONCE oo’ B -]
VR W@ oo o V(dc): -37.9 mV
: 0, @ Vireq): 60.0 Hz ‘
Probe Settings
Probe Settings
b " Parameters Appearance Grapher
arameters
Appearance  Grapher Vac
Vde R1 120Vrms R2 Parameter mode
Parameter mode - é 6 60Hz
=120V 1kQ = éle O Instantaneous only
® Instantaneous only 0 -
(® Instantaneous and periodic
O Instantaneous and periodic

Figure 1.0: Preferred probe settings for DC circuits (Left) and AC circuits (Right).




Before analyzing AC circuits it is good to have a brief history of DC and AC circuits. This link
(http://www.allaboutcircuits.com/news/why-is-the-us-standard-60-hz/) provides some DC and AC background
and discusses how the United States (US) power system standardized on 60 Hertz (Hz) sinusoidal signals and
Europe, and most of the rest of the world, standardized on 50 Hz sinusoidal signals (Sinusoids are discussed in
detail in Section 1.2). This eBook will focus primarily on 60 Hz signals. The voltage levels used in AC circuits is
also an important factor. US most commonly uses a Root Mean _ —
Square (RMS — discussed in detail in Section 1.3) voltage level
between 110 and 120 Volts. 110 Vrms and 120 Vrms are often
used interchangeably to describe the same signal. In the
previous link 110 Vrms is used, but 120 Vrms is a more
commonly referred to value and therefore 120 Vrms will be used
for the amplitude of a standard AC outlet voltage signal in this
eBook. According to this link the average RMS voltage is really
around 117 Vrmes.

Figure 1.1 shows a Multimeter in AC mode measuring the RMS
voltage of a standard US electrical outlet. In this case, the
measurement is slightly higher than 120 Vrms. Figure 1.2 shows
how a 120 VRMS, 60 Hz voltage source would appear if plotted
on an oscilloscope. Notice, that the top AC outlet in Figure 1.1 is
concealed with a safety cover to avoid an accidental shock. One
important note about AC is that it is usually considered much
more dangerous than DC for many reasons. The following link discussed electrical safety in great detail and
provides data that shows that a 60 Hz AC signals can result in heart fibrillation at much lower currents than DC.
http://www.allaboutcircuits.com/textbook/direct-current/chpt-3/ohms-law-again/

Figure 1.2: Standard AC outlet signal in U.S. homes (120 Vrms, 60 Hz sinusoid)

Section 1.2 — Sinusoids

A sinusoid is described in this eBook as a signal that is governed by Equation 1.1. A sine wave or a cosine wave
are both considered *Jvpue}] « v 8§Z C v JVA S 3§} Z }SZ € SZE}uPz 0|
shift.

X e]v~"%e A —Jel$5E or Je~"8e A o]v~"% = <Ife



http://www.school-for-champions.com/science/ac_world_volt_freq.htm#.V9MI7ZgrLcw

Equation 1.1 will be referred to as “sinusoidal form” throughout this eBook. Since it is desirable to have zero

initial values for voltage and current sine waves are preferred for circuits (instead of cosine waves that have max

amplitude § SAie¢X dhetermssinusoid and sine wafeamille used interchangeably in this eBook.

[1.1] RP= #®n(A @ J|or| EP= #®n(A @ 3

X A =Amplitude (or peak value of the sinusoid assuming the signal is symmetric about the x axis)
X } A W2Zhift ~pv]Se A E ] vee
X t=time ~puv]Se A o }v e
X A VvVPUuOo E (Eupmd @ E& e o
X v(t) }JE& ]~8¢ A dheequation for the AGnamlteget. (The Amplitude sets the units of v(t) or i(t))
~ . 6® N
[1.2] n=2 & @B= T f=FE& <p v~@Gv]Se AandE=SHeriod ~pv]Se A ¢ }v e
In order to plot a sinusoid that is symmetrical about the x-axis (i.e. no DC offset) from the sinusoidal form
(Equation 1.1) or to conversely write the sinusoidal form equation from the plot you need to know 3 things:
1) Amplitude (A): This can be measured from the difference of the maximum and minimum voltage
divided by 2 /A = (max — min)/2 If the sinusoid ]+ *Cuu SCE] §Z v A u &£Z A nulvnU s
symmetric then a DC offset is added to Equation 1.1 as follows: R =, , o+ # @in( i @+ §
2) Period (T): The period can be measured as the time between sinusoidal peaks on the plot. Once the
period is measured, ©= Vv 0 Mo 8 A | <dgbhown in Equation 1.2.
3) Time Shift (ts): The time shift is determined by measuring the distance between the y axis and the
nearest starting cycle of the sinewave X /( §Z +]v A A Plve ]38« %}*]3]A C o (}&E
axis) then ts has a negative value and the sinusoid is said to be “advanced”. If the sine wave begins its
positive cycle after £ A 1 ~E]PZS }( Sshas@pose valdeZand tle sinusoid is said to be
“delayed”.Oncethe vPpo E (& <«u Vtifge shift(tshare known, then the phase shift ~ }can be
determined from (— ~ |ts) as shown in equations 1.3.
[1.3] a= Fn @Eﬁ Note: time shift (tse v % Z » +Z](3 ~}* 0A Ce+ Z A opposite si




Example 1.1petermne the sinusoidal form equat for the signal ifrigure 1.2
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Figure 1.3: Plot of a symmetric sine wave used in Example 1.1.

Find the 3 items need to write the sinusoidal equation (A, T, t;) and convert T to @ and ts to 8.
1) Au%0]SH _Ano uritsSfor the y axis are given, but we would normally assume it is volts).
2) W E]J} A d A ¢ (0.0156econdg)Ae A 1Xi JE i1 ue Xisneasued U %o |& ]}
calculatedas © A T|<ld A T|<diXadisedi <
3) tt A §Z 34H4](5.0]01 seeonds as shown by the red arrow on Figure 1.1. Now thatts v } &
known the phase shift can be calculated by Equation 1.3 £a= Fi @&~ F20e( F0.01) = i X1 «
Using results from 1) through 3) yields /E A~ esi?\(Bi <|§ = )X T«
Since the time shift was negative the sine wave in Figure 1.2 is considered to be “advanced” when compared to
a sine wave with no phase shift.

Example 1.1 showed how to determine the sinusoidal form equation when a plot of the sine wave is available.
Example 1.2 shows how to plot the sine wave if the equation is available.

Note: If you want to find the phase difference between two signals it is often easier to measure the time
difference between the peaks and then use Equation 1.3 to convert to phase (see Figure 2.2 in Module 2).

Example R) Plot the sine wave that is reggented by the equation: i(t) = 26in(200-t- 116+ u

Note: In the equation for Example 1.2 the units are given at the end of the equation as mA. Whenever you write
the sinusoidal form of a voltage or current you should include the units at the end like this. If no units are given

assume v(t) is Volts and i(t) is Amps. Additionally, the phase shift is listed with a degree sign, but the phase shift

must be in radians for the units to agree. Since most people can comprehend degrees better than radians listing
the phase shift in degrees is a common practice. If you do this make sure you label it with the degrees symbol.

CAUTION: If you are analyzing an equation that lists phase shift in degrees make sure you convert it to radians
before adding it to the ™| §erm in the sinusoidal form equation.




First, convert the phase shift to radians. } Aii6Z~¢< E ] velkddO6&E A]- ve
To plot the sine wave from the sinusoidal form equation you need A, T, and ts.

1) A =20 mA (Make sure they axis is labeled with mA)

2) T=T0<7 A T«Til A 1X31i4159 msec

3) ts=-}17 A(~<l0 & ¢ | ~711 (*2.618 msed
Now that these three parameters are known the sine wave can easily be plotted by hand. Use ts to determine
where to start the sine wave. Use A to know how far above and below the X axis it goes and use T to determine
how much time elapses in one cycle of the sine wave. The final plot should look like the following figure. The

Matlab code is shown to the right of Figure 1.4.

% Step 1 - Determine the Amplitude, A
A T%\Wake sure mA is on y axis label
/ \ / \ / % Step 2 - Determine the Period, T
A A 1P Vhisis given in Example 1.2
/ \ / \ / d A TZ %] is used to draw i(t) by hand
% Step 3 — Determine the Time Shift, ts
/ / \ / dZ $ -TAVs Degrees (This is Given in Example 1.2)
dZ $-iAZ %o ]!i% RMians
g \ / § ¢ -Theta/w % This is used to draw i(t) by hand
o % Plotting in Matlab
\ / § XTOWXIiTiWXioV
] A Ze]v~AZ3% = dZ § «V

/ \ plot(t,i,'k')
grid on

U \/ v xlabel('time (seconds)')
v - ylabel('Current (mA)')

time (seconds)

Figure 1.4: Plot for Example 1.2

Note: In Module 3 we will use the term “lead” to describe a signal that is an advanced version of another signal
and “lag” to describe a signal that is a delayed version of another signal.

For example, in Figure 1.5 the left plot shows that the solid black sine wave is advanced (or leading the dashed
blue sine wave) because the time shift of the solid black sine wave (referenced to the blue sine wave) is a
negative value. The following it the best way to think of this:

% The leading sine wave is the sine wave that completes its sinusoidal cycle first.

The right plot of Figure 1.5 shows the opposite case where the solid black sine wave has a time shift that is
positive resulting in a delay. In the right plot the black sine wave can be said to be lagging the blue dashed sine
wave. Keep in mind you can also say it in the reverse order and change lagging to leading (i.e. the blue sine wave
in the right plot of Figure 1.5 is leading the black sine wave because its sinusoidal cycle is completed first).

Some of the Matlab code for plots in this eBook are included at the end of the Appendix.




Figure 1.5: Dashed Blue Line (Zero time shift), Solid Black Line (Left, ts = -0.01s, Right, ts = +0.01s)

Music is another area where sinusoids are present. Each musical note is a sinusoid at a different frequency. If
you are new to the idea of frequency a good way to understand it is download a tone generator app that will
play different frequencies through your mobile device. You will find that as you increase the frequency that you
will stop being able to hear the sound as the frequency approaches or slightly exceeds 20 kHz. This is due to the
limitation of the human ear. Other animals, such as dogs, can hear much higher frequencies. The following link
describes the frequencies of the different notes of the musical scale in detail:
http://www.allaboutcircuits.com/textbook/alternating-current/chpt-1/ac-waveforms/

When musical notes (or any sound for that matter) are played and different frequencies are present at different
times a frequency versus time plot can be used to characterize the “spectrum” of the sound over time. Two
popular frequency versus time plots are the spectrogram and the power spectrum density (psd) plot.

Figure 1.6 shows the spectrogram and the psd for a train whistle sound that is sampled at a frequency of 8 kHz.
See this link for more information about sampling.

The Spectrogram (top plot of Figure 1.6) shows the frequency versus time and uses a color code to show the
amplitude at different frequencies. The psd plot (bottom plot of Figure 1.6) shows the amplitude versus
normalized frequency (Actual_Frequency [T XA |" U% O0]VPzZ& E <pu v @me(WKEih in thi§ cdsd i the
complete 1.6 seconds of the train whistle sound. The 6 red lines of the spectrogram can be correlated to the 6
spikes in the psd plot. These plots help characterize sound so operations can be performed to enhance/amplify
certain frequencies (e.g. an audio equalizer) or remove/attenuate certain frequencies (i.e. filtering — See Module
4). Another reason characterizing the frequency spectrum of a signal is important is that the sounds can be
replaced by computer generated sounds. For example, vocoders (like Siri on an iPhone) digitally speaks like a
human by pre-analyzing the spectrum of speech for the language setting that is selected. In Module 4 another
type of frequency response plot called the Bode plot will be used to characterize RLC filters.

10




Frequency

Fower Spectrum Magnitude (dE)

Figure 1.6: Spectrogram (top) and psd plot (bottom) of a train whistle sound

The following statement is perhaps the most important thing about sinusoids.

Anyperiodic waveform(one that repeats every T seconds) can be created by a susmasoids.

For example, a square wave with amplitude (A) and a fundamental frequency (fo) is created by taking an infinite
sum of odd harmonic sine waves as follows (The red bolded numbers are called the harmonics):

4 & sin(l @eB & sin(UReB @& sin(P@eéB @ sin(a®@eB & [ @ eB @
( dsm( e5q+sm( eaq+sm( eaq+sm(a e3q+ ®+sm(z eaqh

RP= —3 1 3 5 7 0

http://www.allaboutcircuits.com/textbook/alternating-current/chpt-7/square-wave-signals/

A triangle wave with amplitude (A) and fundamental frequency (fo) is also created by taking an infinite sum of
odd harmonic sine waves, but with slightly different constants and alternating signs of each term:

8 @& sin(l @eB & sin(UReB @& sin(P@eéB & sin(a @ éB &) sin(z @ éB @p
H( 5QF ( BQ+ ( B@QF ( EQ+®F ( BQI

RP= —5 1 9 25 49 06

These links from Wikipedia show the equations and also have an option for you to play the sound of the waveforms.

https://en.wikipedia.org/wiki/Square wave https://en.wikipedia.org/wiki/Triangle wave

The square and triangle waves will be closer to exact as more terms (or harmonics) are included. Figure 1.7 (see Matlab
code in the Appendix) shows a square and triangle wave created with different numbers of terms A]5Z A bAvOI(,IX
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Section 1.3— Defining AC Voltage Types for Common AC Waveforms

In this section the three common waveforms that have been previously discussed (sine wave, square wave, and
triangle wave) will be described in more detail. These three are the most common waveforms and are the three
that are available in practically all function generators as shown in Figure 1.8 and Figure 1.9.

ONLYperiodic waveformgsignals that repeat their pattern every T seconds) are discussed in this eBook.

Figure 1.8 shows the Multisim tool that is a replica of the Agilent 33120A function generator. The knobs and
buttons work in the same way as the actual Agilent device works. A red box is drawn around the sine wave,
square wave, and triangle wave buttons. The Multisim symbol for the function generator has the title XFG1 and
the output and ground connectors are wired into channel A of the generic Multisim 2-channel scope that is
titled XSC1. In Figure 1.8 a 1 kHz square wave is selected.
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Figure 1.8: Agilent Function Generator and Multisim 2-Channel Oscilloscope.

Figure 1.9 shows the generic Multisim function generator tool and the scope tool that is a replica of the

Tektronix TDS 2024 Oscilloscope. The knobs and buttons work in the same way as the actual Tektronix device

works. The Multisim symbol for the function P v & S}E Z « §Z 3§]30 y&'T v 8Z = }usS% |
connectors are wired into channel 2 of the Tektronix scope that is titled XSC1. In this example a 60 Hz sine wave

with a peak voltage of 10 V is selected. The right side of the Oscilloscope shows 5 measurements. Figure 1.10

shows a zoomed in view of these 5 measurements.

Waveforms
Signal options I
Frequency: 60 ‘ Hz h
= -
Duty cycle: 50 % ()
Amplitude: | 10 Vp 17}
Offset: 0 Vv

Figure 1.9: Multisim Function Generator and Tektronix Oscilloscope.

The primary goal of this section is to show how to solve the peak to peak (Vpp), peak (Vpk), average (Vavg), and
root mean square voltage (Vrms) for the sine wave, square wave, and triangle wave. Figure 1.8 and Figure 1.9

shows two ways that you can simulate these three signals and two ways that you can make these four
measurements in Multisim. Figure 1.10 shows that Vpk is called Vmax and the Vavg is called Vmean on the
Tektronix oscilloscope. Another terminology note is that Vrms is frequently referred to as VAC.
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Figure 1.10: From top to bottom (F, Vp-p, Vpk, Vrms, and Vavg) Measurements from Figure 1.9

You can also use a Multimeter to measure AC waveforms, but you only get the RMS current or voltage. The
meter in Figure 1.11 is put in AC mode (the wavy line) and is measuring the RMS current in the AC circuit. The
voltage could also be measured if the meter was placed across a component and the V button selected.

| xmm1 i
[
i R1
|
—+ | A,
3kQ
Vi C1
L. 169.7Vpk —1uF
G 60Hz
0° R2
AN
1 2kQ)

Al VvV Q dB
[~ ][ =

Set...

Figure 1.11: Using the Multsim Multimeter to measure the RMS current (also called IAC)
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Section 1.3.1 — Peak and Peak to Peak Voltage

Determining the peak (Vpk) and peak to peak (Vpp) voltage (or current) for the sine wave, square wave, and
triangle wave is a simple process, as described in the two bullets below. The voltage variable will primarily be
used in this eBook, but the following AC currents can also be determined: lpp, Ipk, Irms, and lavg

Vpk is the maximum value of any periodic waveform. This includes sine, square, and triangle waves.
Vpp is the difference between the maximum and minimum values of a periodic waveform.
X A, which is the amplitude of a sinusoid that was defined in section 1.2, is equal to Vpp/2. It is also equal to
Vpk if the sinusoid is symmetric about the x-axis (ie. dZ & ]+ v} }((* 8§ v )u £ A nulvn

2

€0

[1.4] #H= o ODANA_E@AI=TEQI FI BEQI KBEOEJQ@DKE

Figure 1.12 shows both scenarios: with and without a DC offset. Keep in mind that when measuring an AC signal
on an oscilloscope you must put it in DC coupling mode if you want to see the DC offset. When the oscilloscope

is in AC coupling mode the DC offset is automatically filtered out. The DC coupling setting is changed by clicking

on the Blue shaded button that corresponds to the channel on the bottom of the oscilloscope (Figure 1.12

shows both channels are in DC coupling mode). This figure shows that XFG1 has a symmetric ~  }((¢ § A i
triangle wave withaVppof 16V ~ u% 0]Su A 0+ amdndiheavtaV DC offset and a Vpp of 20V

~ U%O0]Su. Aiis

Note: To change the color of the plot in the Multisim oscilloscope you have to change the wire color going into
§Z =38 Eu]v o }v BZTwohange the@Eolor you right click on the wire and click on “segment color”.
Also, if the — pin of the oscilloscope is desired to be referenced to ground you can leave it unwired.

x5C1

XFG1l f: .
— ] \ . ;
Function generator-XFG1 X L & 8 :
Waveforms f =1 / | '
= |
ignal options Waveforms ; NS 8 e I
Frequency: |60 Hz == | S / |
- 4 | Ve V4 /
Duty cycle: 5_0 & el eple ' 4 N : ‘
Amplitude: | 8 = Vp Freciencys. | 50 |Hz 7 N
Offset: 0 v Duty cycle: S0 % / X | iz
Set rise/Fall time Amplitude: | 10 | Vp |
Enibie Offset: 5 |V |'(
+ Common _ Y :
oo |
+ Common _
L4
11 [l Time Channel_A Channel_B
| 25.000 ms 8.000 v 5.000v
T2 [elj+| 33333 ms -8.000 V 5.000 V
F2T1 8.333 ms -16.000 V -8.882 fV
Timebase Channel A Channel B
Seale: | 5 ms/Div | Seale: 5 VIDiv Scale: |5 V/Div
X pos.(Div): 0 | ¥ pos.(Div): © Y pos.(Oiv): | 0
Y add BA A8 AC 0 [DC| ac| o [oc]-

Figure 1.12: Using the Multisim function generator to plot two waveforms on the Multisim oscilloscope
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Section 1.3.2 — Average Voltage

The average voltage (Vavg) is the voltage measured by a Multimeter in DC mode. Periodic signals (i.e. they
repeat their pattern every T seconds) that are symmetrical about the x-axis have an average voltage of zero.
The average value for a waveform that is not symmetric can either be calculated by using integration (Equation
1.5) or using the area method. The area method is preferred for most waveforms because it is usually much
easier to calculate. This is especially true for square waves and triangle waves.

[1.5] 4 = —|,5‘|I RP @P oDaN&3 EEALANERGEE 7 €1E @ALANEK @

The average value of any periodic signal can also be solved numerically using the area method.

Step 1)Break up the periodic square wave into rectangles over 1 period and label the aagwh Av, etc
Step 2)Find the_sum of the areas oveperiod(Aroa). Note: Negative voltage peaks produnegative area.
Step 3)Dividethe sum of the aredArowa) by the periodT) £ Rsg #iarP6

Section 1.3.3 — Root Mean Square (RMS) Voltage

Vpk, Vpp, and Vavg are key AC voltage quantities, but the most important AC voltage type is the RMS voltage
(Vrms). The Root Mean Square (RMS) voltage is found by:

1) Squaring all (or as many points as possible) along one period of a periodic waveform.
2) Finding the Mean (or the average) of all of the square values found in step 1).
3) Taking the square Root of the mean found in step 2).

The RMS value for any periodic waveform can be calculated mathematically by using Equation 1.6.

[1.6] R as= §,|£:F([?6@P9mmee§ E @ALANE R@EH s €E @ALANEK @

51
I

The RMS voltage is an important quantity in AC circuits because it allows the AC power delivered to a load to be
equated to the DC power. Vrms can be defined as the magnitude of AC voltage that produces the same amount
of average power on a load as an equivalent DC voltage, as shown in Figure 1.13.

P:17.5W

:-—» P:144W P(avg): 14.4 W
P(avg): 14.4 W
@ 120Vrms O W)
1 2 1
— 120V 1kQ S 6? Hz 3
Q)
L

Figure 1.13: Instantaneous and Average Power of a circuit with a DC source (left) and an AC source (right).
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The top power measurement in the power probe box in Figure 1.13 is the “instantaneous power” (Pinst) and the
bottom power value is called the “average power” (Pavs). Since voltage and current doesn’t change in a DC

circuit at steady state Pinst and Payg are the same. For AC circuits Pinst is determined in the same way as it isina DC
circuit, but P, is determined using RMS current and voltage. The Pinst value continually changes in an AC circuit

as the voltage and current change. At the moment in time the MultiSim circuit in Figure 1.13 was paused, Pinst

just happened to be equal to 17.5 W, but the voltage could theoretically have been anywhere from—-s %ol §} =
Vpk depending on when the circuit was paused. Since Pinst depends on the instantaneous voltage (or the exact
voltage at the moment it was paused) it changes from 0 to Vpk?/R. Recall in section 1.1 it was stated “it is a good
idea to think of a DC signal as one that can be obtained by freezing time in an AC signal and looking at the
instantaneous voltage or current values at that specified time.

Note: In the DC Circuits book instantaneous power (Pist) is given a positive value when it is dissipated (or
absorbed) by a resistor, but a negative value when power is supplied (or delivered) by a source.

X For DC power these equations were used in the DC Circuits eBook: Ppc = Pinst =V | = V3/R = I R
X For AC power the RMS values (Vrms and Irms) are used: Pac = Payg = Vrms |Irms = Vrms?/R = Irms? R

Caution: Make sure the RMS voltage (Vrms) and current (Irms) are used when AC power is calculated.

There are simplified methods for determining the RMS voltage or current for symmetrical waveforms (i.e. DC
J((e 8 A ise o «Z}Av ]Jv <p §]}VeNoXad obly the pelkwoltage is needed to determine Vrms.
The phase and frequency have no effect.

[1.7] R axm %f’: 07071 Ryl 9O DANA— E@ALA=GB ™Y ““&e% f"e">™ee§
[1.8] ODANA-—  E@ALA=GB™Y““& e % " —> 5t o<
[1.9] [Raw 0577 R 9DANA— E@ALA=GB™ V" " &e%oF et oo

For any periodic square waves (symmetrical or not symmetrical) the RMS value can be calculated using the
following steps. This method will be referred to as the “modified area method” because it is a slight
modification of the area method that was used to find the average voltage. If you get confused on the order of
the steps, double checking the units can help catch mistakes.

Step 1)Breakup the periodic square wave into raogular sections over 1 period and square the peak voltage
of each. If the section is above thexis square thenaximum voltageand f it is below the »axis square
the minimum voltage Callthese values 1 1, etc. The units are?{or A?f it is a current waveform)

Step 2)Multiply each walue(found in Step Jlby the base of the rectangle 4%bsthat you get 1- 41, r>- 4,, etc.
The units for each of these terms will Fes®c(or A%-secif it is a current waveform)

Step3)Sum3Z A op ¢ (E}u S Thedinit® will beAsec.

Step 4)Divide the value of s (determined in Step)dy the perial (T). The units will now bé.v

Step 5)Take the square root of the result of Step 4. The units will now be V and this result is Vrms.

Make sure you only use the modified area method for periodic square waves.

X Triangle waves and all other periodic waveforms (except only symmetrical sinusoids and periodic
square waves) must use the integration method (_ <1 5]} v ) tdetermine the RMS value.
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Section 1.4—Sine Wave, Square Wave, and Triangle Wave Example Problems
This section provides example calculations of Vpk, Vpp, Vavg, and Vrms for sine waves, square waves, and
triangle waves. To save time and reduce calculation errors the integration formulas (Equations 1.5 and 1.6)

should be avoided for situations where there is a simplified method. Table 1.1 shows the simplified methods
available for different types of AC waveforms.

Table 1.1) Table Showing Vpk and Vpp values and Simplified Methods for Determining Vavg and Vrms

Waveforms that are symmetrical about x-axis Waveforms that are NOT symmetrical
Sine Wave Square Wave | Triangle Wave Sine Wave | Square Wave ‘ Triangle Wave
Vpp Vpp is always the maximum voltage - the minimum voltage (i.e. Vmax-Vmin)
Vpk Vpk is always the maximum voltage (i.e. Vmax)
Vavg 0 The DC offset Area Method
Vims iIX0i6i | iX1 ] s% 1XMAO606 | ¢ Uselntegration Modified Use Integration ‘
Equation [1.7] | Equation [1.8] | Equation [1.9] <u S]}v €| Area Method <u S]tv €[X0-

Section 1.4.1 — Example Calculations of Vpp, Vpk, Vavg, and Vrms for Sine Waves

Exanple 1.3 UsingTable 1.1 as guidance determine Vpp, Vpk, Vavg, Vrms, and Amplitudsyofimetrical sine

wavewith the sinusoidal form equation v(t) = 6 sin (200 t)

X S%0 % A t UfEv-e—A @ 12V (measured to be 11.91 V with the Multisim oscilloscope and 11.9 V

with the Multisim voltage probe). The true value is 12 V (which is twice the amplitude entered in XFG1).

S %ol A ueVEMdasured as 5.958 V with the scope)

U%Oo]Su A AW %o %oll A
s A POWas stated in Table 1.1 for any symmetrical sine wave). The probe measures it as 2.24 mV.
SEuUe A S%lle<cES~Te A QTlabte.§ saye tcud EMation 1.5 for symmetrical sine waves)

X X X X

These values are verified below using the Multisim function generator, Multimeters, probes, and the scope.

7 - 167 i %
Function generator-XFG1 | &% EE;:}' 1\: i Oscilloscope-XSC1
; i ) -
e KFGL V(rms). 4.24 V P % =
et || ] wmonnr | V(do) 224 mV
i 2 COME| | Vifreq) 318 Hz /
Signal optiens | T A
Frequency: 31.83 Hz T ® PRizm Multimeter-XMM1
Duty cycle: | 50 Yo = L |}‘
Ampliude; 6 vp s / \ /
Offset: 1] v 4= G i t t
= niTls [a) fead (2] / R
: & ¥y 2 =i / \ : /
Common T oo =
=7 ! = % 00 i"T (rEE— 5o : /
{ 3 <  og i ) /
HMM2 x/ \ /
N ' .
Agilent multimeter-XMM2 b
=
Time Channel_A Chani
ik [j D 416.774 ms 5958V
T2 [¢][+]| 232.410 ms 5,052V
T2-T1 15.645 ms -11.910 vV
; SEEES=m—TE FIUNC TIO N R, e fos Timebase Channel A
! R Pernd . M 1 B dbm i Seale: 10 ms/Div Scale: 2 V/Div
| Power 131 TN 0w req Gont 11} Hull | Min 0
& ———H —' —I —_-J ?-l, —-—-J —:‘a_*—_l | X pos.{Div): 0 Y pos.(Div): 0
1 D Gy e = nnNsE.f DIGITS T sutointe 2 oL 7 b T
Foissmm =

_ A ] buzl[aca [/ am | [ac] o J[og]
Flgure 1. 14 Functlon generator (XFG1), Multlmeters (XMM1 and XMM2), Scope (XSC1), and Probe (box)
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V167V
V(p-p): 1.9V
Virms): 4.24 W
V(dc): 2.24 mV

V(freq): 31.6 Hz

Figure 1.15: Close up view of the AC Voltage Probe from Example 1.3

In the Multisim probe box from Example 1.3 (Figure 1.15) the Vpp, Vrms, Vavg, and the frequency are shown as
V(p-%oe A iiX0sU s VBuse AeXTX18 usU v s~(E <*AiiXduallpedk tePpeakS]A 0 C X
voltage (Vpp) should have been 12V, but the Multisim probes will often have a slight error as it does in this case.
The Vavg (or V(dc)) should have been 0, but it reads 2.24 mV in the probe box. Again, this level of inaccuracy can
be expected. The top value that reads 1.67 V is called the “instantaneous voltage”. For an AC signal this value
constantly changes. If you freeze the time in an AC circuit the problem can be treated as a DC problem and the
instantaneous voltage measured would be the DC voltage that would be used for that problem.

For example 1.3 the rms voltage probe and the two Multimeters all had the same result, but for the next
example that has a sine wave with a DC offset it will show the two Multimeters do not produce the correct
result. The DC offset cannot be accounted for with either of the Multisim Multimeter or the Agilent Multimeter
because they have “AC Coupling” on the input, which removes DC before the measurement is made. Therefore,
if you have a signal that is not symmetric only the voltage probe to can be used measure Vrms or Irms.

Example 1. UsingTable 1.1 as guidance determingp, Ipk, lavg, Irms, and Amplitude of a nasymmetrical
sine wave with the sinusoidal form equation t3 + 8¢]v ~if)i«

This sinusoidal current has a DC offset of 3V and is plotted in Figure 1.16.

X: 0.0041
12 . : : : Y: 11
~ L
10 [\ /\ /
."r Y / Y i
/ ‘\ / \ .l'|l
L | / \ /
8 / \ / /
/ ! | ll.'
= / | / \ f
w / \ | \ /
g / / \ '
& 40 | | I'ﬁ,
= / " f '
o 2 \ I \ /
E / - { , f
o . \‘. / /
or | | / '.“ |lIn
In'l I\I -IIII | l|l'I
2+ \ / | —
/ \ i Vo [x:00125
A4 Yot Y:-5
i ol \.

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
time (seconds)

-

5
I

Bas— EB’6@R§ i(3+ g OE120eR) 5 @P

53£A§442” 4445 [9+480E(1120e9>+640E(1120e9>ﬂ@P64A
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The integration in Example 1.4 was solved using the online Wolfram Alpha Integration Widget. Multisim verifies
the results of Example 1.4 in Figure 1.17. Since the waveform was not symmetric only the probe box was used
for the verification. Also, since the function generator can only output voltage signals the voltage probe was
used. Anytime you want to know the Vpp, Vrms, and Vavg (or Ipp, Irms, and lavg) values you can use this
method even if it is a current waveform. If it is a current waveform just replace the Volts units with Amps.

XFG1
= V:-1.07V
Waveforms T — V(p-p): 16.0 V
- 5 COMg V(rms): 6.40 V
[ e [ | V(dc): 3.00 V
Signal options PR41 | V(freq): 60.0 Hz
F . ‘6{] ‘ Hz ‘ l:-1.07 A
PEqURiy: R1 I(p-p): 16.0 A
Du ce: 50 % I(rms): 6.40 A
ty_cy 8 Vi L l(dc): 3.00 A
Amplitude: P 4 I(freq): 60.0 Hz
Offset: 3 v 1
Set rise/Fall time The resistor is used to create a node for
the probe and to set the current level.
+ Common

= The voltage is set by the function generator.

Figure 1.17: Multisim Verification of Values Calculated in Example 1.4. Note: Irms = 6.4Vrms/1 Q= 6.4A

Section 1.4.2 — Example Calculations of Vpp, Vpk, Vavg, and Vrms for Square Waves

The term “square wave” in this eBook will be used to define any signal that has a periodic series of rectangular
pulses. The most common square wave is one that has a period with one rectangular pulse above the x-axis
(high pulse) and one below the x-axis (low pulse) as shown in Example 1.5. An important parameter for square
waves with only one high and one low pulse per period is the duty cycle (DC), which is defined in Equation 1.10.

[1. 10] & % 00 Where: thign is the time of the high pulse & tiow is the time of the low pulse.
GO0 O~ &x U a

Oscilloscope-¥SCL
Example 1.pUsingTable 1.1 as guidance, determine Vpp, Vpk, Vavg, and 7

Vrms for the followingynmmetric 50% duty cycle square wave.

The cursors on the scope show the high time 50 ms and since the duty cycle is
50% the low time is also 50 ms. The period is equal taig = 1S

x d A Al ue = Al ue A iil ue A IXi ¢ X

X S %o I3\VA(Max voltage on the plot)

X Vp%o A U UEV-A-(FTe 8V

X s AP Aymmetrical square wave in Table 1.1) _ ]
Solve for Vrms using the modified area method i it =]

1) Square peaks of eacharea: ri A ~A*ds r1 A3 A &8s | 2 %E] R e, D
s v s Ny ~ Ay v A g N o~ ~ #||* | 150806 ms -3. ]
2) ri|$i R|oife A PXOATrS|ST ARBXife A PXdf s B e sy
3) d}s o u} [(] & A ri|8i 2erHSXBANEOROSS | rmewmse
R ~~ , ~ scale: | 50 ms/Dv seale: 2 VD
4) 09 V2 ° I d A sz h )SI ° A (O] ;p;s.f[}i'.r}: 1] Ypl!s.(Div':: ]
5) SEus A <¢ERBM-O s l{ece] (mia () [c][o ][]

The calculations in Example 1.5 are verified in Figure 1.18. The Duty Cycle in the XFG only affects square waves.
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http://www.wolframalpha.com/widgets/view.jsp?id=8ab70731b1553f17c11a3bbc87e0b605

Function generator-XFG1 Py

Waveforms

[ o~ ] || 252 V300V

Signal options = L] Vip-p): 6.00V
A V(rms): 3.00 V

Frequency: 10 _ Hz | |_ i ® V(de): 2.19 nV

Duty cycle: 50 % PRT | V(freq): 10.0 Hz

Amplitude: 3 Vp 1R:ﬂ

Offset: 0 \U

The resistor is only used to

_ create a node for the probe.
It has no effect on the results.

Set rise/Fall time

+ Common

Figure 1.18: Multisim Verification of Values Calculated in Example 1.5

Example %) UsingTable 1.1 as guidance, determine Vpp, Vpk, Vavg, and osiioscpe-xsci

Vrms for the following nosymmetric 50% duty cycle square w#vat has
a DC offset of 2V

x d A Al ue = Al ue A iiil ue A iXi ¢ X

X S %o I5VA(Max voltage on the plot)

X S%0 % A Uu]¥E A (Aie 6V (Verifiedin Figure 1.19)
Solve for Vavg using the area method

1) AVA As|iXife A TXK A¢s|iXinie.0BVs

2) Aot A= A TXTA gXiFi-se A IX7 s

3) s APAild A 1X1 se | i(Mdrfiedl i2Wigure 1.19)
Solve for Vrms using the modified area method

1) Square peaks: ri A)=~A VA

2) ri|Si2BV2p.0fAe 1A25V3s T|

3) d}s o D} 1(] E ri

4) 1.3V2'|d1BV2°|in°13)6\2

5) s@Eues A13VAE 361V (Verified in Figure 1.19)

ri Al AW
éT 2||X|n€)O§V2
| $ 62 or B|GSIVA 12 NV3s

Function generator-XFG1 P

Waveforms
[ e [ amma] || 252 V--1.00V
Signal options Loyl fi Vip-p): 6.00V
oM V(rms): 3.61V
Frequency: 10 . Hz | T @ Vidc): 2.00 V
Duty cycle: 50 % I FR1 Vifreq): 10.0 Hz

) ] R1
Amplitude: 3 vp %ﬂ(ﬂ
Offset: 2 v )

The resistor is only used to
_ create a node for the probe.
It has no effect on the results.

Set rise/Fall time

+ Common

LS 4

Figure 1.19: Multisim Verification of Values Calculated in Example 1.6

21

In @@, T

T2-T1 50.000 ms

|3 pos.Di): D

FINT]

Channe|_A
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P 200808 ms
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Timebasa
Scale: 50 ms/Div

Channal &
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Example 1.yUsingTable 1.1 as guidance, determe Vpp, Vpk, Vavg, and  Oscilloscope-Xsc1
Vrms for the following nesymmetric 80% duty cycle square wave that ha
DC offset of2V.

X thigh | ° 'Z}AV S} e Oiue }v SZ ¢ }% % 0}SX
X Solving for tiow using Equation 1.10 gives tiow A T1 U
X
X

d Ai ue = 7i ue A iii ue A iXi s X
S %o I3VA(Max voltage on the plot)
X S%o% A U]X¥EAB7e+ IOV (Verified in Figure 1.20) T il
Solve for Vavg using the area method
1) A As|0.08 A 0.3 Ai A7s0.02¢ /M.14Vs

2) Atorat A1 = A IX$® 8.i0 s AVIXi * — e —
3) s AP /T A 12%6# | X1V (Verified in Figure 1.20) T o osoms s
Solve for Vrms using the modified area method T2-T1 79.839 ms  -10.000V
1) Square peaks: ri A3)~A & T A7) Ad9V? Timebase Channel A
Scale: 50 ms/Div Scale: 5 V/Div

r
s e . ) Al 2 . 2
2) ri|SioMep.08e A72V3s ri]si Z,LV p.02+ B98V3s e < P
3) d}§ o D} ](] & A ri|&i ¥

N 2 2
4) 1.7V2eld A ZAIIX{47% R ——
. e . | |

5) s@Eue A1FVXE #12V (Verified in Figure 1.20)

Function generator-XFG1 28

Waveforms
Signal options T Ll V(p»p}:_m.[] v
3 oMz V(rms): 4.12V
Frequency: 10 @ V(dc): 1.00 V
% 1~ PR1 | v(freq): 10.0 Hz

Duty cycle: 80

tude: 5 \ Ri
Amplitude: P 1kQ
Offset: -2 v )

The resistor is only used to
+ Common - create a node for the probe.
- il It has no effect on the results.

Set rise/Fall time

Figure 1.20: Multisim Verification of Values Calculated in Example 1.6

Examples 1.5, 1.6, and 1.7 show realistic square waves that have one high pulse and one low pulse per period,
but you can also use these methods to determine the Vpp, Vpk, Vavg, and Vrms for a square wave that has
multiple high and low pulses (see Example 1.8). Unfortunately, Multisim cannot be used to verify answers when
there is more than one high and one low pulse.
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Example 1.80ne cycle of a periodic square wave is shown in the figure betomgTdble 1.1 as guidance,
determinethe Vpp, Vpk, Vavg, and Vrms valdiesthis square wave

6 [ [ I I I I I 8 [ Thére appéars to be equal amounts of area abbve and below'the
red dashed line, so Vavg = 1.2 V is verified.
5¢ . 51 1
4 . 4+ .
@ a 3
S, 2, X: 16.3
% % . Yo
B 1r i 5 if——— ) e =
= =
D |- - D el e ",
1r -1+
2r g 2
-3 I | | | | | | | I 3t 1 L 1 L L | L | L
0 2 4 6 8 10 12 14 16 18 20 0 & 4 il 8 10 12 14 16 18 20
Time (s) Time (s)

Figure121W Kv  C 0 }( % E]} ] *<p @ A A Jv &£ u%o iXd6 ~> (3:U A @&

x d ATl ¢« X ~&E}U %0}Se
X S %o I5VA(Max voltage on the plot)
X S% % A U]XEA (AT AV
Solve for Vavg using the area method (labeling the areas from left to right in ascending order)
1) AA §|Te A O0sa ATs|0e8%s Ay A As|O0e A Ti&yw AEs|Oe7Rs
2) At A= =u=nvA 050s* = T+grse A 10 s
3) s APAld A 10 se | _11V{Sea th@plot above-right with the red dashed line)
Solve for Vrms using the modified area method
1) Square peaks: ri A3)=~A\B® ri A2@% A3 ri As A VA roA-1 AW
2) ri|SioBe 27Vis rT|STACGO V3 r31TATVR |0 *180V3s rO|S O Wi|6 Vs
3) Total Modifie @& A ri|Si =ri[§8F {@MR7V?>e 6V?s = ifVke ZV’s A 200%
4) 200V?e|d 280V3s/20 20 V?
5) s@Eue+ AlOVXE 16V

Section 1.4.3 — Example Calculations of Vpp, Vpk, Vavg, and Vrms for Triangle Waves

Triangle waves aren’t nearly as common as sine waves and square waves, but they are present from time to

time in AC circuits. One example is when high frequency square wave pulses are transmitted in a circuit that

have such narrow pulses that the components can’t handle the speed duetoslewr § ~4Al48« o]Ju]s §]}v
the square wave is converted to a waveform that looks more like a triangle. A saw tooth is another popular

triangular waveform that ramps upwards until it reaches its positive peak (just like a standard triangle wave) and

then drops instantaneously to its negative peak (like a standard square wave). The term “triangle wave” in this

eBook will be used to define any signal that has a periodic series of triangular pulses. The most common triangle

wave is one where each period has one triangular section above the x-axis and one below the x-axis with a slope

that has a constant magnitude, but alternates signs as shown in Example 1.9.
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Example 1.9UsingTable 1.1 as guidance, determine Vpp, Vpk, Vavg, and Vrms for the following symmetric
trianglewave.Note: The Duty Cycle in the function generator settings belowhalsan effect on triangle waves.

If the Duty cycle is set to a minimum value of 1 then the triangle wave will look like a “saw tooth” wave that will
ramp up to its peak nearly instantaneously and drop down to its negative peak more slowly. The reverse will
happen if a Duty Cycle is set to the maximum value of 99. Stop and restart the simulation when making changes.

Function generator-XFG1 M = Oscilloscope-X5C1
V200V |
Waveforms V(p-p): 10.0V
; e o] | Vidc): 3.73 mV
Signal options § cong Vifreq): 10.0 Hz|
3 .
Frequency: 10 Hz T @ =
: o PR1
Duty cycle: 50 Y
R1
Amplitude: 5 vp 1kQ
Offset: 0 A
Set rise/Fall time = ¥SC1
i
3 Commaon _ f :
= A rq'?
P
[l
g Time Channel_A Chan
o E| B 0.000 s 0.o00 v
T2 [#][+]| o.0005 0.000 V
T2-T1 0.000 s o000 v
Timebase Channel A
Scale: 50 meDi'\-" Scale: 2 UJ'rDl\"

Figure 1.22: Multisim function generator settings and scope print for triangle wave in Example 1.9.

x d A il& A ilii A iXi e X

X S %o I5\A(Max voltage on the oscilloscope plot)

X S%0 % A Uu]¥E A (AR * 1AV (Verified with Multisim voltage probe)

X s AP Aymmetrical square wave in Table 1.1) ~s & ] (] e ¢ is AJ$8Z Dpos]+]Ju A}os|P

For triangle waves the integration method (Equation 1.6) must be used for Vrms. There is no simplification.

X Each line needs to be broken up in separate functions over one period. The easiest way to do this is
determine the slope (5/0.02 i A0 and break the waveform up into 2 sections.

x &E}u & A1 8} @hiYsAi~3eand &E}u 8§ A dIT $}2dIYSAT~3. A -

Raw 871, RPS @R8[1,1 (200 @°@+ i, %10 F200 @° @ P

RaeAS={[13333.333 @] 41524 [100 @PF 2000 @+ 13333.33 @] {415
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R 2:A¥8.3333 = U.4 4, *The Multisim probe value was very close to this value (2.97 V).

Example 1.10UsingTable 1.1 as guidance, determine Vpp, Vpk, and Vavg for the following figure that shows

one cycle of a nosymmetricperiodictriangle wave. Note: The Multisim function generator can’t be used to

create a complicated waveform like this. Since calculating Vrms for triangle waves is arduous and not frequen

necessaryhis examplevill leave it out and only solve Vpk, Vpp, and Vavg.

X:0.75
1 . Y:0.75
n
05 = / _
/ [f
0 | |
X:0.2778 X:0.7105
-0.5 + Y: -0.0004 Y: -0.0005 .
2 40 |
(=)
2
o -1.5r 2
(=]
i 2
(=] i 1| .
>
_2‘5 - N
iy L -
3.5+ X:. 05 i
\/ Y: -4
_4 ] 1 . 1 1
0 0.2 04 0.6 0.8 1

time (seconds)
Figure 1.23: Triangle wave for Example 1.10.

x d Aies X
X S %o 0.5V (Max voltage)
X S% % A u]¥EA X 45V
Solve for Vavg using the area method (labeling the areas from left to right of each right angle triangle in
ascending order). Assume the Y values shown in Figure 1.23 that are -.0004 and -.0005 are equal to zero.
1) AA *|Z A0G26-0) | TXAs A iXioTfAse
AyA *|Z A* ~TXTXGDe o | i1 Xfis A * i1XiT00 - | iXfAs A IXi1l00A s
AnA *h A * ~3IXRT1600¢ («+4V)|A * i1 X111 «4V)| A 0.4444 Vs
Ay A* [Z A * ~1X0b)ifec|(—4V) A * IXTiiA =4V)|A0.421Vs

Ay A *|1Z A * ~T1XKXGi+ie o | i1 X6fs A * iXIiTdf e | i1 X6fis A 1XIiiddiT s
AdA *|Z A * ¥XKéfie s | IXO6AS A * IXifi e | IXG6As A IXiBi6A se
2) Atotal A =y = 3 = |v:v:v|AO.QTﬁZ‘IX‘I‘I—@.@mZL—‘IXé’I\I' = IXiiooiT = DX8DAWéN A

3) s AP A/ 1d A6874Vs/1 » £.6874V (See the plot above with the red dashed line shows this
value looks like the midpoint between the positive and negative parts of the waveform.
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Module 2 — AC Circuits Math Background

Module 1 described common types of AC sources. From this point on the focus will be solely on sinusoidal inputs
that were represented in Equation 1.1 in Section 1.2 as the following:

X Sinusoidal Form Av(Se+ AsAv-~S |}

Module 2 will provide the math background needed to be able to solve RLC circuits with AC sources. The first
mathematical simplification is to represent the sinusoidal signal as a “phasor” that has a set amplitude and
phase. The “phasor form” of a sinusoid is the amplitude and phase represented in polar form.

X Phasor Form £V=A a4}

Capital letters are used for Phasor variables and lower case letters are used for sinusoidal form variables. Phasor
form is convenient because all signals in any RLC circuit will have the same frequency as the source (or input)
frequency. For example, the following figure shows an RC circuit and the input and output voltage signals.
Notice thatthe (E <p vol v and vout are the same, but both the amplitude and phase change.

Figure 2.1: Example showing how an RC circuit affects the amplitude and phase of a sinusoidal input.

Oscilloscope-XSC1

— " —

<

1 [FE Time Channel A Channel_B
20.769 ms 4.936 V 1.876 V
T2 « + | 18333 ms 2.920V 3.008 V

T2-T1 -2.436 ms -2.016 V 1.131V

Timebase Channel A Channel B
Scale: ‘5 ms/Div ‘ Scale: ‘2 V/Div ‘ Scale: ‘2 V/Div

Figure 2.2: Oscilloscope plot of Figure 2.1

26




Figure 2.2 shows how the phase shift and amplitude can be determined using Multisim, but there is some
measurement error due to the limited resolution of the scope plots. The frequency could also be found in the

scope plot by measuring the period andusing $Z < 8]}v ( A ildX /8§ v e vi§8zZ338zZ (&

same in Figure 2.2 since the output and input always have the same time shift between them. Therefore, the
phasor can be used to describe the signal, and the math required to determine the output phasor can be
accomplished using simple vector operations of the phasors instead of trigonometry. The frequency can be
removed from the calculations. Example 3.1 in Module 3 shows how to calculate the output phasor (3 arat{yN
for the circuit in Figure 2.1, but before getting to that it will be beneficial for many students at this point to

review vector addition, subtraction, multiplication, and division for vectors in polar and rectangular form. If your
skills in this area are not solid then you will have a very difficult time solving the circuits in Module 3.

The vectors in this section will be used to represent currents, voltages, admittances, and impedances in Module
3. The impedance for capacitors and inductors are -90 ¢and = 8 dout of phase respectively with resistors which
leads to the xy plot in Figure 2.3 where the y-axis represents the imaginary plane and the x-axis represents the
real plane. The two types of vector forms are rectangular and polar (Recall: Phasors are in polar form). An
example of a vector in quadrant 1 is shown in Figure 2.3 with the variables labeled that are used in rectangular
(}E&u ~yamd polarform (A &}

osimagnar s |
——  —

——l
N oo
I

———

Figure 2.3: XY plot of vector Z (Note: Z is just the variable used for the vector. Any variable can be used).

In polar (or Phasor) form theangle, }U ] 0A Ce 5§ | v A]$3Z E *% $§ a%i§s&B th*a}umiS]A E
length vectors lying on the positive or negative x or y axes can be represented as follows:

X Zi=14i dies on the positive ~ ide of the x-axis and has a rectangular formasZ;=1=i|drjustZ; =1

X Z,=18&0 6AL a<l1lies on the ( 3 side of the y-axis and has a rectangular formasZ,=0=1|or Z, =

X 2Z3=14180 OAL 4« lies on the (-) side of the x-axis and has a rectangular form as Zs =-1 =0|or Z; = -1

X Zy=18&70 0AL & <|Tlies on the (-) side of the y-axis and has a rectangular form as Z; =0- i3 or Z, = -j

Note: The angles for Z; to Z, were given in degrees and signified by a degree symbol, but when converting it to
radians no symbol is needed. It is always assumed the angle is in radians if there is no degree symbol. When
radians are used to list the angle it is preferred to put the radians value as a fraction of <. Always represent a
phasor such that the angle is between-180 0 v =i@br—< v 2.If the angle, }, is greater than <then
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subtract 2 <until }is between—< v =z Conversely, if }is less than - <then add 2 <until }is between—<and

=.

Converting between rectangular and polar form is something that needs to be done frequently when solving AC
circuits because:

X When adding or subtracting vectors rectangular form is much easier.
X When multiplying or dividing vectors polar form is much easier.

When combining impedances or admittances or when using a KVL or KCL, vectors are added or subtracted so all
vectors should be converted to rectangular form. When using Ohm’s law vectors are multiplied or divided so all
vectors are converted to polar form.

Converting from polar to rectangular form (as shown in Example 2.1) is straightforward, but converting from
rectangular to polar form (as shown in Example 2.2) is trickier due to the ambiguity of the angle. For example,
when Y and X have the same value the arc tangent (atan) of 1 is equal to 45 O, but this situation can occur in two
different situations: Quadrant | where X and Y are positive or Quadrant Ill where X and Y are negative. If the
vectorwasinquadrantItZ v } AA®BU p3 ]( $Z+ Av SUE®A v3 ///i D = }dA B @ order
8§} A}] ules |l « AZ v o0 pefehueangled Zrer) should be found and then the quadrant should
be determined based on the signs of X and Y as shown below.

X Irer=atan(|Y|/|X]) Note:d | 3§Z sloud A op }krze WAYG3} } SA v io v 0i6X
Next, the reference angle can be used to find the actual angle by knowing what quadrant the vector is in.
. Quadrant1(X>0,Y>0): }= Jeer

. Quadrantll (X<0,Y>0): }=18006 Jrer or  <- Jrer

M. Quadrantlll (X<0,Y<0): }=-1800+ Jree or - <+ Jrer

IV. QuadrantIV(X>0,Y<0): }=- }rer
Example 2.1Convert the following vectors from polar to rectangular form.
Z1=1.41443«<10 Z=164a<kb Z3=3 4-<R Z=7 a7«

X Z=141443¢18 B=X+]jY=1414 8518+ LAldsin(3<18+-Brj1
X Z=164<10 AA=X+]Y=16 }e~<ID6Jvi ~<I1386A]0.8

X Zz=34& <lT AL=X+]Y=&s(-<lTe Bsin(-<IT+ 43

X Z=Ta7<« AL=X+]Y =0dos(7T<* = sinf[7<* &

Example 2.2) Convert the following vectors from rectangular to polar form.
=2 Z=-1+] Z=-3-/4 Z=(0,/1)

X ZZAJA T =AY =iz
o} A5 0" A2
0 }lieson the positivey- A ] ¢} ]
o Z Al = i/AZ, A AER & N t
X LA{i=Ay =iz
0 A-B~=71" Al414
0 R A S VAlmine A0
0 E L-kee(YH E v8{le A
o Z, Ai = iZAA 4EAL4144 k10

§ ] <p olB} 816 }E
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X ZzA3-jAA Yy =i z
0o A-3 =47 As
0 kerA S veaniaineAARTXENGET XADA<
0 }Ac< =gg(QuadrantIll) A0.705<
0 Z3 A5 &0.705¢
X Zs A (0]) £AdZ]e ~yUze v}S 8]}V cJu%ooCsolls A9l A 11U z A -
0 AE5-17]" AL
0 }]*}v §8Z v Rxi$ddhtis@qualto— <7
0 Zs A&l

After mastering the ability to convert vectors between rectangular and polar form it is time to add, subtract,
multiply, and divide vectors. When adding or subtracting vectors they should be put in rectangular form and the
real parts are added or subtracted and the imaginary parts are added or subtracted separately as shown in the
following example. Multiplying and dividing vectors is shown in Example 2.4.

BExample 23) Practice adding and subtracting different combinations ofmesctrom Exampke2.1 and 2.2
41=]2 Z=164a«<lkb Z3=-3 -j4

X  We will need to first convert Z> to rectangular form: 2> A i Xal10/&Z; A iXi60 = i 1X0

Addition Method (X1 = bz =2=YybezA1=ypy = j =

X Zi1=2A ~17= HXI00 = i +X6386 H2i=1X81.386+j2.8
X Z1=3°A ~1 = i3ejhke~A ~Je== 4-1AR-j2
X Za =3°A ~iXT00 =-B-ij¥®A=~+XBBO==i ~4iXA.614-j3.2

Subtraction Method A(X1 = 1)Z(X2 = b ZzA1=Xps = 1—Y¥a}

X Z1—Z> A ~12F(iXT60 = i 1 X038 =i r0:8 A.386+j1.2
X Z1—-723 A ~1 =(3ejde A—3e = =4+ +jb
X Z2-723 A ~iXT060 =(-B-lj4®A ~iXBBO= | —-I4%0M1386+]4.8

For addition problems, plotting the vectors can be very helpful in determining if the answer is correct. If you put the second
(Z2) vector on the tail of the first vector (Z1) the resultant vector (Z: = 2}is the vector from the origin (point 0,0) to the tail
of Z. This is demonstrated in Figure 2.4.

j axis

-“
"‘
.
e
.
L &
.
“‘ .

I
———

real axis

\
\—

Figure 2.4: Visualization of the addition of two vectors.

The subtraction of vectors is also shown in Example 2.3, but addition of vectors is something that is far more
commonly done in AC circuit problems. Since the visualization method shown in Figure 2.4 makes catching math
mistakes very easy, it is highly recommended any time vector addition is performed. In fact, a common practice
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in Module 3 will be to determine the total impedance by adding individual impedances and making an
impedance plot, which is a plot of all of the impedance vectors in a series circuit.

Example 24) Practicemultiplying and dividing different combinations of vectors from Exagdleand 2.2.
41=)2 Z=164a<b Z3=-3 -j4
X We will need to first convert Z1 and Zs to polar form: 21 A i 12&24 <11,Zs A3-j4 /AEZ3=5&0.705<
Multiplication Method /E[A1d L |28 e A1 4A2) &~ = 2}

X Zu|Zo A2Aclis LEAI> A ~T [A(ND=I) AB2A:tdis
X 71 [Zx A2&clTs S&IXOTRA ~T4[ <fik=1X 6 )i AL0 £0.205¢
X Zo |23 AL6 A<lO S&IXOIRAG5) &(<10=1X 0 i)i A8 &0.538 ¢
Division Method A[A:1 d h]+[A24 %] A /A)) &~ })
X Z1+Z M2ac<li+[16 a<lo A 4B)/a(<l1- <1y AL.254:<lTe
X Z1+7Z3 M2A<l+[5&1XO0TRA Sd(<lT--T1X06iNA0.448 XTi1f0.4&1X60M <
% Note: I X7ific ]« E < o} §} P & §Z (]Jv© wWPOA ZA SEps 1 <X
X 2,+73 A16 4<ld=[5&1X01RA6Y5) &<l -1XO1)iA0.32 8.8717 <

Multiplication and division of vectors will be done when Ohm’s Law is used in AC circuits. Addition, multiplication, and
division will all be used when you combine two impedances in parallel AZrotal A *28/(Z1 = 2¥

Before ending the discussion on sinusoidal form and how it is represented by a phasor, the concept of the “rotating phasor”
is shown in Figure 2.5. This is a good way to see the connection between the phasor (A a }) and the sinusoid it represents,
Asin (7|3 3. When time equals zero, *]Vv "i§ 8lso equal to zero and the phasor is located at A &} ¢ *Z}ANgdre 2.5.

j axis

\

\ \ real axis

Figure 2.5: Rotating Phasor Visualization.

The phasor (or thevectorA a}e v §ZyuPZzs }( » ]JvP E}S S C v vPuo & A e} ]3C }(
time variable tin theterm ¢]v "dafbe E % E * v§ C 3 ZbedsudEthe initialiténe is zero for the rotating

%Z *}E }Vv %3X dZ U%O0]SH ~ ¢ }( 3Z %Z «}E&E Aloo v}S Z VP e+ ]85 E}S § |
% Z o VPO ] <«<p o 8} 8Z Jv]8] 0 %Z + Vv 8Z % E} p S }(" v 438X

BExample 2.5) If(t) = 5sin(90-t —0.2<), whereis the phasor located at afterl32 m®

X Initially the phasor is located at 5 & 1 X T«

X The amount of phase changeis £4} A "|[MPBE | ~iXIiTi1TiX0idd E ] ve A i1X0i«
X The final phase angleis equalto £} Ai X1« = 1X0i< A 1Xdi«

X The new location of the phasor is equalto A5 &i X d i«

The connection between the phasor and the original sinusoidal function v(t) is as follows:

X If you put in 21.32 ms into the v(t) equation you get A5 sin(90-0.02132 i X T 4.8
X 54i X 0 imvas the value of tharfal phasor and sin~i X dice A dX06
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Example 26) Ifv(t) = 12 sirf{1200-t+0.8<), whereis the phasor located at after 3.892 secohdidake sure the

final phasor location is listed as a value betweerand +< so it can be easily visualized on the real, imaginary

(x,y) axisALWAYS put phase values betweenand +<« ~}@® 16 v = i6i6X
X Initially the phasor is located at 12 a=1 X 0 <
X The amount of phase changeis ££4} A " |M §iirad/sec(3.892 « <« 48704 (E | ve A6BASK
X The final phase angle is equal to £} A9.8 < 2486.6345« Al487.4345¢ A dZ]e ]« E < ¢} g SE 3§ UPO]
x [(7<]e }v8]vy 00C *pu SE 3 pVEJw JigeoxdAdwW« $Z A op ]* <p o §}isatthes

locatiov ¢ iXid«<X dZ]e Vv sp(3@ SWRB]x juys SA w youget-iXAOMMc<
X The new location of the phasoris equalto A£12& 1 XA0fAfi«

The following is only done to verify the result:

X If you put in 3.892 s into the v(t) equation you get A12sin(12003.892+0.8 < =-11.74678
X 5 4i X 0 inasthe value of the final phasor an@ sin(-0.5655 <¢ A1.74678

ALWAYS put phase values betweenand +< ~} @16 v = i0i
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Module 3 —RLC Circuit Analysis with AC Sources
Module 3 is broken up into the following 5 sections.

Section 3.1 — Introduction of Impedance and Admittance and the Laplace Transform
Section 3.2 — Series RLC Circuits

Section 3.3 — Parallel RLC Circuits

Section 3.4 — AC Power Calculations

X X X X X

Section 3.5 — AC Maximum Power Transfer

Section 3.1 — Introduction of Impedance and Admittance and the Laplace Transform

Before solving RLC circuits with AC sources there is some terminology that needs to be discussed. First of all this
eBook focuses only on RLC circuits with AC sources. For brevity, these types of circuits will be referred to as “AC
Circuits”. For DC circuits at steady state, resistors were the only components used in calculations because all
capacitors in the circuit were replaced with open circuits and all inductors in the circuit were replaced with
short circuits. For AC circuits at steady state the capacitors/inductors no longer can be replaced with open/short
circuits, but instead are included in the calculations. The remainder of this module will look only at AC circuits at
steady state. Transient analysis of AC circuits is accomplished by using Laplace Transform solving techniques.
Some Laplace Transform examples are shown in the Appendix.

The impedance, Z, is shown for resistors, capacitors, and inductors in the left side of Table 3.1 in both
rectangular and polar (Phasor) form. The magnitude of the impedance is called the reactance, X. For AC circuits
in series the impedance of the components can be added together to get the total impedance, just like the
resistors where added together to get the total resistance in DC circuits. For networks of components in parallel
and series the math for combining them because very time consuming since for each combination a complex
algebra problem must be performed. For this reason only series (section 3.2) and parallel (section 3.3) AC
circuits will be discussed in this eBook. However, the same rules for combining resistors are used for combining
impedances as shown in the DC and AC equation comparison below:

Equations Used in DC Circuits Equations Used in AC Circuits

-N Resistors in series: Rcagz 45+ 46+ ®4¢ -R, L,andCsinseries: Zca¢ <s+ <5t ®<
. . E & Q®

-2 Resistors in parallel: 4¢3 =——= ESE - 2 Impedances in parallel: <3& == a0
. . 5 5

-N Resistors in parallel: 4¢3+ — e -R, L, and Cs in parallel: saf = BN

A. A A =S Eé

-Conductance: ) = —Z - Admittance: ; = —g

-N Resistorsin parallel: )cae )i + )2+ ®), -R,L,and Csin parallel: ;ca& 55+ j6+ ®¢

-Ohm’sLaw: V= +@®& K Ni= —I.E= 8 ® -Ohm’sLaw: V= +®& K Ni= —|O= 8 ®
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Table 3.1) Impedance, Reactance, Admittance, and Susceptance for Resistors, Capacitors, and Inductors

Impedance=Z=R+jX (Units=Q) | Reactance | Admittance=Y=G +jB (Units =Siemens) | Susceptance
Laplace Vector Form Variable: X | Laplace Vector Form Variable: B
Component | Form X+jY Az O Units =Q Form X+jY AL B Units (Siemens)
Resistor R Z:=R R£0 0 G Y:=G=1/R G£0 0
Inductor Ls Zi=jlw Lw£90° X = Lw 1/(Ls) Y, =-j/(Lw) 1/(Lw)2£-90° B, =1/(Lw)
Capacitor | 1/(Cs) | Zc=-j/Cw |1/(Cw)£-90°| X.=1/(Cw) Cs Yc=jCw Cw£90° Bc=Cw

Section 3.2 — Series RLC Circuits
For DC circuits with series resistors all of the resistors are added to determine the total resistance. Then the

MEE vS Jv §Z

0}}% ]

0 po §

(E}u KZirduitsthdlsamé phocassliZidljoived For

except resistance is changed to impedance and each of the variables is a phasor instead of a scalar. The next
three examples show the process.

Example 3.1Verify the output (M) forthe circuit in Figur8.1 by finding the total impedance and using Ohm'’s

Law Go toFigure3.2to see the oscilloscope plot of the waveforms

Figure 3.1: Solving for the output in phasor and sinusoidal form for Example 3.1.

For this example the voltage across the capacitor could also be solved for by using Ohm’s Law.

X Vc A Jlc A K90 A |~ 2490 A ~i Xwi) ®(2e-6) [2 |< $0)] 490 |+ M&37| A &0.20556 N
X vc~3dsh (120 <t-0.20556 <)

Example 3.1 shows the process of solving series AC circuits, but one thing that isn’t addressed is the leading and

lagging aspects that were discussed in Section 1.2.
Recall: A waveform is leading another waveform if it completes its sinusoidal cycle first. Mathematically, a

waveform leads another waveform if it has a larger phase. Since the phase of Vou: (} A ) is greater than ¥, ( }

A @in Example 3.1 Vou is leading.
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Oscilloscope-XSC1

AE

Figure 3.2: Scope plot of the circuit in Example 3.1

The leading waveform will be the one with the largest phase, but there is a pneumonic called “ELI the ICE man”
that can be used to determine which waveform is leading or lagging without calculating the phase.

ELI the ICE man

The L and the C stand for inductor and capacitor, respectively (I will frequently use Blue font for inductors and
red font for capacitors). If the circuit is a series RL circuit it is an ELI circuit and if it is a series RC circuit it is an
ICE circuit. If the circuit is a series RLC circuit, then the quadrant of the total impedance will determine whether
it is an ELI or ICE circuit. If Ztotal isin < (E \t3s dn ELI circuitand if itisin < & Vv & id an ICE circuit. The
“E” stands for the potential, which is the input voltage. The “I” stands for the current in the single loop AC
circuit. Since the current and voltage across a resistor are always in phase with each other in a series AC circuit
then the current (1) can also be used to represent the voltage across a resistor for lead/lag determination. If “E”
is written to the left of “I” (i.e. ELI) then “E” (or Vin) is “first” and leads “I” (the current or voltage across the
resistor). The opposite is true for ICE circuits. In summary:

X ELI— Any RL circuit or an RLC series AC circuit with a total impedance in quadrant I.

X The input voltage (Vin) leads the current (1) or the voltage across any resistor (Vr) in an ELI circuit.

X ICE — Any RC circuit or an RLC series AC circuit with a total impedance in quadrant IV.

X The input voltage (Vin) lags the current (1) or the voltage across any resistor (Vg) in an ICE circuit.
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1 mV/mA
XCP3 | — —
d‘_ v s ol ke '"“\
Vin RS fiideg il
/ / \ / )
5Vpk 1677 1| S / \-\ / \ L \
aVE < § / f /
6otz (X) Vin(V) = 5:sin / " \
o° ™ Phasor: 5 £ / \ / \ ;
Input --—---- / / / P
; ' T T ) o1
i I". ) J \‘
/ ) / | 4
)( " \\‘ ¢ 3 \'. c f,-’l ._\\‘ :
I\\_ A ."f \'\
Y / A
'y B -
< >
i [ Time Channel_A Channel_B
20.769 ms 3.007 mV 2915V Reverse
T2 e 41| 23205 ms 1.879 mv 4937V
iz 2.436 ms ~1.128 mV 2021V Save

LR Ext. trigger

Timebase Channel A Channel B Trigger

Scale: | 3 ms/Div Scale: | 2 mV/Div Scale: |2 V/Div Edge: T_ ~[alB Ext

X pos.(Div): | 0 Y pos.(Div): _U Y pos.(Div): 0 Level: |0 v |

Figure 3.3: Input Voltage a Current scope plot of circuit in Example 3.1.

For the circuit in example 3.1 the input voltage and current are plotted in Figure 3.3. The current can be plotted

on a scope using the current clamp as shown in Figure 3.3. The current clamp conversion is shown in this
example to be 1 mV/mA so the peak current reading of the red current waveform is 3.007 mV, which equates to

3.007 mA. The next example is an RLC cirucit. Notice how in the calculations in Figure 3.4 that the current and
Vg both have a phase angle of -18.5 0. This means they are “in phase” with each other.

Example 3.pSolve the circuit ifigure 3.4or VR1 and verify it with the Multisinsailloscope

XsC1l

4

®

Vin
1Vpk
1kHz
00

R L
NV YV,
3kQ 0.16H

Ztotal = 3000 +j (0.16)(2*pi)*1000
Ztotal = 3000 +j 1005 = 3164 £ 18.5°
| = Vin/Ztotal = (1.£0°)/(3164 £ 18.5°)
1 =0.316 £-18.5° mA
V_R=1'R=0.9484£-185°V
ts_scope = 0.051282 ms

6_scope = -w-ts = -18.46°

1

1 FR Time Channel_A Channel_B
1.231 ms 980.634 mV 842.755 mV
T2« > 1282ms 978649 mV  938.283 mV
T2-T1 51.282 us -1.985 mV 95.529 mV
Timebase Channel A Channel B
Scale: | 200 us/Div Scale: | 500 mV/Div Scale: | 500 mV/Div

Figure 3.4: Circuit and Scope plot for Example 3.2. Vi, is the Red sinusoid and Vx is the black sinusoid.
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The calculations for Example 3.2 are shown in Figure 3.4. The following link can be used to verify the total
impedance calculation in a RLC circuit: http://hyperphysics.phy-astr.gsu.edu/hbase/electric/powerac.html

The phase of Vri that was calculated using the time shift measurement from the scope is equal to -18.46 Gand
the value was calculated as -18.5 OVin_pk should be equal to 1V, but is measured as 980.634 mV and Vgy_pk
should be equal to 948 mV, but it is measured as 938.284 mV in Multisim. The small errors of the time shift and
peak voltage measurements are expected due to limited resolution of the Multisim oscilloscope.

Note: If the minus sign of the Multisim oscilloscope is left disconnected then it is automatically assumed to be
PE}luv X dZ & (}E U }van@el A5 cornected in EiguZe 3.4. If you want to take a scope
measurement across a component that is not connected to ground (i.e. vg in Figure 3.4) then you connect the
two sides of the componev§ S} §Z —=idewf the scope channel. Most oscilloscopes in the real world
require that the minus sign (or black clip) be connected to ground. For example, Figure 3.6 shows a sinusoid that
is connected to channel 1 of a Rigol DS1074 oscilloscope. This scope has 4 channels. Each channel has a probe
that has a black clip that can only be connected to ground as shown in Figure 3.5. If you want to take a
measurement across a component that is NOT connected to ground (i.e. differential measurement) then you
have to connect 2 different probes to the two sides of the component and use the Math subtraction function to
determine the voltage across the component.

Figure 3.5: Rigol Oscilloscope Probe: http://www.prc68.com/I/RigolDS1052E.shtml
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/RIGOL DS1074 2 oscuoscore GgraWiian S ssen

1.00GSa/s
RIGOL T0 H 200us 35005 X D  0.00000000ps T5@ 268V

h 4 1 P—
Max Min Vpp Top Base Amp Avg VI®JUUUL<1skz ] Coupling
‘CH1 520V -480V 100V 432V -3B89V 821V  664mV 3.26V  1.35mvs 206uvs -E . ac
Freq Peri +Duty -Duty +Wid -Wid +Rate -Rate Over Pre ©
CH1 1.00kHz 1.000ms 50.80% 48.20% 508.0us 492.0us 582mVis -571mVis 1068% 11.04% ~ BWLIMIL
Rise Fall tVmax tVmin Vari  Vupper Vmid Viower VrmsP
CH1 226.0us 230.0us -856.0us -348.0us 160VZ 350V  215mv_ -3.07V 327V OFF

req

e 9

Probe

Rise Tima B ) Invert

.- i OFF

Fall Time : Volts/Div

Coarse

Lo t F _— N W
Period=1.004ms Freq=996 Hz Vpp=10.0V

Figure 3.6: Photo of Rigol DS1074 Oscilloscope with a 10Vp-p sine wave at 1 kHz.

Example 3.8Solve the circtiin Example 3.2 for the voltage across the@uctor and verify it in Multisim.

Xsc1
+a. Dscilloscope-XSC1
v a1amy [ |
Vi{p-p): 837 mV "
+Vims): 22T mV ¢ ?
Vidc): 24.0 uV

Vifreq): 1.00 kHz 1

R =~ VML

o n aat ]
™ =fos [ o
Ztotal = 3000 + j (0.16)(2*pi)* 1000 ;
Vin Ztotal = 3000 + | 1005 = 3164 £ 18.5°

1Vpk 4~ | = Vin/Ztotal = (1.£.0°)/(3164 £ 18.5°)=0.316 £ -18.5° mA
1kHz [ ~ YV_L=1Z_L = (.316-1.005) £ (-18.5°+90°)=.3176 £ 71.5°

0° — /ts_scope = 198.291 ps

=
6_scope = -w-ts = 71.38° n[e| e GemelA e
= | 1239 ms 980702 mV  121.644 mV
T2 104ims 250408 mV 317371 mV
* TTL|-198.291us 729293 mV 195727 mV
J_— Timebase Channel & Channel B
= Scale: 200 us/Div Scale: | 500 my/Div Scale: | 500 mV/Div

Figure 3.7: Circuit and Scope plot for Example 3.3. Vi, is the Red sinusoid and V, is the blue sinusoid.

Calculation and simulation results comparison for Example 3.3

X Vi A 1 X71i&105 |(Calculated), V. Phase MeasuremevsS (E}u «7138| A

X Vi Amplitude Measurement: Vi AVpp T A 0TOUSIT A 1XTi6A s ~WE} « }E iXT7i6106i s

X Notice that V. leads Vi, in the scope plot, but this cannot be determined from the ELI the ICE man
pneumonic that only relates Vi, and | (or Vg). Vi has larger phase that Vi, so it leads Vin.
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The last series AC circuit example will be a RLC circuit. For this example the impedance plot will be drawn to help
determine the phasor of the total impedance that will result when all impedances are added. Even though only

one resistor, one capacitor, and one inductor are in this circuit there could be multiple components in series and
the same process of summing all impedances would still be performed in the same way it is done in Example 3.4.

Example 3.XSolvefor the total impedance phasor in the circuit in Figure 3&hen L 0.2H and when E 1.8
H.

R L
Vv ik Vln_pkA iT\'in_&nsl%A fooX6 s
Vin A T0G@{0
Vin 1¢c ZaL E & @X-®X;
G)ééﬂ\fms T Zot Lwrr E E : ®FOHd;x ® strN;
=/ 0° Ziot =500 —j 189.86 = 534.8 420.8|(L = 0.2 H)
Ziot =500 + j 413.33 = 648.7 439.6|(L = 1.8 H)

Figure 3.8: Circuit for Example3.4

The phasors for the total impedance (Zw:* (} E Z }( 8Z 38A} eve >>AAXEI,s E o]

textbox in Figure 3.8. An impedance plot is performed in Figure 3.9 to help verify the total impedance was
calculated correctly.
X e« T AZ E > A iX1 @ *quo S& w3z / s, which means GEsandit and Vi, lags the
current and the voltage across the resistor.

~

X e« 1TAZ & > A iX0 (B «poIE, Wi®/means it is an ELI circuit and Vi, leads the
current and the voltage across the resistor.

jaxis .

s ]
z ]
R real axis

\

Figure 3.9: Impedance Plots for Example3.4. Case 1: L = 0.2 H (Left Plot), Case 2: L = 1.8 H (Right Plot)
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Example 3.pSolve for the loopurrentand \kfor each of the two cases in Example 3.4 (L=0.2Hand L = 1.8 H)

and represent them in phasor form and sinusoidal formify/gre loop current results with Multisim.

First, the current will be calculated using Ohm’s Law and the Multisim values will be measured on the scope.

* Case 1: L=0.2 H, Zyotal = WUV &2 rdi z(see Fig. 3.9)

* Case 2: L=1.8 H, Zyota = 648.7 &39.6 | (see Fig. 3.9)

5:7 a4

— 3 4 _ z 5
T7eaess = 03173 420.8%= 0.3173 40.116&

>k 4=
* 8= +®= (03173 40.116 ¢ @vrrA 1587 40.116¢&
*Vg ~DuoS]e]u WE} -+ AR2IAI iSIEXS® E
Z ]~3« A IXii0it =] uXiib <

*vp~Se A TAO0OX& 3]GHbIde

* 4= 85:—;;‘”_': 02616 4 F39.6%= 02616 4aF0.22¢&
* 8= +®= (02616 4F0.22¢ @vrrA 1308 aF0.22¢é

* Ve (Multisim Probe s A SMrhd* 32 A 20.6V

7 ]~&« A IXToia-epe~kii «

*vp~8e A [T1X06 <t} 0271

Z Dposd]e]u u%aldmv U A

* Multisim Time Shift, ts A0:94 ms

* Phase Shift, } At.|" A xyl20|< A TiXi6

* Multisim Current Verification for Case 1 and Case 2 current calculations (See Figure 3.10 below).

Z Dpos]e]u u%abimv U A
* Multisim Time Shift, ts AL.833 ms

* Multisim Phase Shift, } At;|”™ A39.70

xee1 |
R L
Ref1
V) 5009 @ 0.2H
. V279V
Vin V(p-p): 313 V

F~, 120Vrms V(rms): 113 V
~v 160Hz V(dc): -31.5 mV
= 0° V(freq): 60.0 Hz

Oscilloscope-XSC1

Vo -889V
V(p-p): 258

CoMms)et4yv oo T
V(dc):-16.9mV - - -
Vifreq): 600 Hz =~

7/—— . /./."‘-\
(r N / 5 .
/ - 7 N N /
/ Y VN
\ //ARRa R mERY - »
! / ! Y .-")j /
\ / / \\ ) /
A o hY /
S / AN i
N S ‘\v_/
‘/1‘
< B I 4
[ Time Channel_A Channel B . Time Channel_& 7 Channel_B
:::; 19.872 ms 155.665 V 312.072 mV | JLE A 22735 ms 127.460 V 256.875 mV
«[+1 20812 m 166.495V  293.556 mV T2« | 20897ms 167576V 197.749 mV
T2-T1 940.171 us 10.830V -18.516 mV | T2 -1.838 ms 40.116 V -59.126 mV
Timebase Channel A Channel B | Timebase Channel A Channel B
& - . .
" Scale: | 5 ms/Div Scale: | 100 V/Div Scale: | 200 mV/Div Scale: | 5 ms/Div Scale: | 100 V/Div Scale: | 200 mV/Div

Figure 3.10: Current (Pink) and Vi, (Black) Plots for Case 1: L = 0.2 H (Left) and Case 2: L = 1.8 H (Right)
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Example 3.5Solve for thenductor andcapacitorvoltagefor the two cases in Example 3@ase 1: L = 0.2athd
Case 2L = 1.8 HRepresent voltagas phasor formand sinusoidal form. Verify theage lvaluesin Multisim.

V. (peak voltage) will be solved two different ways: 1) Ohm’s Law and 2) Voltage Divider Rule (VDR).

* Case 1: Zrota = WUVAZT@AZf*T L rauspazp *Case2:Zro= xvzay aufax| L rétxs{<54|

* 8= +@;= (03173 42089 ®2 @490 |= OlaavU@ * , ,= ueh,=(U0RURFUARY @ a®aal= Uaapapy

- 46 4=4 _ N - te — e e wUA0A AU a2 e
*(8&9 8= 84 % 120 ®2 @ o= 239 41108 (P =@ = 000D @y rn= Vadap Uy

~8§23A5sin(120 <t = 1 X &i*MNote: 0.616 <« A110.86 * v (t) =177.5sin(120 <t+0.28 <*Note:0.28 < A i X306

* Multisim Case 1: VV, A23.8 V (scope), Vi Al7.2 Vrms @2 A24.3 V (probe), ts A5128ms, } At |[" AiiiXp0O

*8,

7

= +@&,= (03173 420.89 %émo“: avyoarFral * .= u@,=( URU&KF Uary %aFaﬂf— x{av ast{dx|

~Se A BA220 <t-0.384 <) Note:-0.384 < £69.26 * vc(t) =69.45sin(120 <t+0.72 < Note:0.72 <=129.6 &

* Multisim Case 1: V¢ /A81.7 V (scope), Vc A58.9 Vrms ®z »83.3 V (probe), ts A3.205ms, } A & | A69.20

o o o o o Xsc1 . .

o — — — — ¥ 8 :

= = o o ' R i :

Nt S S S S . |

1 o vp-pyatev | g |-

[ . o o V(rms): 17.2 W o I 1 .
~ Power factor: S N s [ A
i . ‘R PR Co Co
Voltage Current . ; ; AAA ® e 9“?” ) ) . xscz . )

8 o o o : S 5000 0.2H S 19 :
Vin o o (O] . g :

S V(p-p): c T :

Oscilloscope-XSC2

. (avg) 253w @ 120Vrms o {p-p): 164 V .
GOHz : : V({rms): 58.9 V 10pF ES
' o o T : 2
= T T S H .

.f/ h \\ /// /.l ) ;/ \\
/ \ ool AN /N
/ N / \ fo/ | /
}/) \\\ i A . ;x)( / \ L \
/, Y / 5 / \ / \ /
\ \ / h - r"‘ e \\
; \\ /_/ \\ // \ // \\ /z'f
/'/ '\ . / \\_/, \\\F, J \\\ /
<
" Time Channel_A Channel_B Time Channel_A Channel_B
37521 ms  166.447 V -8.473 V Reverse TL = | 20812ms 166495V 27.825V
* | 32.393 ms -57.702 v 23.845 V T2 L*] * | 24.017 ms 60.230 V 81.726 V
5128 ms]  -224.149V 32318V Save | T2Ti -106.265 V 53.900 V
se Channel A Channel B Trigger Timebase Channel A Channel B
5 ms/Div Scale: 100 V/Div | Scale; | 100 V/Div Edge: 5 | +  Scale: | 2 ms/Div Scale: | 100 V/Div Scale: | 100 V/Div

Figure 3.11: Case 1 in Example 3.6, Vi, (Black) & V. (Blue) (Left Plot), Vi» (Black) & V¢(Red) (Right Plot)
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The process involved in solving RLC series circuits is summarized in Table 3.2.

Table 3.2) Summary of the process used to solve for all parameters in a series RLC circuit.

Process for solving RLC Series Circuits

1) Add all impedances to get the total impedance (Ztotal)

* The magnitude of the inductor's impedance is the Inductive Reactance (X.)

* The magnitude of the capacitor's impedance is the Capacitive Reactance (Xc)

Te JVA ES3 8} WZ +}E (}E UMV %P B @5/ B %o Azfi}l A
Z /4B 1185 ] v >/ ]JE& pld8 ves]v> ~/ v s

Z [14<)0itis an ICE circuit and Vin LAGS | and Vz

ie 0 O § S§Z PEE vS pe]JvP / A s]vie§}s§ o

4) Find voltage phasors using Ohm's Law: Vg A /| ZN [gvc A L]

* When comparing 2 signals, the one with the largest phase LEADS.

5) Write the series circuit's loop current and all voltages in sinusoidal form: |¢]v ~7|§ 3

Section 3.3 — Parallel RLC Circuits

In this section a slight modification of the process in Table 3.2 is used to solve parallel RLC circuits.

Table 3.3) Summary of the process used to solve for all parameters in a parallel RLC circuit.

Process for solving RLC Parallel Circuits

1) Add all admittances to get the total admittance (Ytotal)
* The magnitude of the inductor's admittance is the Inductive Susceptance (By)
* The magnitude of the capacitor's admittance is the Capacitive Susceptance (Bc)

Te JVA €3 5§} WZ *1E (JEuMAN % o5 U] dSsth A

ie JVA ES z5}5 0 8} *58}5 0 pe]JvP 3Z (}oo}A]vP «<pu 3]}VvW
*ELIthe ICEmanisonlyused (}& ¢ E] ¢ ]&E # E5 tHdn VindEADSthe source current

4) Calculate the source current usingls A s]v e ®fskipstep3)andusels A s]Jv | z8}8

5) Find currents through each component using Ohm's Law: I A s]vIAUs]ylkzA s|&
* Note: From KVL you know that s]v A AS SA ¢S

6) Write the currents and voltages in sinusoidal form: |e]v ~"}§ =

Before doing an example of solving an AC parallel RLC circuit the following figure shows a comparison from
series and parallel resistor circuits. Notice how the current is the same through all components in the series

circuit and the voltage is the same across all components in the parallel circuit.

V(p-p): 337 V

Vip-p): 337 V V(p-p): 295V Vip-p): 211V lode: VA & :
V(mms}): 120V V(rms): 105 V V(rms): 75.0 V Node: VA @) [W(ms): 120V :
Node: VA R1 :.v.__.\h)(‘.i': VB Ro _?_._\'ui|:'_ vo I(p-p); - l(p-p): 33.7 A i(p-p). 16.9A i(pp): 675 A
= —— A — l{rms): - I(rms); 12.0 A I(rms): 6.00 A I(rms): 240 A
F 3 V) \f £ Fa et —
::ﬁ%-‘:'zszo& 100 8 H 200 O W _source |\ IR1 (A} 1R2 %) 1IR3
|- V(p-p): 422V V(p-p): 843V ' ! Y
@1 source (p-p) :
2I_SOUTEEv(ms): 15.0 v Vams) 300V yo ooy R3 Vin R1 Ro R3
Vin VR1 VRz V(rms): 75.0 V F0£)
i N Vi 169.7Vpk $10Q 3200 500
(Deotiz o 6 60Hz
0° I 0

Figure 3.12: Series (Left) and Parallel (Right) circuit comparison with AC input voltage and only resistors.
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Figure 3.12 shows two different types of Multisim AC sources. The series circuit has a Multisim source called
“AC_Power” and the voltage is in RMS. The parallel circuit has the Multisim source called “AC_Voltage” and the
voltage is in peak voltage. The phasor voltage for the parallel circuitis Vi» A 10 &X.&ince Vin is in peak voltage
it is in the form required for phasor form. Since the units are Volts no units are listed after the phasor (Volts
assumed if not units). The source in the series circuit is in RMS so it must be converted to peak before writing in
phasor form: Vi ok A i TTinses |32 A 106 XBVisA 10 G| dlowever, it is acceptable nomenclature to write
the phasor amplitude in RMS if the units are included (i.e. Vin A {18 |Vrms).

Example 3.ySolve for the following parallel Rt@uit and verify values in Multisim.

Node: VA @ EEE&%;?&%% Steps 1 to 3 of Table 3.3
= Ye A" A lZ APIT AiTXA Q
POUEA  [emras  lenush 23R | e A [A TR [0111A 1X501Q0
® I_source |® IR: ® [R2 ® 1IR3 Ye A t A 10471239 ®471239 90 |
I BLA iPA il~iXidoi|<A 1 XiiTddo
Vin C R L Y. AjBL A j0.132629 Q A 0.1326290 |
. 12Vpk ==250uF §2Q 34mH Yrot ArRZ=cz=YL A I XA = i IQT160
(’.” 300Hz Yot A 1X 01783440663 |
0° Zrot A Yot A ~80 |)/( .603868 &34.10663 |)
e — ZTot A 1.65599&-34.1066'

Steps 4 to 6 of Table 3.3 (Multisim Peak Values listed in Red Font and RMS values listed in Blue Font)

X Since the total impedance has an angle less than 0 Gthe source current, Is, will lead the input voltage.

X S]v AAsSSA cSA i@ |(Phasor Form) Vin(t) = vg(t)= vi(t) = v¢(t) = 12 kin(600 |< = )i(Sinusoidal Form)
[zt Es AAS Jwbr A ~ai)/ (1.655991 &434.1066 |)= 7.2464 834.1066 | Multisim: Is A 10 X i 7125

is ~ $2.2464 5in(600 [« B34.1066 ) lsgms A7.2464/32 A5.1 Arms Multisim: 5.4 Arws (Off due to DC offset)

Xx RA s]vlZ ®)~[Li@0|) =68 ]| Multisim: I A i X3 IT B.95A (Close to calculated)

x |r~365iA(600|< B lrrvs A6/ 32 AR.24 Agms Multisim: 4.24 Agus (Correct since no DC offset is added)
IL A sfvA ~&|; ®:132629 490 |) = 1.59 490 | Multisim: I, A TX il IT A56 A (Close to calculated)
I~ $2.58\5in(600 [<-90 ) lirvs A 1.5992 AL.13 Agms Multisim: 1.93 Agms (WAY Off due to DC offset)

X Ic A sfvA ~&0|; ®.471239 80 |) = 5.65 890 | Multisim: Ik A i X@ |7 A 5.7(8lose to calculated)
X lc~385.685in(600 < =08 Icrms A 5.6572 A 4 dus Multisim: 4.05 Arws (Close: no DC offset is added)

The reason the RMS Isand I, don’t match the calculations is due to the DC offset that is wrongly included in
the simulation as shown in Figure 3.14 (this link gives more info). Here are some options to avoid this error.
1) Measure only the peak to peak probe current in Multisim and convert it to RMS ZElrvs Ap-d/(2 32)

2) Calculate Is and use a current source instead of a voltage source. There is no DC offset in Figure 3.14.
3) Double click on the inductor and enter a DC initial condition value to negate what Multisim adds in.

Vipp) 239V Vip-p): 234V
Node: VA (@) | Mms}); 8.48 V Node: VA (@ Mmms)k8d2V
l{p-p) 145 A Ip-pk 114 A I(p-p) 11.9A l{p-p): 312 A I{p-p): 14.5 A lip-p) 11.2A I(p-p): 11.7 A I(p-p): 3.07 A
l{rms); 5.39 A I(rms): 4.05 A I(rms); 4.24 A I{rms): 1.93 A I{rms). 512 A I{rms): 4.02 A I(rms): 4.21 A I{rms). 1.10 A
I{de): -1.57 A l{de); 2.66 mA l{dc): -2 81 mA I{de): 1.57 A I(de). 648 uA I(dc); -444 uA I(dc). 465 uA I(de): 122 ud
bf"f'w-' I_soyrce »i'%\'l [ ¢ "33.7'-‘ IR G 58 Kl § | &) 1_source | ®1c ‘gfi- IR l"f":' I L
|
| Is | C R L
7:2464A T2504F %2& E41111—1
300Hz i
34.1°

Figure 3.14: Parallel circuit in Example 3.7 with AC Voltage source (Left) and AC Current Source (Right).
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https://forums.ni.com/t5/Multisim-and-Ultiboard/Offset-problem-in-simulating-current-and-voltage-phase-relation/td-p/1194627

All of the voltages and currents have been calculated above and the magnitudes were verified in Multisim. To
verify the phase the oscilloscope is needed. To remove the DC offset of the inductor, method 3 described in
Figure 3.14 will be used. Figure 3.15 shows the dialog that comes up when you double click on the inductor.
Since the DC offset was measured to be 1.57A, a value of -1.57A is entered into the initial condition box to
correct for the DC offset. Figure 3.16 (Left) shows the plot of Vin and Is for the initial circuit without modifying
the initial condition of the inductor. Due the DC offset the peak value of Is is measured to be 8.738 A which is
about 1.5 A higher than the calculated value of Is ok (7.2464 A). In the right plot of Figure 3.16 the initial
condition of the inductor is included and the DC offset is removed from both I, and Is.

Inductor

Label

Display Value Fault Pins  User fields

Inductance (L): 4m

Tolerance: | 0 %

X

Component type:

Hyperlink: ‘

Additional SPICE simulation parameters

[“1Initial conditions: ‘ -1.57 A

I(p-p): 3.12 A
[(rms): 1.93 A
I(de): 1.57 A

® 1L

Figure 3.15: Inductor dialogue box to enter the DC offset as the initial condition.

) ) Vip-p) 238V Vipp) 239V
Node: VA (@) Vimms) 848V Node: VA (7) Vims); 848V
I(p-p): 14.5 A I{p-p): 1.4 A I(p-p): 11.9A l{p-p). 3.12 A I(p-p): 146 A I{p-p) 114 A ljp-p): 11.9A lipp): 312A
I(rms); 5.40 & I(rms): 4.05 A I{rms): 424 A I(rms); 1.93 A Ifrms): 5.16 A I{rms): 4.05 A I{rms); 4.24 A I{rms): 1.11 A
I{de): -1.57 A I(de): 417 uA l{dc): -438 uA I(de): 1.57 A I{de): -1.81 mA I{de): 924 uA I{de): 970 uA I{de): 2.53 mA
\".'ﬂ"." I_source “':-!"' 1I.C &) IR ® L t':'.‘:‘."' I_source |& 1 ¢ ® IR ‘IE:I LL
+ Vin c R L Vin C R L
ok 2 F o ——ng
12V ][J_i\ 501 égg 34]]1H 12Vpk 250uF §2_Q 4mH
320 z T « 300Hz IC=-1.57A
o] i o°
s Ry
Oscilloscope-X5C1 X |Cscilloscope-X5C1 X
e . =
. o . .
T, | Time Channel_A Channel_B | T Ll Time Channel A Channel B
2 3829 ms 9494V B.73BV Reverse £ G ] 3842 ms 9,708 V 72N Revarsa
T2[F ]+ | 4154ms 11843V FEOZY T2 e o 2187 ms 11813V 5319y
AT 324,786 us 2349V =L135V Save B tidger | T2-T1 324.786 us 2106V -1.323V Ext e
Timebase Channel A Channel B Trigger | Timebase Channel A Channel B Trigger
Scals: | 500 us/Div Scale; |5 VIO Scale: |5 VIO Bdge: [+ ]+ [AlB B |Scale: | 500 us/Div Scale: |5 V/DW Scale; | § VIO gige: ]+ |[alB B0

Figure 3.16: Parallel RLC circuit from Example 3.7 — Phase Verification in Multisim.
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The time shift, ts, in Figure 3.16 is measured to be - 0.324786 ms (ts is negative because its sinusoidal cycle starts
before Vin). The phase of Is is calculated below and matches the calculated value (1 8 X if8irly closely.
X } Ats| © A-0.000324786sec) |~Tii | T« E ] ve le o A IXBIiHOE ] ve
X Even though the ELI the ICE man pneumonic doesn’t apply to parallel circuits it DOES apply once the
total impedance is determined and you want to compare the source current to the input voltage. In this
example Is LEADS Vin (ICE) because the total impedance phase angle is in quadrant IV (-Td Xi6eX dZ]e ]

verified in Figure 3.16.
Figure 3.17 shows the capacitor current and Vin (Left) and the inductor current and Vin (Right). Recall that the

phase shift is positive if the time shift is negative (or shifted left) and vice versa.
X Both plots below show the time difference between peaks is 0.8333 ms. Multiplying the magnitude of

§Z SJu <Z](8 C $Z vVvPupuo €& (E <p Vv C }( s]v ~0ii<e (E spoSe Jv «IT
X Itcan be clearly seenthatilchasa =016 %o Z < sincéJt(i$shifted % period to the left of Vin.
X The peak current of Ic is measured to be 5.649 A. This is very close to the calculated value of 5.65 A.
X It can be clearly seen thatl hasa-810 %0 Z < sinc ]t(iSshifted % period to the right of Vin.
X The peak current of I, is measured to be 1.549 A. This is very close to the calculated value of 1.59 A.
Vip-p). 238V . Vip-p) 23.9 V
Node: VA (@) Virms) 848V Node: VA @) [Mms): 848 V
: lp-p) 3.12A 1 :tp—p}: 3;1121
l{p-p). 146 A ¥ | 1194 lrms): 1,11 A lip-p): 146 A | S 114 A Iip-p): 11.9A (rms). 1.11
'{fmpSJ 516 A :Eﬁmfj;?_é‘ﬁ ﬁﬁ%’]m‘.m l{dc): 2.42 mA lfrms); 5.16 A |§Fr—np5}1: 4.05 A I{rms): 4.24 A lida): 3.21 mA
lde): -4.16 mA I{dc): 1.33 mA lide): 1.39 mA ® 1L lde); -4 4T mA l{de): 1.63 mA lide): -1.68 mA ® 1L
&) 1_source Wi 2 1R - W _source  |W I C & IR 1
¥ = 1 L
—+ Vin C — Vin |C i
J‘—%OHF R L }4mH L L T2504F R L j4mH
a1 | () 12Vpk 220 IC=-1.57A xsc1 G ) 1ave 320 AIC=-1.57A
% 5/ 300Hz i‘)ml ) e —/ 300Hz T 2
T ] 1 o
0 B ) |
mfr‘il o
4 = 4+ -
Oscilloscope-XSC1 X |Oscilloscope-XSC1 x
HEE T Sieh ey Reverse AR cme  ewh iy Reverse
12 . [F]| 4167 ms 11.813 v 9,147 mV T2 o [+]| 4167ms 11,813V 2,778 mV
T2-T1 833333 us 11813V -5.640 W Save Ext. trigger T2-TL -833333 us 11813V -1.547 W Save Bt trigger
Timebasa Channel A Channel B Trigger Timebase Channel A Channel B Trigger
|Seale: | 500 us/Div Scale; |3 V/OW Scale; |3 VD Edge: [+]+ [al B Ext| |Scale: 500 us/Div Scale: | V/DW Scale; |5 VIDW Bdge: [#]+ [a]l® et

Figure 3.17: Example 3.7 verification: Left: Ic (Red) and Vin (Black) plots, Right: I, (Blue) and Vin (Black) plots

Section 3.4 — AC Power Calculations

In section 1.3.3 the RMS voltage was found to be an important quantity in AC circuits because it allows the AC
power delivered to a load to be equated to the DC power. Vrms can be defined as the magnitude of AC voltage
that produces the same amount of average power on a load as an equivalent DC voltage, as shown in Figure
1.13. As previously discussed, if an AC circuit is frozen at a specific time the current and voltage at that time is
simply a DC value that is referred to as “instantaneous”. Example 3.8 below shows the series circuit used in
Figure 3.12 with power probes included. The instantaneous voltage (Vinst) and current (linst) can be multiplied
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together to get the instantaneous power (Pinst) as shown in Equation 3.1. Since Pinst constantly changes and only

applies to a specific instant of time it is not frequently used for AC power. Instead, the average power (shown in

Equation 3.2) is the primary type of power used for circuits with AC sources. The average power is can be
determined by Equation 3.2 or it can be determined by finding the average instantaneous power over 1 period
(see Table 3.4 and Figure 3.20 for an example).

[3.1]

[3.2]

[3.3]

2 & 3 1 & 9@1 ge|(This is the same as freezing the circuit and treating values as DC)

Q(jé U= 2= + i@ @ ( (P or Payg is called Real Power. The units are Watts)

2(= 2ISAN=

? P K NMos éo L ( }zt is the total impedance phase angle)

Note: If };: > 0 (ELI) the power factor (PF) is said to be “Lagging.” If }z: <0 (ICE) the PF is “Leading.”

[3.4]

[3.5]

o= +xi®%kg

(S is called Apparent Power. The units are V A)

3= + i@ ;E‘,®in éO - (Qis also called Reactive Power. The units are VAR)

P, S, and Q make up what is referred to as the Power Triangle. This “triangle” (or vector in phasor
form) has the same angle as the total impedance, but the amplitude is equal to S (or Vrws |lrms).
Resistors only have real power (P). Capacitors and inductors only have reactive power (Q). The

%% E VS %}A E ~"e Joe SZIUPZS }( » 3Z 3}5 0 %}A E 3Z 3 ]* %o}

..]

BExample 3.8) Calculate the instantaneous and average power magnitudes for each component and source in the
circuit below and show that the magnitude of the power supplied is equal to the power dissipated.

®P- 223 W ®P 447w
Plavg). 22.5 W Plavg): 45.0 W
R1 @ R2 @
= N N——————————— ANN—
:é;ﬁ;z_aﬂ 8A LQU 1002 _@ .® 202 _® +
I{rms): 1.50 A ®Kv 123V ®KVv 346V @
Vip-p): 418V Vip-p): 83.7 V =
(™I_source  vims) 1s0v V(rme): 300V "3-(;;;52;’9 ¥ R3
K VRI VR2 V(rms): 75.0 V
V--982V % W) Vin VR3 §5OQ

Vip-p): 335V

v(rms): 120V _ 120V[‘ms
+

{

p17owd (
P(avg): -180 W _(:’ 6OHZ

1@
Q| rizwx

Figure 3.18: Circuit for Example 3.8

Since there are only resistors in thiscircuit J+ A 1 v 8Z % }A & ( 3}E A i *kuMevAThe v
Multisim power probes show instantaneous power (P) and average power (P(avg)). The magnitude of the
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instantaneous power supplied will constantly change between 0 and Vin p« |lin_pk, but the average (or real) power
supplied will remain constant at a value of Vrms |lrms. The magnitude of the supply power is equal to the
dissipated power for both Pins: and Payz as shown below. Recall, the sign of supplied power is always set as a
negative. For instantaneous power there are infinite solutions depending on when the circuit is paused (or
frozen in time). Since the instantaneous measurements in Multisim aren’t in sync (i.e. not associated with the
same moment in time) they will not be displayed in future circuits. They were only displayed in this example to
point out this limitation in Multisim and to make sure you don’t use them in any calculations.

Instantaneous power calculations: (This is the same process used in DC circuits): At the moment the Multisim
simulation is paused the voltage source has a voltage of -98.2 V. The following calculations show that the
magnitude of the power supplied is equal to the power dissipated at this moment in time. The calculated values
won’t match the Multisim values because the instantaneous probe values are not in sync.

Riott A 100= T1Q=6 Q 20 QCurrent: lnst A r§/Rro A98.2V /80 QAL2275A

Psupplied AVinst |linst A-98.2'V) |(1.2275 <« 220.5 W (power is always listed as positive in this eBook)
Poo A12275A)% [10 Qv A5.07 W, P2oo A1:2275A)2 [20 Qe B0.14 W, Psoo A1:2275A)2 [50 Qe A5.33 W
TPaissipate A 104/ = M Pso AIAXTO t = TIiXid t &=ATRBEW AP.ppiicd

X X X X

Average power calculations: This is the same process as before, but the current and voltage instantaneous
values are replaced with RMS values. Each value is calculated below and the Multisim measurement is included
in blue font and shown next to the calculated value to be used as verification. For the voltage across the
resistors 12 R was used previously and | is used below. Another option that can be used is V/R.

Rrotat A 10Q= TIQ=06 Q 20 QCurrent: lzms A iSms/Rrotar A iT1 S 1QGAL.5A Multisim A1.5A)
Psupplied A Vrms |rms AL20 V) [1.5 A) AL80 W (180 W) AEAlways use the P=V | equation for sources.
Viog A ~ AX[fi0 Q- A5V (15V), Voo A ~ i X[#0 @ A0V (30V), Vsoq A ~ i X[BO0 @ A5V (75V)
P10oAL.5A) [15V * 22.5 W (22.5W),P20 0AL.5A) [30V * #5 W (45W), Pso 0AL.5A) [75V * 212.5W (113W)
-IPdissipate A 1w= zWPsOQATTX it=090nt =t I'AIM A Pijplied

X X X X X

Example 3.8 showed that the average power in AC circuits uses the RMS voltage and currents in the power
formula of Equation 3.2. For AC circuits with only resistors the current and voltages are always “in phase” with
each other which maximizes the average power. For RLC circuits the capacitors and/or inductors in the circuit
causes the current and voltage to be out of phase (as explained previously with the ELI the ICE man pneumonic),
which results in a reduced average (or real) power. Figure 3.19 shows an AC circuit with only a resistor and a
circuit with a capacitor added that results in the voltage and current being out of phase. In Table 3.4 and Figure
3.20 provide a detailed analysis showing the effects of adding a capacitor (resulting in the current and voltage
going out of phase) on the instantaneous and average power.

xsc1| , XWM2Z XSC?E
b .

N i
|

il
Power factor: 1.00000

Power factor: 0.66793
V=
XcP1

Tt
— V -—
: 120Vrms ! 120Vrms po 5Q
~ )60Hz $50 ~ J60Hz b
= o o =~ ° Plavg) 129 kw *
= Plavg) -2.88 kW = P(avg): -1.29 kW P(avg): -181 m\d€

Figure 3.19: Circuit showing that adding a capacitor (or inductor) reduces the average power.
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Table 3.4) Instantaneous Values for 2 RC circuits. Case 1: (No Capacitor), Case 2: 470 puF Capacitor added.

47

1 Period with 40 pts | Case 1: No Cap. | Case 2, 470uF
t(ms) | V_inst | | _inst | P_inst | | inst | P_inst
0 0 0 0 0.557 0
0.25 | 0.939 | 0.188 | 0.176 | 0.679 | 0.637
0.5 | 1.854 | 0.371 | 0.688 | 0.784 | 1.454
0.75 | 2.724 | 0.545 | 1.484 | 0.87 | 2.37
1 3.527 | 0.705 | 2.488 | 0.934 | 3.295
1.25 | 4.243 | 0.849 | 3.6 | 0.976 | 4.139 XML
1.5 | 4.854 | 0.971 | 4.712 | 0.993 | 4.82 o A
1.75 | 5346 | 1.069 | 5716 | 0.986 | 5.271 | ¥ ¢l
2 5.706 | 1.141 | 6.512 | 0.955 | 5.447 Case 1
2.25 | 5.926 | 1.185 | 7.024 | 0.9 | 5.332 6Vpk
2.5 6 1.2 7.2 | 0.823 | 4.936 <>100Hz §5Q
2.75 | 5.926 | 1.185 | 7.024 | 0.725 | 4.299 L2 pavgr 2eow®@
3 5.706 | 1.141 | 6.512 | 0.61 | 3.482 S LT
3.25 | 5.346 | 1.069 | 5.716 | 0.48 | 2.566
3.5 4.854 0.971 4.712 0.338 1.641 Case 1: Vin, I;, P_inst, and avg of P_inst vs time (ms)
3.75 | 4.243 | 0.849 | 3.6 | 0.188 | 0.797
4 3.527 | 0.705 | 2.488 | 0.033 | 0.116
425 | 2.724 | 0.545 | 1.484 | -0.123 | -0.335
45 | 1.854 | 0.371 | 0.688 | -0.276 | -0.511
4.75 | 0.939 | 0.188 | 0.176 | -0.422 | -0.396
5 0 0 0 -0.557 0
5.25 | -0.939| -0.188 | 0.176 | -0.679 | 0.637
5.5 |-1.854]-0.371| 0.688 | -0.784 | 1.454
5.75 | -2.724| -0.545| 1.484 | -0.87 | 2.37
6 -3.527 | -0.705 | 2.488 | -0.934 | 3.295
6.25 | -4.243|-0.849| 3.6 |-0.976| 4.139 Case 2
6.5 |-4.854|-0.971| 4.712 | -0.993 | 4.82 6Vpk §5Q I —
6.75 | -5.346 | -1.069 | 5.716 | -0.986 | 5.271 (Dloon power factor: | KGN
7 |-5.706| -1.141| 6.512 | -0.955 | 5.447 | Tap°  Pever249w 2 70pF
7.25 | -5.926 | -1.185| 7.024 | -0.9 | 5.332 -
= P(avg):-249 W P(avg): 241 uw
7.5 -6 -1.2 7.2 -0.823 | 4.936 Case 2: Vin, |5, P_inst, and avg of P_inst vs time (ms)
7.75 | -5.926 | -1.185 | 7.024 | -0.725 | 4.299
8 -5.706 | -1.141 | 6.512 | -0.61 | 3.482
8.25 | -5.346 | -1.069 | 5.716 | -0.48 | 2.566
85 |-4.854]-0.971| 4.712 | -0.338 | 1.641
8.75 | -4.243|-0.849| 3.6 |-0.188| 0.797
9 -3.527 | -0.705 | 2.488 | -0.033 | 0.116 | |
9.25 | -2.724] -0.545 | 1.484 | 0.123 | -0.335
95 |-1.854]-0371] 0688 | 0.276 [-0.511 || ... ... b s
9.75 | -0.939|-0.188 | 0.176 | 0.422 | -0.396
10 0 0 0 0.557 0 | Table34




Example &) For the following RLC series circuit calculate the values(f ux(t), S, P, and Q and draw the
power triangle. Determine what component needs to be added to the circuit to eliminate the apparent power
and produce a power factor of 1.

— %<
e ML o A Notice current Clamp is set at 1V/mA - ¥ S
+\K+I_.:.::.1:.v./m.:.. - - — - - _*_(?;m

xt Trig

.. .. Xsc1 o
. . . 1

~ Multisim power measurements
| €1 . .always vary from the.calculations. . . . = .
——2yF alittle. Inthis case itis off by 5.2%. =

o=
exXE O
-5
NT
NT
i :
B
|

. U
~ 30mH - 2“'F 70 Power factor: o

<
. Time Channel_A Channel B T . Time Channel A Channel_B
1.376 ms 6.938 V 74.542 * 1.295 ms | 1493V | -89.625 mV
i 1.256 ms 9.836 V 55.338 vV T2 . 1.047 ms 38.902 mv 14.275 V
-119.658 us 2.898 V -19.204 V T2-T1 -247.863 us -1.454 Vv 14.365 V
1se Channel A Channel B Timebase Channel A Channel B

500 us/Div Scale: | 10 V/Div Scale: 50 V/DiV| geqle: |500Us/DV | geale: |1 V/Div | Scale: |5 V/Dv

Figure 3.21: Circuit for Example 3.9

TOA T (A T<|6283.2had/sec. Xi1 A1l]T A OTXXOQ\ " AIGO XRQA yA il~TR&|"s A 606X
Zrow A Z1 m & YT = = j%—jXo A 11 = i 62.8F 61j79.6 = 188.5-)79.6

Zrow A 111 = i 01X i#2.67138(EL) / A Z}wlA 1040 136 82.67 |= 73.53 442.67 [mA
Time shift, ts, } ( W E E}/VSAM.67 | ® :180 |)/ 6283.2 rad/sec A0.119 ms (0.1197 ms in Multisim)
Vei A /| BA7B.53 &442.67 |mA) [20 & |) = 1.47 442.67 | (1.493) Avei(t) = 1.471 §in(2 111 < [ 0.237 <+

Vo A /| A¥7B.53 &42.67 |mA) [188.5 &0 |) = 13.9 447.33 |(14.275) Avi2(t) =13.9 bin(2 111 < |t+ 0.263 < *
Figure 3.21 showsVriandVi, E 016 }uS }CalYulations agree ZEia- hpi A 0O XIBOXOOOA 610

X X X X X X X




TZ %}A &

0 MO

S]ive &

*Z} e Ao ¥R6Y | WA 0436371599 in Multisim)

X " Aus/[Vaws A (0TB53/3Z) |(10/32) £0.368 V A
X Y Aws/|Vams | *]Vee -~ ¥0.07353/32) |(10/32) sin (42.67 |) A0.249 VAR
} e 2~ }¥8.07353/32) |(10/32) cos (42.67 |) A0.27 W (0.256319 W in Multisim)

X W ik NRMS'

To get the power factor equal to 1 a capacitor must be added to move Zt from quadrant | to on the x axis.

X ZTota| A I, i i =

i 01X i06dbf allded capacitorequal t092.17Q&E A itfy A7267 uF
HEE vs ] V}IA Jv %

0}AX dz

X dZ]e % ]3}E ]- Jvi} 82 & pls
. | XwM1 o
:+>§;F :T_ 1:V:/m
: . s

. . . [ i
é%/thi_ce current C_la_mp is set at:1:V;‘mA ! i
- - — .

0.99738

Power factor:

N N TN 7a\ 78N\
N /N /N /o \ /N
oo 4 / y / 4 / | J |
L )ﬂ T L Ej W "
: N/ TN NS N/
I. ‘\_»/I '. Ry '.\\_/ .I \\._/
<
IR 11 [+1[5 Time Channel_A Channel_B
16.756 ms -9.839 V -98.227 V Reverse
T2 |+ | 17256 ms 9.839V 98.227 V
T2-T1 500.000 us 19.677 V 196.453 V Save .
| Ext. trigger
31 * | Timebase Channel A Channel B Trigger
L8 1  Iscale: |S00us/DV | scale; |10 V/Div Scale: |50 V/Div Edge: [T TAIBTIEE

Figure 3.22: Verification that added capacitor makes power factor go to approximately 1.
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The power triangle for the circuit before the capacitor is added is shown in Figure 3.23.

Figure 3.23: Power Triangle for the circuit in Example 3.9.

Example 3.9 is a very practical problem because power companies are constantly trying to make the power
factor closer to 1 in their transmission lines. The load of the customers they supply electricity to is primarily
inductive (due to motors) so the transmission line circuit is initially in quadrant | (ELI). The power companies
purposely add large capacitors into the line to remove the VARs and increase the power factor closer to 1. When
the peak load ends when businesses shut down for the day the capacitors added to negate inductance might
add too much reactance and move the total impedance into quadrant IV (ICE). When this happens the some of
the capacitance added to the line is removed. This is a continual process that the power companies monitor to
increase the power factor and save money by making the transmission line more efficient.

Section 3.5 —-AC Maximum Power Transfer
Example 3.9 showed how to modify a circuit to increase the power factor so that more of the power that is
generated is delivered to the load and less VAR waste occurs. This section contains a similar concept, but also
factors in the resistance balancing that is needed to maximize power transfer. For DC circuits the Maximum
Power Transfer Theorem stated that the maximum power transfer occurs when the load resistance is equal to
the Thevenin resistance of the circuit where the load is connected. In Figure 3.24 it can be seen that as the value
of R is close to zero on the x-axis the power dissipated by R is also close to zero, but when RLreaches iiii Q
which is the value of Rth, the power dissipated in Ry is at its maximum.

PRL versus RL
Rth 0.04
YAV 0.035

le 0.03

vith SRL | s

T 12V oo

0 1000 2000 3000 4000 5000 6000 7000 8ODO S000 10000

Figure 3.24: Graphical representation of the Maximum Transfer Theorem (R, = Rth) for DC circuits
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For AC circuits the theorem is modified to account for the resistance and the reactance.

[3.6] | <aze= S assoldMaximum Power Transfer Theorem for AC circuits)

The * in Equation 3.6 denotes the conjugate. The following two scenarios could occur:

1. You know the source impedance (Zsource) and need to select a load impedance (Zioad) for
maximum power transfer so you try to set it equal to the conjugate of the source.

2. You have a set load and need to modify the source for maximum power transfer so you try to
make the source impedance equal to the conjugate. This is the scenario of Example 3.9.

Example 3.0) Determine the load impedance for maximum power transfer if the source impedance is equal to
+ j 4. Use the A+jB Block angBABlock parts in Multisim that are located in the following directory: Gr&up
Basic, Family£Z_Load. Solve the problem to determine the apparent, reactive, and real power.

A

. 2 399 kw ‘

| Power factor: 0.99985

Voltage Current

_ + _

Figure 3.25: Circuit including Multisim Z_loads for Example 3.10.

The Load impedance must be 3 —j 4 for maximum power transfer (as shown in Figure 3.25).
*S$}S 0 A ~i i 0= A 61Q

lrms A rBsl*S}S 0o AOPAGED|s A Trivs

bt A JEWE& A |$Ali

N Rwsl [Vems A ~Tdws® |~ 1Viamse Adi1 S|

W Acos(d|e 2400 W AMultisim has value equal to 2399 W

Y Ash(@]e BVAR

X X X X X X X

The Z_load blocks made Example 3.10 easier. If given only the reactance of a capacitor or inductor instead of the
actual value of them, Z_load blocks allow you to skip the step of calculating inductance or capacitance. For AC
circuits with multiple impedances in series and parallel Z_loads simplify the problem in Multisim.
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Power transmisssion and distribution systems (as seen in Figure 3.26) is the most important application of RLC
circuits. Examples that showed how impedance matching is performed to increase the amount of power
delivered to the load was shown in examples 3.9 and 3.10. The following link contains a convenient
interactive interface that solves for some of the AC parameters in a series RLC circuit. http://hyperphysics.phy-
astr.gsu.edu/hbase/electric/powerac.html

For deeper reading on transmission lines Chapter 14 of the AllAboutCircuits.com - Alternating CurrenéBook is
recommended. http://www.allaboutcircuits.com/textbook/alternating-current/chpt-14/50-ohm-cable/

The following link also provides a brief overview of the electrical effects of the physical size of the transmission
line. http://www.allaboutcircuits.com/technical-articles/introduction-to-the-transmission-line/

Color Key: Substation

Red: Generation _|§tep ]POW“ Subtransmission
Blue: Transmission ranstormer e Customer
Black: Customer 765, 500, 345, 230, and 138 kV

. . [4
Generating Station / JJ_ Primary Customer
ooooo

Y
L
[ 13kV and 4kV
ll‘ N
_ﬂJ

~—
S
Generating Transmission Customer 2 & seiggga,y é:tglitg\rper
an
Step Up 138kV or 230kV =]
Transformer

Figure 3.26: Electrical Transmission System Overview. Source: Public domain image

The following link shows a figure with more information about the electrical grid and includes different sources
of electrical generation such as: wind, solar, hydro-electric, nuclear, and coal.

https://commons.wikimedia.org/wiki/File:Electricity Grid Schematic English.svg
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https://en.wikipedia.org/wiki/Electric_power_transmission#/media/File:Electricity_grid_simple-_North_America.svg

Module 4 — Passive Filters

While power transmission is probably the most important application of RLC circuits, filtering is a close second.
Chapter 8 of the AllAboutCircuits.com - Alternating CurrengBook provides details about filters and is
recommended reading to gain a deeper understanding about the subject.
http://www.allaboutcircuits.com/textbook/alternating-current/chpt-8/what-is-a-filter/

There are two main categories of filters: passive and active. Active filters require a power source for operation,
but passive filters do not. Active filters include Operational Amplifiers (discussed in Module 7), while passive
filters use inductors and/or capacitors to filter signals. In this eBook only passive filters are covered, but
references for active filters are provided in Module 7 and a active filter example is shown in Figure A.4 in the
appendix.

In this section some of the common RL, RC, and RLC passive filters are discussed and example circuits with
calculations are provided to provide an overview of the topic. The frequency response tool called the Bode plot
will be used to provide a graphical understanding of how filter work. Many applications have Bode plot function.
In Matlab the function bode (or bodeplot) can be used to determine the magnitude response (how much the
output magnitude changes from the input) and phase response (how much the output phase changes from the
input) for a range of input frequencies. The Matlab function bodemagcan also be used if only the magnitude
response is needed. The value obtained from the Bode magnitude response will be referred to as the gain
(Vout/Vin) for the remainder of this document. Performing frequency analysis of circuits in Matlab with the Bode
plot requires the circuit to be solved in the Laplace domain. An example of the Laplace solving method is shown
for a Band Pass Filter in Figure 4.15 and also for Low Pass and High Pass filters in the Appendix in Figure A.1,
Figure A.2, and Figure A.3.

Multisim also has a Bode plot tool that is very useful when simulating AC circuits. The tool is located 4 spots

below the Multimeter on the right side of the Multisim window. To understand how to use the Multisim Bode
plot Figure 4.1 shows a circuit with two resistors that form a voltage divider and reduces the output voltage by
A9 ~]X X "]Jv A iXA slseX dZ P Jv Vv o<} BEEGan <. Vshowslhow to] o ~} &
convert from the “absolute” gain (which is in units of either V/V or A/A) to dB.

[41] |)=EJ=20 @®gs{)=E4g)

For example, the magnitude of the gain in Volt/Volt (or V/V) for the circuit in Figure 4.1 is calculated as:

X Voltage Divider Rule: Vour A ind1k Q(1k Q k Q < AEGj, | = Ilﬁg = 05
ou

NN

X Gy,= 20 ®gs{05 =) A6.021dB

X Notice the Multisim Bode Plot cursor shows the magnitude is a constant value of - 6.021 dB.

X Since it is known that resistors don’t change the phase, the phase is verified in Figure 4.2 where the
phase is shown to be 0 dfor this circuit. This means that 0 Gs added to the input phase to get the
output phase. This process might seem pointless for this circuit because the phase doesn’t affect the
output, but it will be important for circuits that have a Bode plot with a non-zero phase change.

Equation 4.2 shows the output from the Bode plot given a specific input voltage, vin ~ S pa(~|S 3.

[42] RQ(J) = A®gg®IN(X®+ E+ B|Get),zand Efromthe Bodeplot atthe input frequency.
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Example 4.1 shows how to apply Equation 4.2 to determine the output of a LPF circuit.

XBP1 - :
* These are the Bode default settings. Adjustments are usually needed to see the Bode Plot well

Bode Plat : -
e |\* Bode Plotter-XBP1
Color set by
input color +| N A lT ; Made
\& : ! | Magnitude | Phase
Negative Bode terminals are HerzontaI Verticeﬂ E

grounded if not conneted.

Log Lin Log Lin
R1 | - d
o : Fil 5 IGHZ o !dB
1kQ B 1|1 * !mm 1 -200 % |dB

Vin ?
Vout S1kQ SRR - on set o change the resolution |
: >\ Reverse Save Set..,
*
Any AC voltage or power source | _ 1 mHz 6.021 dB - + In 2 + Out o
= can be used for the Bode plot.
Figure 4.1: Multisim Bode Plot with the default settings.
Bode Plotter-XBP1 X |Bode Plotter-XBP1 X
Mode Mode
‘ Magnitude Phase Magnitude Phase
Horizontal Vertical Horizontal Vertical
Log Lin Log LinJ Lin Log L|n
Fl1 kHz| F[1 F\l [kHz‘ F|180 ~ | De
11 Hz| [0 1‘1 ‘Hz 1 -180
Controls Controls
Reverse Save Set... Reverse Save Set...
1.326 Hz 500 m B +® mO- +0) out ) - . 1.326 Hz 0 Deg - +@ In O - +@ Out O -

Figure 4.2: Bode Plot from Figure 4.1 with adjustments: Magnitude Response (Left), Phase Response (Right).

The cursors are set in Figure 4.2 at 1.326 Hz for both the magnitude (left) and phase (right) modes. At 1.326 Hz
the gain is listed as “500 m” (or 0.5 V/V) and the phase is 0 0. It is apparent from the lode plot that both the gain
and phase are constant so the cursors for this circuit will result in 500 m and 0 tho matter what the frequency
value of the input signal. However, for circuits with inductors or capacitors both the gain and phase will change
as the frequency changes so changing the frequency limits, resolution, and cursor position are needed to
determine the gain and phase at the desired frequency. Applying the values in the Bode plot in Figure 4.2 to the
following input signal at a frequency of 1.326 Hz ER;{t) = 3 ®In(tN®.326 ®

Using Equation 4.2, the following result is obtained for the output signal from the circuit in Figure 4.1.
X Ref) = AQc@®n(X®+ B+ B= 3 ®5 @n(tNA326 ®+ 0= Ub® (UEBL.UUMB)
c

Section 4.1 — Low Pass Filters (LPF)

In general terms, a low pass filter (LPF) allows input signals with lower frequencies to pass through to the output
while attenuating (i.e. reducing the amplitude) input signals with higher frequencies. The circuits in Figures 4.3
through 4.5 are called 1% order LPF circuits because they only have one reactive component (i.e. capacitor or
inductor). Only 1%t order LPF circuits will be discussed in this section. Figure A.2 in the appendix shows how to
solve higher order filter circuits using the Laplace solving method. The capacitor or inductor in the 1% order LPF
causes a 3dB frequency (fsqs), which is the point at which the slope of the Bode magnitude plot changes by 20
dB/decade. A decade is a factor of 10 in frequency and 20 dB is 10 V/V (i.e. a factor of 10 in gain). For 1 order
LPF circuits, the reactive component causes the slope of the Bode magnitude plot to gradually change from flat
(0 dB/dec) to -20 dB/dec at figs. The 3dB frequency can either be denoted as angular frequency ( ~sqs) or cyclic
frequency (fsas). 348 is equal to the inverse of the time constant ( 9 for a 1 order LPF or HPF. The reason the
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3dB subscript is used is due to the gain in the Bode magnitude plot being 3dB below the “passband” at fsgs as
shown in Figures 4.3 through 4.7. The pass band is the flat region of the Bode magnitude plot that corresponds
to the frequency range where the gain is at its highest value. Over the pass band frequency range the Bode
phase plot approaches 0 &or RLC circuits and non-inverting OpAmp circuits and approaches 180 ¢for inverting
OpAmp circuits. Operational Amplifiers (OpAmps) are discussed in Module 7. For RLC circuits each inductor or
capacitor causes a £90 (phase change in the Bode phase plot. The part of the frequency response that is not in
the pass band is called the stop band.

[4.3] S@FHBICQHINNWA QL2 Nyxy,= 3 For a 1t order RL or RC circuit

[4.4] 3@PU?HERAQ L2 By, = 6_5® * For a 1%t order RL or RC circuit

[45] [%=L="BEKAKJORH FPi,= 449

(=)

[46] |H@Q?BENY%KJIORE EPiz= é,
4

X Req is the equivalent resistance “seen” by the capacitor or inductor.

In DC circuits the time constant ( 9 for capacitors and inductors was used for transient analysis of DC circuits in

?
the decaying term A A W The larger the time constant the longer it took to charge the voltage of a capacitor
or to charge the current in an inductor. For filtering, a larger the time constant results in a smaller 3dB
frequency.

: ‘ o N &luT Bode Plotter-XBP1 Bode Plotter-XBP1
| |
] "o } %o 0 d8/dlec
R1 \
AN/
1kQ

S\ K.
T Vout. ——2yF
fagg A O 5 X
Tau'= RC = 1k*2j = 0.002 sec /

—— w_3dB = 1/0.002 =500 rad/sec
£ 3B = 500/(211) = 79.6 Hz 79.493 Hz -3. 006 dB > « 79.493 Hz 44 969 Deg

Figure 4.3: 1** Order RC Low Pass Filter Circuitwitha3dB ((E <u Vi) ~¢ po §  $}796Hz0

Figure 4.3 shows the 3dB frequency is calculated at 79.6 Hz and the gain is 3 dB below the pass band gain at that
frequency. Since the output is usually desired to be a resistive load, a common variant of the RC filter in Figure
4.3 is shown in Figure 4.4. Recall that a capacitor acts as an open circuit at DC, so the steady state DC output for
the circuit in Figure 4.4 is equal to 0.5 Vin using the same voltage divider calculation that was used for the circuit
in Figure 4.1. With the pass band gain at 0.5 V/V (or -6 dB) the gain at f34s is equal to — 9 dB (3dB below -6dB) as
shown below.
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+I %I !QT%L“T Bode Plotter-XBP1
R1
A

1kQ
' [+ + RL
’:-4 2uF =— Vout g‘]kﬂ

Tau'= RC = (1k||1k)*2p ='0.001 sec
—=— -w_3dB-=1/0.001 = 1000 rad/sec
f 3dB = 500/(21) = 159.2 Hz . 159.446 Hz -9.039 dB -

Figure 4.4: 1** Order RC Low Pass Filter Circuit with the output across a resistor.

Next, an RL LPF is shown in Figure 4.5. Recall that an inductor acts as a short circuit at DC steady state, so the
DC voltage will not be reduced due to an inductor being in series between the output and the input. In other
words, the inductor will act like a short circuit at DC and Vou Will equal Vin. So at DC (or 0 Hz), which is the far left
of the x-axis of the Bode plot, the gain will be equal to 1 V/V (or 0 dB) just like it was in the 1% order RC filter
with one resistor (see Figure 4.3). Since it is a 1** order filter and therefore only has one reactive component (the
inductor) the slope of the Bode magnitude plot will be equal to (20 dB/dec) as it was for the circuit in Figure 4.3.
The Bode phase response plot is also the same as the RC LPF circuit in Figure 4.3.

T

L1 ' ~

AANS

1mH

+ . + RL
O -

Tau = L/R = .001/50 = .00002 sec
—w_3dB-= 1/.00002 = 50 krad/sec
f_3dB = 50k/{21) = 7.96 kHz ¢ 7.979 kHz

Figure 4.5: 1° Order RL Low Pass Filter Circuit witha3dB ((E <p Vasr ~{l 0 §} 6 X860 I,IX
Example 4.1petermine the output, s(t), from the circuit in Figure 4f6r each of the following inputs:

X Vini(t) = 5 sin (2 7.96t)

X Vinz(t) = 120sin (2¢P.796:S = Ji0

X Vina(t) = 0.32sin (2<79.61- i A1)
For each of the inputs the freqency is used to determine the magnitude and phase change from the Bode plot.

-3.022 dB + . 7.979 kHz -45.077 Deg +

X Vimt)isatf, A OX60 ,IX dZ } %00 A M5 And G A3dB /EGyy A 0.7071
X Regt) = A®jq ®BN(X®+ B+ B = 5 &W.aUABIN(tN7.96) ®+ 0*FYB|
X )= UbPY (UPAaUB FYD|
X Vi(t)isatfn A 1X080 ,IX dZ } u PV]3pH %o 0afd lesZ thAnefsds Fhegain is safely in
§Z %o e v X t]SZ }voC i & ¢]*S}EU §Z P ]Jv «Z}uo 0 4. ~}E i 9

Reel) =A®jq BN(X®+ B B = 120 ®J®in( t N0.796) ® + 204+ U)|

@)= U0U kUpaU®+ UUo= ce )

Vis(t)isatfin A 66 X0 ,1 AZ] Z ]« i 3de. Gor a 3 Gedef PFvehé gain drops by 20 dB in
1 decade due to the reacive component ¢} §Z P ]23 4B (er0.07071V/V)and 4} ]+98 0.
Redt) =A®jq BiN(X®+ B+ B = 032 ®.UaUadin(tN796) ® F150*F a U]
@)= VUOORPKUPAIERFUYY= DUOURPKUP A ER+ U0

Recall the phase in sinusoidal from should be between-1800 v {61 06-2p Gs covertedto =iT1.6
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Note: A 2" order LPF is solved with Matlab using the Laplace Transform method in Figure A.2 in the Appendix.

Section 4.2 — High Pass Filters (HPF)

In general terms, a high pass filter (HPF) acts in opposite fashion as a LPF where it allows input signals with
higher frequencies to pass through to the output while attenuating (i.e. reducing the amplitude) input signals
with lower frequencies. The cirucit in Figure 4.6 is the most common type of High Pass Filter (HPF). Anytime a
capacitor is placed in series in between the input and output a HPF is produced. When a capacitor is placed in
this fashion it is often called a coupling capacitor or a DC blocking capacitor because the capacitor blocks the DC
signal and prevents it from getting to the output. The gain at 0 Hz is 0 V/V so the far left side of the Bode
magnitude plot starts low and ramps up at 20 dB/dec until it reaches the 3dB frequency. Then (at figs) the slope
is gradually reduced by 20 dB/dec resulting in a flat response (0 dB/dec).

: ‘ IN \4 A JT Bode Plotter-XBP1
. |

|
C

2uF
+ . + RL
C’f)v'" Vout S1kQ
fzg A 00X0
- Tau= RC = 1k*2y = 0.002 sec .~ \B
y_ N

— -w_3dB-= 1/0.002 =500 rad/sec - 2
©f.3dB = 500/(2) = 79.6 Hz / 79.493 Hz 3.015 dB ’ 79.493 Hz 45.031 Deg >

Figure 4.6: RC High Pass Filter Circuit witha3dB (E <y Via* ~{(i 0 8} 08X0 ,I1X

The other 1° order filter with only one resistor is an RL circuit with the output taken across the inductor as
shown in Figure 4.7.

‘ I N &w‘r Bode Plotter-XBP1 Bode Plotter-XBP1
|

! j
S DR
+ . + L
6)‘“" - Vout §0.4H

Tau = L/R = 0.4/1000 = -0004 sec
—Liw_3dB = 1/.0004 = 2500 krad/sec ‘
f_3dB = 2500/(2) =398 Hz « 399307 Hz ~2.995dB (=1« 399307 bz 44.898 Deg >

=
pg”

R

Figure 4.7: RL High Pass Filter Circuit witha3dB (E <P Vad* ~{(n 0 8} i60 ,IX

Example £) Desgn a RC HPF circuit that has a 3dB frequeh&ykHzand determine the output if the staard
AC wall outlet signal (equati@hown below) is the input and the output is connected to glbad resistance.
X Vina(t) = 12032 sin (2¢< pO1)
To achieve a fzqs frequency of 1 kHz Equation 4.4 shows the time constantis equalto 1/(2<|iiiie A T1XiAd ue
Equation 4.5 shows that the time constant for a RC circuit is * A &, where Req is equal to the resistor in the
circuit. To avoid reducing the gain only one resistor will be used in the circuit. C can be solved for using the
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equation  A¥Reg A TXT1TIADITTT AF.TKISIKPF circuit is shown below and the Bode magnitude plot in
Multisim verifies that the gain is approximately -3 dB at 1 kHz.

‘IN {}lUT : Bode Plotter-XBP1
[

c |
|1
|
1.59pF

¥ . + RL
(’_“)V:'" : © Vout §1oon

Tau = RC = 100*1.59 = .159 ms
- w_3dB = 1/.000159 = 6289 rad/sec
; f 3dB = 6289/(2m) = 1 KHz ¢ 1khz -3.015 dB »

Figure 4.8: RC HPF design for Example 4.2 with Multisim verification of the 1 kHz f3qg.

To determine the output from the AC wall outlet signal the gain and phase at 60 Hz are shown in Figure 4.9.
Bode Plotter-XBP1

Mode Bode Plotter-XBP1

Horizontal Vertical
Log Lin Log Lin

F 10 kHz| F/1

1 Hz 10

Controls
Reverse Save Set...

. 59.948 Hz 59.785633 m > + In - + Out - 59.948 Hz 86.572 Deg >

Figure 4.9: RC HPF design for Example 4.2 with Multisim gain and phase change at 60 Hz.

The “Lin” option for the Bode magnitude plot is used in Figure 4.9 to avoid having to manually do the dB to V/V
conversion. The value shown in the left plot of Figure 4.9 is 59.785633 m (or Gyyy A _0.059785633 V/N Since 60
Hz is less than 1 decade away from the 1 kHz f34s the phase change should be approximately 90 Odifferent from
the passband. To be more exact, we will use the cursor value at a frequency as close to 60 Hz as possible on the
Bode phase plot (recall the resolution of the Bode plot is limited so exactly 60 Hz can’t be selected). The value
of the phase change ( 4 } in the right plot of Figure 4.9 is equal to 86.572 0

X Reft) = A®jqy ®in(X®+ E+ B = 169.7 ®.0597856 ®in( t N60) ® + 0%+ 86,572
X ®zf)= UWUP (UUU&E+ arbay|
Using the Bode plot to determine the output signal is much easier than solving the problem algebraically. The
following steps show how to solve this problem and the values are verified in the Multsim scope plot in Figure

4.10. The problem solving technique shown below is the same process that was performed in Section 3.2 - Series
RLC Circuits. The Blue Font shows the Multisim measurements. Notice that they closely match the calculations.

A T<|( A 137D radksec.

XeA iI~iXAOR&PEXA Q

Zrotat A ZPXc A 114 j1668.3 Zrora A 1671.286.57 | O(ICE) (Notice: Vr. leads Vin in Figure 4.10)

I A swd AL69.7 4r|1671.3 486.57 |= 101.5 4 86.57 |[mA

Time shift, ts, } ( W& E}/VSAB6.57 | ® :180 |)/377 rad/sec A04.01 ms (-4.017 ms in Multisim)
Ve A /| E101.54B6.57 [mA) [100 & |) = 10.15 &4 z X & §410.154) /Eve(t) = 10.15 bin(12 i < } + 86.57 |)

X X X X X X




C .
'——l' y
|
Vin 1.59uF
T 120Vrms + RL
. S?HZ Voutgwon

Tau = RC = 100%1.59u = 0.159 ms
— w_3dB = 1/.000159 = 6289 rad/sec

= / = T el sogeoms 168528V 864399V Reverse
f_3dB = 6289/(2m) = 1 kHz T2« «| 16752 ms 5373V 10.154 V
Multisim Measurements 271 | A07ms 6336V 3290V S £ v
Vout_pk =10.154 V Timebase _ Channel A : Channel B : Trigger = -
ts = -4.017 ms Seale: | 5 ms/Div Seale: | 100 V/Div Scale; |5 W/Div Edge: |- | = 'A| B Ext
6 =-ts-w =--4.017 ms-377 rad/sec <P ° i SO et ¥
[vr|add Ba A8 Ac o [DC] ac o [oc] - | single | Normal | Auto  None

8 =+0482mrad = +86.77° | X
Figure 4.10: Multisim oscilloscope verification of Bode plot and calculated results of Example 4.2.

A 2" order HPF is solved with Matlab using the Laplace Transform method in Figure A.3 in the Appendix.

Section 4.3 —Band Pass Filters (BPF)

In general terms, High Pass Filters “partially reject” signals with frequencies below fiss and Low Pass Filters
“partially reject” signals with frequencies above figs. The word “partially” is used because complete rejection
would mean that an input signal at a specific sinusoidal frequency is multiplied by zero to completely remove it
(and that doesn’t occur). However, the further away the input signal’s frequency is from fi4s the more rejection
(or attenuation) occurs (i.e. the amplitude is multiplied by a value that approaches zero). At this point, before
discussing Band Pass and Band Stop filters the terms “Pass Band” and “Stop Band” need to be reviewed.

X Pass Band — Section of the frequency response (or Bode magnitude plot) that is “passed”.
X Stop Band — Section of the frequency response (or Bode magnitude plot) that is “rejected”.

Figure 4.11 and Figure 4.12 show the Bode magnitude plots for the 4 categories of filters that are commonly
used. Figure 4.11 shows the pass band and stop band for 1% order Low Pass and High Pass filters. Figure 4.12
shows the pass band and stop band for the 2" order Band Pass Filter circuit in Figure 4.13 and the pass band
and stop band for 2" order Band Stop Filter for the circuit in Figure 4.16. Only the most basic LPF, HPF, BPF, and
BSF will be discussed in this eBook. Multiple capacitors and inductors can be arranged to produce higher order
passive filters that have steeper Bode magnitude plots and therefore attenuate the signals at frequencies in the
stop band to a greater extent (i.e. make the gain closer to 0 V/V).
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A
V.

. 7.979 kHz -3.022 dB L « | 399307 Hz -2.995 dB

Figure 4.11: 1* order LPF from circuit in Figure 4.5 (Left). 1°* order HPF from circuit in Figure 4.7 (Right)

—‘T__._—
»le——»

<

—p > <
4 %

. . v
. 15.791 Hz 1.605 kHz . 15.84 Hz 1.6 kHz [~ ]

Figure 4.12: 2" order BPF from circuit in Figure 4.13 (Left). 2" order BSF from circuit in Figure 4.16 (Right)

v

By combining the RL LPF in Figure 4.5 and the RC HPF in Figure 4.6 a RLC BPF can be created as shown in Figure
4.13. The values of the components in the circuit give it a wide pass band which makes it a “Low-Q” BPF.

XBP1 Bode Plotter-XBP1
et S _h""w-.___ T
"I N {JilJT ,,-"". .\\\..
| | s "\
I I_—_rnnn— ,.//. N
joopF  1omH ‘
RL / ‘\.
+ + (.r" L
Q\) Vin Vou_t §100 Q / \\.I
+ 15.791 Hz 1.605 kHz “

Figure 4.13: 2" Order Low-Q RLC Band Pass Filter.
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The Bode plot in Figure 4.13 has 5 dB per division scale on the y-axis and a logarithmic scale on the x-axis that
increases 1 decade (a factor of 10 in Hertz) every division. The y-axis values for f_ and fy are at gain values as
close to — 3 dB as possible with the best resolution of the Bode plot that was possible. The Bode plot shows two
cursors on the Bode plot, but in Multisim only one cursor is available. The Bode plots in sections 4.3 and 4.4 with
two 3dB frequencies shown were created by splicing two different Multisim Bode magnitude plots together.

When the pass band of a BPF is wide it is called a broad band or Low-Q filter and when the pass band is narrow
they it is called a narrow band or High-Q filter. The Q in Low-Q and High-Q comes from the “Quality Factor”
parameter. Q is used for RLC Band Pass filters as a measure of (E <u v C < a If & sAoMEtBen the filter is
not designed to select a specific frequency, but pass a range of frequencies instead. To determine the Quality
Factor the resonant frequency needs to first be calculated using Equation 4.7. RLC circuits like those shown in
Figures 4.13 and 4.14 tend to resonate (or cause oscillations) at a specific frequency as shown in Figure 4.15.
This frequency is also called the “center frequency” because it is the geometric mean of the pass band as shown
in Equation 4.8. The pass band region is quantified by a term called bandwidth (BW) that is the frequency range
between the low 3 dB frequency (f.) and the high 3 dB frequency (fu) as shown in Equation 4.9.

5

[47] |4AOKJI{BMQAL2 B= %AIRANQALR B- ——|

48] |B= ¥B @&
[4.9] $9 B F B

HEPLP K NB= —

[4.10] |3Q —

Equations 4.7 through 4.10 are true for the series RLC BPF shown in this section regardless of the values of the
components. For the circuit in Figure 4.13 the Equation 4.7 produces the following results:

- o-— 1 _ 5 _ *
X B= B oiee s wmaaserr, OV

For a Low-Q Band Pass Filters with a large bandwidth (at least 2 decades of frequency difference between f. and
fu like the BPF example shown in Figure 4.12) the low and high 3 dB frequencies can be approximated fairly
closely with equations 4.11 and 4.12, which are the same equations used for 1% order LPF and HPF circuits.

5
[4. 11] a\ 6 &ah *This is accurate for series RLC BPF when fy; and f, are separated by 2 decades.
E *
[4. 12] 3\ m This is accurate for series RLC BPF when f, and f, are separated by 2 decades.

When f. and fy become closer together, Equation 4.11 and Equation 4.12 become less accurate. For example, in
the circuit in Figure 4.13, Equation 4.11 and Equation 4.12 calculate the values as follows (The Multisim values
are in Blue Font):
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B 1 _ 5
2¢@® 6 ®448442;

B = 2142 — 1.59 G * VMultisim: 1.605 kH

X 2 8® 6 ®ZF/A_ . ultisim: 1. Zz

X = 15.9 *V Multisim: 15.791 Hz

In this example f_ and fy obey the rule of thumb that states the 3 dB frequencies (f. and fu) need to be two
decades or more apart for the approximations of equations 4.11 and 4.12 to be accurate. Using the approximate
calculations in equations 4.11 and 4.12 the bandwidth and quality factor can be calculated as:

Xx $9= B FB= 159 G*\F15.9 *V= 1575.6 *V
_ l:}' _ 59.‘—599&[_
x 3= »D 59:9 Ai_o.l

A series RLC BPF circuit with a Q value of 0.1 can be safely called Low-Q. Furthermore, if the capacitor in the
circuit in Figure 4.13 is changed to a value of 10 pF then f. becomes 159 Hz which is only one decade from fy.
When this circuit (with a 10 uF capacitor) is simulated in Multisim the f, and fy values are 147 Hz and 1.734 kHz
respectively, which shows equations 4.11 and 4.12 have significant error when the 3 dB frequencies are only one

decade apart. Using the approximate calculations in equations 4.11 and 4.12, the bandwidth and quality factor
can be calculated as follows:

Note: The number in Blue Font is the BW determined from Multisim which will be much more accurate than
equations 4.11 and 4.12 when f_ and fy are only one decade apart.

_ 1 _ 5 _
X B= 28% ® 6 BA ABH2; 503.3 *V
Xx $9= B FB= 159 G*\F159 *V= 1432.4 *V Multisim: BW = 1587 Hz

4 _ 94mmAi _
X 3= »D  587.8AI 0.35

A Q value of 0.35 would still probably be considered a Low-Q filter, but there is no simple method or equation to
use to easily calculate f. and fy for that circuit. Unfortunately, there is no perfect Q cut-off point that separates a
High-Q from a Low-Q filter, but there are approximate equations that can be accurately used for series RLC
circuits that are extremely Low-Q or extremely High-Q. Equations 4.11 and 4.12 can be accurately used for
extremely Low-Q series RLC circuits like shown in Figure 4.13 where fy and f. separated by 2 decades (Note:. The
Q value was 0.1 for the circuit in Figure 4.13).

Example 4) Design a circuit that filters out frequencies that are NOT in the audio range (20 Hz to 20 kHz). Use

the Bode plot to determine the output due to the following two signals.

X Vina(t) = 5sin (2< L000t) This signal should pass through the filter with little to no attenuation.

X Vinz(t) = 2.3sin (2< $0,000t+0.2 < *This signal is beyond R®iz so it should be significantly attenuated.
A low-Q BPF can be used since the upper and lower frequency limits are at least 2 decades apart. If we set the
3dB frequencies at 20 Hz (f.) and 20 kHz (f4) only the edges of the audio range will be slightly attenuated. The
resistor needed in the series RLC BPF circuit can be selected as many different values and still achieve the
desired 3dB frequencies. To keep the current in the circuit fairly low __ @E «]J«8}E A op }( i 1Q.AJoo
Equations 4.11 and 4.12 are used to determine the values of the capacitor and inductor that is needed.

> 20\ % —m = — >

X Set B= T4, 6 BR), 6 GA44@4 a.afur
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X Set B= — = 20,000\ .=

&

5444

6 ® 6

®4444

a.anr“t

The following shows the final circuit design along with the Bode magnitude plot showing f, is at 20 Hz and fy is at
20 kHz. Two separate Bode Magnitude plots are shown so the exact gain can be seen.

—i\ XBP1
N QUT
§ P g
| |
—l —
7.906mH
7.96uF 73
+

Vout

élkﬂ.
L.+

Bode Flotter-XEP1

Bode Plotter-XBP1

[

20,221 Hz

-2.957 db

20.067 kHz -3.022 dB -

| - -

Next, the Bode Plot is shown at the frequency of Vin1 (1 kHz) and Vi, (50 kHz).

Bode Plotter-XBP1

Bode Plotter-XBP1

1.011 kHz

=,

-0.004 d8

R

-1.765 Deg

Vini(t) = 5sin (2« L000t)
Gain =004 dB 4£0.99954 V/V

AW Z 1. A& ° A0.0099«

Vou(t) = 5:0.99954 sin @000t - 1 X1166

Vour(t)= 4.998 sin (210004- 1 X116 6

Bode Plotter-XBP1

Bode Plotter-XBP1

[ -g.590 dB

49,955 kHz

[« || 49055 kHz
|

[E=m) (=]

~68.183 Deg [ =

Vina(t) =2.3sin (2< 50000t +0.2 < o
Gain =8.598 dB 4£0.3716 VIV

4W Z «-68A183° £0.379 <«

Vourz(t) = 2.30.3716 sin (-t +0.2 <-0.379<)

Voutz2(t)=0.855 sin (2 p0000t|- 0.179 < »

Next, equations 4.13 and 4.16 are introduced that can be accurately used for extremely High-Q series RLC
circuits. If the Q value is calculated to be 10 or greater, like the one shown in Figure 4.14, great accuracy is
achieved, but when Q drops lower than 10 equations 4.13 to 4.16 become less accurate as shown in the

following example (} E

OCE]

o 7>

W &

JE pls A]3Z Y A iXioX

For High-Q filters Q and BW can be calculated using equations 4.13 and 4.14 and then f_ and f,; can be calculated
using equations 4.15 and 4.16. These equations produce very close approximations when Q is 10 or greater as
shown in the next example. Equation 4.13 shows that Xc equals X, at the center frequency, fc, for High-Q BPFs.

[4.13]

E

~ Ryl 6 §6_
3= == = =

N _
=

I
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[4.14] |$9=
[415] |B BFZ
[416] |B Bt =

When the capacitor in the series RLC circuit in Figure 4.13 is changed to a much smaller value, f. moves to the
right (as shown in Figure 4.14), which results in the bandwidth narrowing and Q increasing. Now the High-Q
filtere<u S]}(13 to 4.16) can be used to produce accurate results (see the Multisim comparison below).

XBPL
—~'\ Bode Plotter-XBP1

N / N
N Y N

15.919 kHz -0.001 dB » . 15.147 kHz 16.728 kHz

Figure 4.14: 2" order High-Q RLC Bandpass Filter with 2 screen shots of the Bode Magnitude plot.

_ 5 _ 5 _ * s e
X B= s 7R, © AiRaiis 15.9155 G *V Multisim: fc = 15.919 kHz

_ N _ Ry 6 ®@_ 6 B9=5RA @4 A _
X 3= F=E~—¢ - 544 A =10
x $9= 2= 22225 150155 G*V
59=90pAi . .
X B 15.9155 G*VF 2"2'= 1512 G * VMultisim: f, = 15.147 kHz
X B 159155 G*¥ 222222 1671 G * VMultisim: fu = 16.728 kHz

This shows when Q equal to 10 equations 4.15 and 4.16 give very close approximations, but if the capacitor is
increased to a value of 0.1 uF and Q is reduced the approximation is not as accurate (as shown below).

5 5

. — — — * ici . -
X B= A ATRaTT 5.033 G*V Multisim: fc = 5.038 kHz

_ N Ry 6 ®@_ 6 @ATPARAGA _
X 3= E- E B 544A = 3.16
x $9=—=28CSL 159155 gV
3 3.16 -
X B 5033 G*W 222 4237 G * VMultisim: f, = 4.301 kHz
X B 5033 G*¥ 2222 5829 G * VMultisim: fu = 5.894 kHz
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These values show that when C was increased to 0.1uF and Q = 3.16 the approximations of equations 4.15 and
4.16 are still fairly accurate, but not nearly as accurate as when Q was equal to 10 for the circuit in Figure 4.14.

In summary, there is not a perfect cut-off for the Quality Factor, Q, which classifies a series RLC BPF as High-Q or
Low-Q. The following Rules of Thumb help determine which equations to use to calculate f. and f,.

X You should only expect “very close” results (i.e. that the calculated f. and fy frequencies are at —3dB
gain points) with Equations 4.15 and 4.16 when Q_HLO. Q values of 10 or greater should definitely
classify the series BPF as High-Q.

X You should only expect “very close” results with Equations 4.11 and 4.12 for f, and fy when f__and fy are
[ e v (E <y V. EthidaccdEsthe BPF or BSF should definitely be classified as Low-Q.

X If fLand fy are closer to each other than 2 decades in frequency and the Q value is less than 10 then
there is no easy way to accurately determine the values of f, and fu. This would be a problem that would
need to be solved using the Laplace Transform method (as shown in the Appendix). In this situation, the
determination of whether to classify the filter as High-Q or Low-Q is also not clear.

Before moving on to Band Stop Filters the idea of resonance in RLC circuits and the “resonant frequency”
defined in Equation 4.7 should be explained in more detail. For the circuit in Figure 4.14 the resonant frequency,
fo, (or center frequency, fc) is calculated as 15.92 kHz. The figure below shows the transient response of the
circuit in Figure 4.14 when the input voltage is a 1 V DC signal that is suddenly applied (i.e. a step input, u(t)).
Since the capacitor acts as an open circuit at DC the voltage across the resistor will approach zero at steady
state. However, in the transient region the voltage across the resistor will oscillate (or resonate) at the resonant
frequency until the oscillations die out as steady state is reached as shown in Figure 4.15. The cursors in Figure
4.15 are placed at locations where the difference between them is the half-period of the oscillations. T/2 can be

determined from these cursors as (0.000518 — i Xiii8000 A iXiiiiii » }v e¢« AZ] Z <pu § « §}
(/2 Xiiiiiie A o iAXd7 |, lequll B]thZ cjleulated resonant frequency from Equation 4.7. The

Matlab bode magnitude plot in Figure 4.15 is also shown to match the Multisim Bode plot in Figure 4.14 closely.
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Amplitude

Bode Diagram

01

0.08

0.06 |

0.04

0.02

-0.02

-0.04

-0.086

-0.08 -

Vout across R in a Series RLC Circuit with 1 VDC input

I | System: sys_TF
| W Time (seconds); 0.000518
Amplitude: 0.00748

|| LYY v System:; sys_TF
[ | Time (seconds): 0.000487
! Amplitude: -0.00876

0?2 0?4 oia 0.8 1 12
Time (seconds) L1073
System: sys_TF
Frequency (Hz): 1.59e+04
Magnitude (dB): -0.0109

System: sys_TF /
Frequency (Hz): 1.51e+04
Magnitude (dB): -3

Figure 4.15: Matlab step response and Bode plot simulation of the 2" order High-Q filter circuit in Figure 4.14.

I

: | System: sys_TF
Frequency (Hz): 1.67e¢+04
Magnitude (dB): -3

Section 4.4 —Band Stop Filters (BSF)

% Step response and Bode Magnitude Plot of
an RLC series circuit

A 1XIigV
> A iV
Z A iV
syms s
S A Z = il~ Zoo = >Z'V
s]vze HKldplace Transform of delta function
s}udze A slvzeZZl+8V %VDR
% Since Vin_s is equal to 1 Vout_s is actually
equal to (Vout(s)/Vin(s))
d&z*Cu A s}usSzeV
% Find the numerator & denominator of
TF_sym
€vpuzd&zeCuU vzd&zeCusAvyY
% Convert num & den to polynomial form

—_

vuuzd& A *Cui%}oC~vpuzd&zpCue
vzd&zeCueV

vzd& A *Cui%}oC~
% Find the transfer function (Vo/Vin)
eCezd& A S(~vpuzd&U
figure(1)
step(sys_TF)%This is the step response
title ("Vout across R in a Series RLC Circuit with

vzd&e\

1 VDC input')
figure(2)
Z A} %0}S~eCezd&-

setoptions(h,'FreqUnits','"Hz','PhaseVisible','off')

Band Stop Filter (BSF) will not be covered in as much detail as the other filters since its applications are not as
numerous as the others. A Band Stop Filter (also called Band Reject Filter or Notch Filter) is essentially the
opposite of a BPF because it partially rejects a range of frequencies in its stop band, but passes low and high
frequencies that are outside the stop band. The term notch filter is used in the previous sentence because it is a
much more descriptive term than BSF. The notch in the filter can be used to eliminate specific noise that is
present in a circuit. A common application of a notch filter is to remove 60 Hz noise from AC devices that are
plugged into AC wall outlets. Wires or cables that travel in close proximity to 60 Hz noise sources tend to pick up
noise, which can sometimes negatively affect the performance of the circuit. By adding in a 60 Hz notch filter the
noise can be eliminated to improve the performance of the circuit.

A common 2" order (2 reactive elements: 1 inductor and 1 capacitor) BSF circuit is shown in Figures 4.16. The
Bode magnitude plot and calculations of the center frequency (f.) and the bandwidth (BW) are also included.
These two parameters characterize the notch in the BSF and the equations that apply to them are shown in
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equations 4.7 and 4.9. The steeper the notch the more “selective” the filter is at rejecting frequencies. The term
quality factor (Q) shown in Equation 4.10 is used to quantify how selective the notch is. As described in Section
4.3, the quality factor was also used to determine how selective a BPF is at “passing” the center frequency. The
2" order Low-Q BPF in Figure 4.13 is in many ways the opposite of the BSF shown in Figure 4.16. The parallel
capacitor and inductor result in something frequently referred to as a “Tank Circuit”, which oscillates at its
resonant frequency and stores energy (like a storage tank). Notice that the inductor causes f. and the capacitor
causes fu, but it was the opposite for the series RLC BPF. The center frequency of the tank-style RLC BSF circuit
also uses Equation 4.7 like the series RLC BPF.

Note: The quality factor (and High-Q and Low-Q classifications) will not be applied to the Band Stop Filter and
only the following two equations will be given for the situation when f,; and f, are separated by 2 decades.

E
[4. 17] a\ —® *This is accurate for tank-style RLC BSF when fy and f are separated by 2 decades.
S *
[4. 18] 3\ 6 E@ This is accurate for tank-style RLC BSF when f, and f_ are separated by 2 decades.
[
7#\ Bode Plotter-XBP1 Bode Plotter-XBP1
illf\l P?UT - ' |
I " o
1opuF
()’.VHI . |RL
() vin Vout 2100
159.215 Hz -81.41 dB - 15.84_H2 1.6 kHz -

Figure 4.16: 2" order RLC Band Stop Filter.

This BSF circuit in Figure 4.16 (with L=100 mH) has the same fc, f,, and f,; as the BPF circuit in Figure 4.13 (as
shown in the bulleted calculations below). The only difference (other than it is the opposite type of filter with
the pass band and stop bands reversed) is that fy comes from the capacitor and f. comes from the inductor.

= S > — * fcime
X B= 5o/ s AR IT 159.155 * V Multisim: 159.215 Hz
5 _ 5 kA N
X B o &8 6 ®imAT, UP& 't Multisim: 1.6 kHz

B _ 54A _ . _—
x B 3" B @si- 15.9 *V Multisim: 15.84 Hz

X $9= B FB= 159 G*\W¥159 *V= 1575.6 *V Multisim: BW = 1584 Hz

If the inductor in Figure 4.16 is changed to a value of L = 10 mH then f. becomes 159 Hz which is only one
decade from fy. When this circuit (with a 10 mH inductor) is simulated in Multisim the f, and f, values are
146.3 Hz and 1.732 kHz respectively and the bandwidth is (1732 - {80 Xi A ifi 6 i X &ultisid d Z
simulated values are shown below to be much different than the calculated values from equations 4.17 and
4.18. The error results by using equations 4.17 and 4.18 when f_ and f,, are only being one decade apart.

__ 5 _ 5 _ . N
X B= s k5. 6 A RS dT, 503.3 *V  Multisim: fc = 503.4 Hz

X $9= B FB=159 G*\F159 *V= 14324 *V Multisim: BW = 1585.7 Hz

67




Module 5 —Transformers

A brief overview of transformers is needed in this eBook for two reasons. First of all, the invention of the
transformer led to AC voltages being used as the primary electric power source worldwide (Read:
https://en.wikipedia.org/wiki/War of Currents for more information on this topic). Additionally, transformers
are included in this eBook because without them rectifier circuits (Section 6.3) that convert an AC voltage to a
DC voltage could not be adequately be covered. If this module is not in depth enough, the following two links
from allaboutcircuits.com are recommended as additional resources.

http://www.allaboutcircuits.com/textbook/alternating-current/chpt-9/mutual-inductance-and-basic-operation/

http://www.allaboutcircuits.com/video-lectures/transformers-part-1/

Figure 5.1 shows a transformer with the following quantities labeled: primary voltage (Ve), primary current (lp),
secondary voltage (Vs), secondary current (Is), and the turns ratio (Np:Ns or Np/Ns). The primary side of the
transformer connects to the input and the secondary side of the transformer connects to the output (or load).

Dot Notation: Top-Top = In Phase

Ip Is
B B

Np : Ns

Center Ta
Turns Ratio P

Figure 5.1: Iron Core Transformer Symbol

The vertical lines in the center of the transformer signify that it has an iron core. An iron core transformer is
usually used for low frequency applications, including power transmission, which is the primary application
addressed in this eBook. The curves on either side of the core represent the magnetic coil of wire that is
wrapped around the primary and secondary sides of the transformer. The turns-ratio is the ratio of the number
of primary coil turns of wire to the number of secondary coil turns of wire. The turns ratio is usually listed as
Np:Ns or Np/Ns. The middle line extending horizontally from the center of the secondary is called the center tap.
Some transformers have this physical connection (or tap) that separates two sections of the secondary coil. If
the tap is left unwired as shown in Figure 5.1 then the transformer will act as a standard transformer and can be
used for half wave or full wave bridge rectifier circuits as shown in Section 6.3. However, if the middle wire is
used then both sides of the tap will have its own turns-ratio value that must be factored into the problem. There
are three possible wiring methods for standard transformer applications that use only two wires: top and middle
legs, bottom and middle legs, and top and bottom legs. All three wires can be used in certain applications such
as parallel (or center tap) full wave rectifier circuits (Shown in the third figure from the top in this link). The two
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dots above the primary and secondary coil symbols are used to label the type of phase change the transformer
will have. The dot notation states that if both dots are on top (or if there is only a single dot on top) then the
primary and secondary voltages will be in phase (0° phase shift) and if one is on top and the other is on bottom
then there will be a 180° phase shift.

Governed by Faraday’s law (Equation 5.1), current from the input voltage source (Vp) is forced through the
primary coil of wire, which results in a magnetic flux being generated in the iron core. The flux travels through
the iron core and induces a voltage difference on the secondary coil of wire (Vs) as shown in Figure 5.2.

x \
[5.1] A= 07 *Whereeistheinducedvoltage,Nisthe#}( SuEveU v L ] 8Z (o0

Primar
Tnary Secondary
winding winding
Np turns N. turns
5

Primary
current

Secondary

IS current
e —

Primary +
voltage
v
i Secondary
voltage

V5

Figure 5.2: Internal Diagram of a Transformer. “Ideal transformer and induction law” image © BillC. Used under
a CC BY-SA 3.0 license.
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In this eBook the transformer will be assumed to be ideal (100% efficient), but there is magnetizing and leakage
inductance as well as resistance in the primary and secondary coils that reduce the efficiency. If the standard
(non-center tapped) transformer Multisim part called 1P13which stands for 1 primary and 1 secondary) is used
the turns ratio as well as the inductances and resistances that reduce the efficiency can be entered. The default
values for the 1P1S transformer are shown in Figure 5.3. The first tab allows the turns-ratio to be set. The next
three tabs allow the imperfections that cause efficiency reduction to be set. For this part it allows each of these
imperfections to be removed making the transformer truly idea. These settings will be set this way for the
circuits in this eBook so that the calculations will match Multisim closely.

1P15

Tums | Core |Leakage inductance | Resistance

Caoil Number of turns
Primary coil 1 2
Secondary coil 1 1

Turns | Core |Leakage inductance " Resistancel

| Turnsll Core ” Leakage inductance | Resistance|

(@) Ideal core

() Mon-ideal core

Constant inductance hd

50u

| Turns | Core | Leakage inductance | Resistance ”

:@:ﬂo leakage inductance (ideal coupling)

() symmetric leakage inductances

10u

() custom leakage inductances

Coil Inductance
Primary coil 1 10u
Secondary coil 1 10u

Units
H
H

(@) No resistance

) Symmetric resistances

10m
-. ) Custom resistance
Coil Resistance Units
Primary coil 1 10m Q
Secondary coil 1 10m Q

Figure 5.3: 1P1S Mustisim Transformer User Interface with resistance and inductance values set to ideal.

Theideal SE ve(}Eu E that défgrmmne the ratios of the primary and secondary voltage and currents

are shown in equations 5.2 and 5.3.

lA_ CaA

5.2] [—= =
[5.2] A CA
A _ CA

53 —_ = —
[5:3] A CA
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Example 5.1) Calculate,\, and bfor a 1S1R:1ideal StepDowntransformer with a standard 120 Vrms wall
Juso 8 %}A E «]Pv o }vv 8§ &} §Z % E]Ju EC he secont@QusshopwSiEuoonnecte
5.4. Also, calculate the primary and secondary power.

V(rms 120V Q V(rms): 60.0 V
lirms): 30.0 mA e I(rms): 60.0 mA
P(avg): -3.60 W Vp1
3.60W
L 120Vrms g‘ ‘ % = RL

2 g?“z 2:1 @§1kn

Figure 5.4: 2:1 Step Down Transformer for Example 5.1.
This problem must be solved in the correct sequence (as follows):

1) The secondary voltage can be calculated from Equation 5.2 Vs A pANp/Nse A (11160 ¥rms

2) The secondary current can be calculated using Ohm’s Law ZEls A s$Z> A 01 s E u60imAgnsA
3) The primary current can be calculated using Equation 5.3 Zlp As/[Np/Nse A 01 u E 36 hiAhAns
4) 100% efficientso Pp A sV pgp A 5§ AB.6 W

Keep in mind that a real transformer will NOT be 100% efficient. The voltage ratios in Equation 5.2 will remain
close to true for non-ideal transformers, but the current ratio (Equation 5.3) will become inaccurate because
additional primary current will be required by the source due to the power loss in the transformer.

The transformer in Example 5.1 is called a Step Down transformer because the voltage is reduced at the primary.
A Step Down transformer has a turns- E$ ]} Ekamiple 5.2 shows a Step Up transformer (turns-ratio < 1).

Example 2) Calculate ¥ Is and kfor a 1S1R:1 ideal Ste@owntransformer with a standard 120 Vrms wall
Judo0 8 %}A & «]Pv o }vv § 8} 3Z %EJu EC v i 1Q Ao dlc8lhtE tlhennecte
primary and secondary power.

\"'(rms} 120V Q Virms): 1.20 kV|
lirmsj: 12.0 A o I(rms) 1.20 A

Plavg): -1.44 kW W Transformer Calclations

Plavg) 144 k|
;SE{VI'ITIS § g 1) Vs = Vp/(Np/Ns) = 120/(0.1) = 1.2 kVrms
z 2)Is =Vs/RL = 1.2 kVrms/1 kQ) = 1.2 Arms
3) Ip = Is/(Np/Ns) = 1.2 Arms/(0.1) = 12 Arms
1:10 l
- -

4) Pp =Ps = Vp'lp = Vs'ls = 1.44 kW

Figure 5.5: 1:10 Step Up Transformer for Example 5.2.
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Module 6 — Diodes and AC to DC Conversion

Note: There some additonal Dio@sample problemat the end of the AppendiR.diode is a device that acts
like a current valve, where current is allowed to flow from anode to cathode, but not allowed to flow from
cathode to anode (base of triangle). When current is allowed to flow the diode is said to be forward biased and
when current is blocked it is reverse biased. There are many different types of diodes. The two main types
discussed in this eBook are shown in Figures 6.1 (switching diodes) and 6.2 (rectifier diodes).

IV analyzer-XIV1 24
b1 4 .
Components:
XIVl ]
/ Diode v|
[ | // Current range (&)
% == 4 teg | [ tn
ey /£ F: .14 A
! / 02 A
r : )
// Voltage range (V)
/ s |
1N914 ™ /’ .
7 F: 1 v
rd L0z v
; I:
e Reverse |
// —— e —
Simulate param. |
—— = — p! n
|L WV_pn 700.634 m\f 18.514 mA - o

Figure 6.1: Characteristic Curve (Ip vs Vp) of a 1N914 silicone switching diode (also called signal diode).

IV analyzer-XIV2 o x]
~F Il| _Compunents:
| |Di0de - |
||'III Current range (A)
/ Log | houking
/ ) e
14 A
XIva 7 v
fl 1 2 A
aE f’l
i YVolt: T
f - }. | .-'o_l age ral.'lge (V)
FE / leg | Lin |
i y L
Eel L v
/ '
4 B 2 v
-
H. ¥ A Reversa |
i _
Wadore S Simuiate param. |
— = —4 P n
+ |V_pn 700.634 mV 12.244 mA [=+] l l o

Figure 6.2: Characteristic Curve (Ip vs Vp) of a 1N4007 silicone rectifier diode.

A few other types of diodes are discussed below. An Ip vs. Vp curve can be done for any diode using the Multisim
I-V Analysis tool (as shown in Figures 6.1 and 6.2) if the voltage at a specific current is needed to be known.
X A Schottky diode can be used for rectifiers or switching circuits. They have a forward voltage drop much
smaller than silicone diodes (Vb A ¢ 1 X1 seX
X A Zener diode works differently than the other diodes discussed thus far. They are designed to work in
the reverse voltage region (where the other diodes prevent current from flowing). They are often used
for reference voltage or low-power voltage regulator applications.
X A Light emitting diode (LED) is a type of diode that emits light as current flows through it. The smaller
LEDs that are often used in a breadboard typically have a current limit (or rating) of around 20 mA. This
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https://www.sparkfun.com/products/10926
https://www.sparkfun.com/products/10301

Sparkfun tutorial is a good source for more information. Figure 6.3 shows the Ip vs. Vp curve for a typical
low power Red LEDs (Left) and Green LEDs (Right). When too much current flows through a green LED
the light color will change from green to yellow. This typically happens shortly before it is destroyed so
if you see a green LED turn yellow cut off the power ASAP!

-
X
—
(72}

/|

2131 vV 20.312 mA

1.827 V 20.383 mA

v

Figure 6.3: Characteristic Curve (Ip vs Vp) of a low power 5mm Red LED (Left) and Green LED (Right).

The following are some good links to learn more about diodes if the next three sections leave some questions
unanswered: http://www.futureelectronics.com/en/diodes/diodes.aspx

http://www.allaboutcircuits.com/textbook/semiconductors/chpt-3/introduction-to-diodes-and-rectifiers/

Section 6.1 — Diode Constant Drop Model

In order to solve circuits that include diodes, a model for the diode is needed. There are many different types of
models that can be used, but the one that offers the best combination of accurate results and ease of use is the
Constant Drop Model. Before showing how to implement the Constant Drop Model, the process to solve
problems with diodes in them is listed below. All of the circuits in this section will only include DC sources. By
understanding how diodes affect circuits with DC sources, it is not a difficult jump to apply it to AC circuits also.

Process for Solving DC Circuits with Diodes using the Constant Drop Model

1) Assume Forward or Reverse Bias for each diode in the circuit.

2) Replace each diode with their model and solve for the forward bias current or reverse bias voltage.
a. Reverse Bias — Diode replaced open circuit. Solve for voltage drop from anode to cathode.
b. Forward Bias — Diode replaced with battery. Solve for current flowing from anode to cathode.

xdZ &5 EC ] %0 Al3Z 82z =+ Az & 8z v} }( 3z 1}
§Z A}o3 P ] %% E}AE]Ju § e }Vv3Z 3C% }( 1} X eepu
iXi sU ~]o] }v +A]Ss Z]vP }JE & S](] E ]} + A iX6 sU Z >

3) Check the conditions for forward or reverse bias to make sure assumption in part 1 was correct:

§1
A

a. Forward Bias Condition:lpb E i ~]X X dZ HEE v3 0 PO § ]V % ES T ] (o}A]

b. Reverse Bias Condition: Vp < Diode Turn On Voltage (i.e. The voltage calculated in part 2 is less than

the values shown above A£ScZ}8S8IC A iXisU ~]o] }v A iXésU Zz > A iXdsU 'C

4) If the assumptions from part 1 are verified in part 3 the problem is done. If any of the diodes don’t meet
the conditions in part 3, start the problem over by going back to step 1 and make different assumptions.
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Example 6.1) Follow the DC Diode Analysis process to solve the following Ecista silicone diode

—————— —
IFarwart:l Bias Model |

N Id1
anode D1 B

Multimeter-XMM1 S I
——"h N —— — I + I | ‘ I
717.774 mV 1%Q (&) "W@ | 1l |
Redraw L . |
I == Fn3mAl with diode EN3ImA———— ———
A = _ \—\q_f Model
=J —_—
=~ XMM1 | v2
_— 12v — 12v
1 Set. _ T —

Figure 6.4: Circuit for Example 6.1

Step 1) D1 will be assumed to be forward biased because the 12V source will force current clockwise in this
circuit, which is the direction from the anode to cathode of the diode.

Step 2) The circuit on the right side of Figure 6.4 shows the forward bias model replacing the diode. The node

Az E 3§z v} A+ lvv § ] }vv § S} SZ 0.7V is|usedfor$hé battergvdltage
because the problem stated it is a silicone diode. Next, calculate the current, Ip;.

Xlpr AR A 4s1Z A 1-XdelilLl3MmA (Thisis verified in Mulisim in Figure 6.4)
XNote: The actual diode voltage is shown in Multimeter XMM1 to be 717.774 mV, but there is no way to know
the exact voltage across the diode unless a simulation tool is available. The approximate Constant Drop Model

voltage used for silicone diodes is 0.7 V is very close to 0.717774 V so the calculations were identical to the
Multisim calculation (within the accuracy of the current probe).

Step 3) Verify the diode is forward biased by making surethatlps E i v (0}A]JvP (E}u

vV} The }
current is 11.3 mA and the direction is clockwise in the circuit (which is from the anode to cathode).

Step 4) The forward bias condition assumed in Step 1) is verified in Step 3) so the problem is done.

Example &) Follow the DC Diode Analysis process to solve the following i¢iEx2iits a silicone diode

r—— 1
D2 | Reverse Bias Model | | pyltimeter-XMM2 P
> I
1kQ Redraw 1kQ |__ _____ ||
with diode — .
Model s La] 2] [a]
e —_— i
= = T e ——
+ | set. _

Figure 6.5: Circuit for Example 6.2

Step 1) D2 will be assumed to be reverse biased.
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Step 2) The circuit on the right side of Figure 6.4 shows the reverse bias model. Notice the + side of the
Multimeter that is measuring Vp; is on the same node as the anode was connected. To solve for VD2 there are
two possible methods.

x &Jv 8Z v} A}o3 P }v¥id8shf the openeircuit and subtract them.V = A 1 ~PE}uv
andVp- A i1/HZ A-11Z A il s ~ WEE vS A M 0284 B%opy ALV n]SeX s

X Do aKVLaround the loop including VD2 A-i1s = +N& A ¥EVp, ARV

X Vb2 A12 Vis verified in Multisim in Figure 6.5.

Step 3) Vb2 < 0.7 so the reverse bias condition is verified (0.7 V is used here because it is a silicon diode)

Step 4) The reverse bias condition assumed in Step 1) is verified in Step 3) so the problem is done.

Example &) Follow the DC Diode Analysis process to solve the following i¢iExUits a silicone diode

VTV 125 mA y-79zy Forward Bias Model | 144 mA
Mul XMM1 pXS O D1 @) L ®
ultimeter- = ) (A — (A
S — A P e 1| ———
664.703 mV 1kQ 1kQ
Redraw 0.7V
R G with diode
(A ][] [2] [2] t_\,\; Model %5!&0
—
e el i sk Lo - S3k :
—12v Z5ka —12v
o Sat.., _ T ] =

Figure 6.6: Circuit for Example 6.3

Step 1) D1 will be assumed to be forward biased because the 12V source will force current clockwise in this
circuit, which is the direction from the anode to cathode of the diode.

Step 2) The circuit on the right side of Figure 6.6 shows the forward bias model replacing the diode. The node
Az @ 8z v} A e« }vv & ] }vv & &} 3ZO0.%7Visjusedforiheé battengvdltage
because the problem stated it is a silicone diode. Next, calculate the current, Ip;. The mesh matrix method used
in the DC Circuits eBook will be used.

XSolving this matrix yields /T A¢ 1AL.44 mA (This is verified in Multisim in the right circuit of Figure 6.6)
XNote: The actual diode voltage is shown in Multimeter XMM1 to be 664.703 mV. The 0.7 V diode drop
assumption yielded a slightly different result than the actual values (shown in the left circuit in Figure 6.6).

Step 3) Verify the diode is forward biased by making surethatlp; E 1 v (0}A]JvP (E}u v}LTh&} §Z
current is 1.44 mA and the direction is clockwise in the 2" loop (which is from the anode to cathode).

Step 4) The forward bias condition assumed in Step 1) is verified in Step 3) so the problem is done.
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Example 64) Follow the DC Diode Analysis process to solve the following witbust green LED

7 Forward Bias Model [
I:-9.03 - I: -1.93 mA
v.8.00v Green_LED1 PA ViTEsV d m
O, i) ® O, SN
/ «— < A I
1k 1k
Redraw 2.1v
with diode Wrong
Model Assumption
3kQ - V2 Made

Figure 6.7: Circuit for Example 6.4 with the wrong assumption made.

Step 1) The LED will be assumed to be forward biased. It is fairly obvious that this is the wrong assumption, but
it will be done anyway to show how to restart the problem in step 4 if the assumption is wrong.

Step 2) Solving for Ip (which is the counterclockwise current in the 2" loop)

X" "}oAJVvP 8Z]e u SE]A C] o « /1 AA.93 nd.03add(Ehjs iis verified in Multisim in Figure 6.7)
XNote: The probe values in the left circuit of Figure 6.7 with the green LED are way different because the wrong
assumption was made.

Step 3) Ip is flowing from cathode to anode so the forward biased assumption cannot be verified.

Step 4) The forward bias condition assumed in Step 1) is WRONG in Step 3) so start over at step 1.

- pp— V:900V]  Green_LED by Reverse Bias Model
Multimeter-XMM2 x ':.},' R G) “vd +
— AAM i« AN
= k0 Redraw k0 I—\ y—]
s p— with diode i i
A v s} dB Model St
A 2 | [ —_— S5kQ
el i E §3m §3k0 X2 =
— 12V 5kQ — 12v Correct
o Set.. = T T Assumption
2 | Made

Figure 6.8: Circuit for Example 6.4 with the correct assumption made.

Redo Step 1) The LED will be assumed to be reverse biased. Since forward was wrong this must be correct.

Redo Step 2) Doing a KVL around the outer loop.— iT = /i|iM@ = /T|AIQ A iU oo HWEE v (0}A
(]&*3S 0}}% *dIQAATTIH Vv AEWALR = Tu |il1Q = 1[|9V(VeAfied in Multisim)

Redo Step 3) Vo A 9V < 2.1V so reverse bias is verified.

Redo Step 4) The reverse bias condition assumed in Step 1) is verified in Step 3) so the problem is done.
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Exampé 65) Follow the DC Diode Analysis process to solve the followingdeitin Figure 6.9

V: 294 mV
i = Id
© 0. T
AN Pl = AN —| \I
kQ (7) BATS5 e D oav LOOP 2
V464V The BAT8S is a Scholtky Diode V:i-1.80V
I 7.36 mA| Redraw I: 13.8 mA K
' with diode
Model Forward Bias Model
VAT My * M raTaY
20Q 400 0 20Q Loop3 .402
_ Y (%D V:120V o
viasy | YA gl Id? — 2.4V
100 I -4.37 pA| i ia
o— 12V —12v w
7 rong
Green_LED & =7 T Assumption il é}ﬁj
LOOP 1 S I: -145 mA

Figure 6.9: Circuit for Example 6.5 with the wrong assumptions made.

Step 1) Assume Both diodes are forward biased (1 of 4 possibilities). Model is shown in Figure 6.9Right).
Step 2) Solving for the loop currents. Assuming currents are clockwise £/z S6A A /1 v 18z> A -

Assuming currents are clockwise, solving this matrix yields
AT A 0AGXO u U /T A 1TX0 u(Thedd vlludsd
are verified in Multisim in the right circuit of Figure 6.9)

leatss A /1138 mAand lieo A /T Al44.5 mA

Step 3) lgarss is flowing from anode to cathode so the forward biased assumption is verified, but the I.ep is
flowing from the cathode to anode so forward bias cannot be verified.

Step 4) If either diode is assumed wrong, one of the other 4 possibilities must be tried. There is a good chance
the BATS85 is forward biased, but you can’t be sure until you verify both are correct. Go back to step 1.

Redo Step 1) The LED will be assumed to be reverse biased and the BAT85 assumed to be forward biased.

| W: 294 mv d
ﬁ@ _oq 72 |
—p P i A 1|1
1kQ (A BATE5 hQ (A 0.3V LOOP 2
Vi 4.64 The BATES is a Schottky Diode V464V Forward Bias Model
I: 7.36 mA| I: 7.36 mA
Redraw
with dicde
s AT Model M AN,
20Q 400 G_ I A 200 400 0—
Ref @}\ V:12.0V Ref
= W paos mA z
e 100 Green_LED1 - i - §1 00 ESBY
— lﬂ — Correct |
T ! Reverse _.s +
EEQ)] Assimnton Bias (V)
e i LOOP 1 Made Model
Sy |
VoV A
= L -4.37 pA f\{;) =

Figure 6.10: Circuit for Example 6.5 with the correct assumption made.

Redo Step 2) Loop 3 has an open circuit so this becomes a 2-loop circuit.

Solving yields £ /1 A4® u U /TenAs A7.36 mA
KVL around outer loop -1 = /T|F11XVpo A 1
Vo AiT = 6 XTdku= |3XX4.34V (verified in Multisim)

Redo Step 3) Vo A 4.34V < 2.1V (reverse verified), Isares A7.36 mA from anode to cathode (forward verified)

Redo Step 4) The assumptions in redo Step 1) is verified in Step 3) so the problem is done.
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Section 6.2 — Diode

Logic Circuits

There are many applications where the basic diode calculations shown in Section 6.1 can be used to give
circuitry more control. One way is by using diodes to create logic gates. The circuit in Figure 6.11 shows diodes
acting as an OR gate. To make this section easier to understand Multisim virtual parts are used that show actual
images of the part. When either of the two switches is flipped to the ON position (up) then the LED will turn on.
When the switch is in the down position there is an open circuit connected to the diode so a pull down resistor is
used to make sure the voltage at the diode is OV when the switch is in the OFF position and 5V when the switch
is in the ON position. The left circuit has both switches OFF and the right circuit has Switch 2 ON. Switch 1 could
have been turned on instead of Switch 2 (or both could be turned on) and the same output would occur.

Input 1 = OFF VOV Input 1 = QFF V4V
| oA | W 11103 mA
Diodes acting Diode1 Diode1 =
as an OR Gate /5_ Diodes acting o4
as an OR Gate v
i | 2 = OFF i |mut2=0N
Switch? Input o l S\Mtcm Switch2 ; ) . L
curren i
; Diodei limiting Diode1 limiting
pull down Cathode resistar pull down resistar
resistor resistor éZEDQ
& pull down 2200 } A pull down 53
510%0 7 resisior " w ﬁq‘ml]h:(l F reSIStor ” |
[ \ |
= 100kQ ( )
i <100k _|_ _|_ ; N
= i i
Bl =

Figure 6.11: Diodes acting as an OR GATE.

The circuit in Figure 6.12 shows diodes acting as an AND gate. The output voltage (Vout) will only go to 5V when
both switches are flipped to the ON position (up) as shown in Figure 6.12. When either switch is turned off the

A}o3 P Aloo E}% (E}es §Z

E

*]*3}E 3Z 3Freule637). The higBerRhis cesibtoo « ~

value is the lower the current will be and the lower the voltage will be when both switches aren’t pressed. In this

case A]§Z

111 1Q @& e heh@therswitch is ON Vout drops below 2V which is the minimum voltage

required by the gate of the MOSFET to turn it on and cause current to flow from the 5V rail through the drain.
5V

200k02

|@ 1132 mA

This Resistor
sets the voltage

levels of the
AND Gate
Input 1 = ON .
Diodes acting Diode1 Q - v
e - 18.0
as an AND Gate btz Q PA
Y Gate
Switch2 Input 2 = ON
Switch 1 w‘c = | g"'h_?"h‘he both Source
) Diod N witches are
s A ON Vout is equal Mosfet1_3TEN
f;slliftg:m e to 5V and the
pull down zOSS%Tr;S
100k = resistor me 50 il
current flows =
100k0 through the LED.
L _— 8V

Figure 6.12: Diodes acting as an AND GATE.
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Section 6.3 — Protection Diodes

One of the most important uses of diodes is to protect circuitry from voltage spikes that occur when inductive
elements such as motors start or stop. “Protection diodes” that serve this function are referred to by many
different names. Some of these names are: flyback, flywheel, freewheeling, snubber, and catch diodes. The

magnitude of the voltage across an inductoris 8= . %gso when the inductive load is turned on or off the

current changes from 0 to non-zero producing a large slope and in return a large voltage spike. Because MOSFET
transistors (as shown in Figure 6.12) are activated with only voltage signals (Note: current is required to activate
BJT transistors) they are especially susceptible to damage when turning on or off an inductive load. A diode can
be positioned across the inductive load so that the voltage spike doesn’t reach the circuitry as shown in Figure
6.13. The protection diode could also be placed across the MOSFET instead of the motor to provide protection
for the MOSFET. For this situation, the anode of the diode would connect to the source and the cathode would
connect to the drain. The protection diode needs to be a fast switching style diode like a 1N914.

Vcc

DC Motor with Inductance

cathode

Protection Diode —= [

- !
{LI motor q
- - [ "

anode
Drain
C Gate 1 Mosfeti 3TEN
Source
Pull_Down
i §1ﬂﬂkﬂ
_— 5V
EE

Figure 6.13: Using a protection diode to prevent damaged circuitry due to 8z= . %@
Protection from 8= %;fs such a problem for MOSFETSs that some have internal protection as shown in the

following figure taken from the BS170 datasheet. Even if a diode has internal protection it is usually not enough
to keep the MOSFET from be damaged so adding an external protection diode as shown in Figure 6.13 is
recommended.

D

G Internal Protection from Ldi/dt

S
Figure 6.14: Internal protection in a BS170 MOSFET.
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Section 6.4 — Rectifiers

One of the most important uses of diodes is to rectify an AC signal so it can be converted to a DC signal. When
the diode is connected in series between an AC signal and a resistor only one side of the AC waveform can pass
through. If the diode is oriented as shown in Figure 6.15 only the positive cycles are passed through, but if the
diode is flipped only the negative cycles pass through. The circuit in Figure 6.15 shows a half-wave rectifier
circuit. It is called half-wave because only half of the cycles pass through and the other half are rejected (or
zeroed out). For this circuit the input voltage is 2 Vrms or 2.8 Vpk. The peak input voltage to rectifier circuit is
typically called Vs because it is usually connected to the secondary of a transformer. The peak voltage across the
resistor is called Vo,pk and is one diode drop less than Vs for a half-wave rectifier with only one diode. The
reason the “with only one diode” disclaimer was used in the previous sentence is due to the fact that sometimes
multiple diodes will be included in series to get Vo,pk to the desired level. In the circuit in Figure 6.15 Vs is
measured by Multisim as 2.807 and Vo,pk was measured as 2.234 V which makes the diode drop around 0.6 V
instead of the 0.7 V that we will assume in all rectifier calculations that use silicone rectifier diodes. Keep this in
mind as one of the sources of error when Multisim doesn’t match up as closely to rectifier hand calculations as
desired. If the peak output voltage (Vo,pk) needed to be lower than 2.234 V then another diode could be placed
in series with the 1N4007G diode to reduce it by another 0.6 or 0.7 volts.

. 7.8
XSC1l
9
h i’ ()
[
1N4007G A
=]
T~ 2Vrms 1kQ r‘?f
~. 160Hz |I | =
—_ nﬂ
4 (I
— Time Channel_A Channel_B
T ER 15742 ms -2.807 V -6.608 UV
T2 [#][+]| 20.887 ms 2.827V 2234V
T2-T1 8.145 ms 5.634 Vv 2.234 v

Figure 6.15: Half-Wave Rectifier with one of the 1N4000 series silicone rectifier diodes.

Rectification is the first step in converting an AC signal to a DC signal. The next step would be to add a capacitor
in parallel with the load resistor where Vo,pk is measured so that the voltage will not be allowed to drop very
fast due to the time constant of the capacitor. Once the “smoothing capacitor” is added the rectifier is called a
“Peak Rectifier”. An example of a half-wave peak rectifier is shown in Figure 6.16. The calculations and Multisim
measurements of a half-wave peak rectifier are shown below (See equation summary in Table 6.1).

X Vs =peakinputvoltage A {138 A 169.7 V169.634 V in Multisim - Figure 6.16).
X Vo,pk A peak output voltageA Vs 0.7V AL69 V (169.026 V in Multisim - Figure 6.16).

iA0¢ = e
X Vr =ripple voltage (Vo,pk — minimum Vout) A%% ﬁ A56.3V (e 01 XTgighwe 6.16).
X %Vr A % E VS E]% %0 A 3Z E]% %=d56.8/16% =B3.3%A ] C s}U%l
X Vo,oc = the approximate DC voltage (centerline of the ripple). In Figure 6.16 Vopcis equal 169—- 1 X | s &

169-0.5 |01 X 1148.4 V. The DC voltage probe in Figure 6.16 measures the DC voltage as 149 V.
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> iy
1N4007G O] (o R
L %
Vip-p): 40.8 V
1~ 120Vrms V(dc: 149V | ==1pF 2 \
~. 160Hz I i
-/ 0° 50kQ N TN ' '

] 111

Channel_A Channel B

Time
I 720.806 ms  169.634 V

T2 735.000 ms 99.512 V 127,727V

T2-T1 14.194 ms -70.123 v -41.299 V.
Timebase Channel A Channel B
Scale: 5 ms/Div Scale: 100 V/Div Scale: 100 V/Div

Figure 6.16: Half-Wave Peak Rectifier.
The other type of rectifier is called a full-wave rectifier. It allows the negative peaks to be flipped to positive

instead of zeroing them out. There are two common types of full-wave peak rectifiers:

X Full-Wave Peak Bridge Rectifier (See Figure 6.17)
X Full-Wave Peak Parallel Rectifier or Full-Wave Peak Center Tapped Rectifier (This type will not be
discussed in this eBook, but the equations are in Table 6.1 and the circuit can be seen in the third figure

from the top in this link).

b 4
xscz2
% Ext Trig| - = .v‘.\ -
- 7 3
Y Y
b / fo i /
o - ! [y
A2 Fo o [ Fo
S g‘]_ | ! | | | ! |
1 7 Voo f 1
!
(I \ I'l-" 'y Yoo
Vp b Vo : b
\ ) !
. Videy 16 4 .
| @ vide) 15.0 v
Vs
10:1 &R
J_lOl.]ll' I];"J < I
T ; = Time Channel_aA Channel_B
n :‘ 5 737.803 ms 16.775 ¥ 15,489 V
T2 [#]#]| 7a4m30ms  -157EOV 14,426 V
T2-T1 6.035 ms 32,564V -992.805 mV
£ Timebase Channel A Channel B
- Scale: 10 ms/Div Scale: 10 V/DW Scale: 10 V/Div

Figure 6.17: Full-Wave Peak Bridge Rectifier.
X Vs =peakinputvoltage A {18211 /A6.97 V(16.775V in Figure 6.17).

Vo,pk A %0 | }Jud% us AJo I~ A¥S.52 V (15.49 V in Multisim - Figure 6.17).

T 4006 : .
Vr =ripple voltage (Vo,pk— u]v]Jupu s} pg%—%?fﬁph AL.3V ~ «Viin Figure 6.17).

%Vr A % E VS E]% %0 A 3Z E]% %=d1.3A155%) $8.3%] A | C s}U%l
Vo,oc = the approximate DC voltage of the output (centerline of the ripple). In Figure 6.17 vo,pc is equal to
15.57—- 1 X | BKE2 W The DC voltage probe in Figure 6.17 measures the DC voltage as 15 V.

X X X X

81




The equations for half-wave and full-wave peak rectifiers that were shown in Figures 6.16 and 6.17 are
summarized in Table 6.1. Note: The Full Wave Center Tapped equations are shown, but this type of rectifier
circuit is not covered in detail in this eBook.

Table 6.1: Peak Rectifier Summary, Note: Vu = Vo,pk

Type # | PRV Vo,pk V, Vo,nc iD,avg iD,max

*t A Vs Vs-Vo | VW/(FRC) | Vu—* s | LETZ2V/V) ] | LET=[2V/V)) ]
Full-Wave, Bridge | 4 | VS-VD | VS-2VD | Vu/(2fiRC) | Vu— * & | ILE€i4Vu/2Vr) *] | IL€ 1 =[Vu/2Vr) *]
Full Wave, C.T. 2| 2Vs-Vo | Vs-Vo | Vu/(2fRC) |Vu—* s | LETAV/2V) ] | ILET=V/2V)"]

=

Nomenclature / Notes for Table 6.1

X *t A A*tA W | Z 38](] E ~i ]} Ui E *]*8}EU i % ]3}E-

X &poo t AU XdX A &poo t A vE§ E d %% W | Z S](] €& ~1 ]} -\

X &Moot AU E] P A &uoo t A E]de, 1WsistorZl caphtifoE ~0 ]}

X - A Epu E& 3}( ]} ¢ ]Jv sz JE& ulsX

X VsA W | Jv%pu3 Alod3 P ~](83Z & Je &SE ve(}EU EU §Z]e ]* 8Z =« }

X ViAo AW | }Ju3%pus A}os P Elee 3Z 0} E *]*3}CE

X Vp ADiode drop (Depends on the current, but we will assume 0.7 V for calculations (See Figure 6.2)

X Vi A Z]% %0 s}osS P X dzZ J(( & v SA v s}U%I| v 38Z u]v]upu }(
¥ Note: V. A df itis NOT a peak rectifier (i.e. no capacitor).

X fAdZ (E <p Vv C }(3Z Jv%puS «]Pv 0 ~pep 00C 01 ,I Jv hX~AXe

X Z A >} Z «]*S}CE

X A % ]3}E 3Z § ]+ ]v % & 00 0 A]JSZ §Z o0} & *]+3}E

X Vopc A dZ ~}E A E P +» A}o3 P E}ee 8Z 0} € e]+Sh@XThedZ]e ]

approximate equation for Vopc in Table 6.1 is more accurate the smaller the value of Vr.

X WZs AW | Z A E+ s}o3 P (}E Z}( S8z 1]} » ~ o0} 00 W/sU\

% For a sinusoid input this calculated value must be < the peak repetitive reverse voltage limit found on
the spec. sheet. For the 4000 series rectifier diodes the PRV limit increases from 1N4001 to 4007.
% The continuous reverse voltage limit on the spec. sheet is referring to a situation where you have a

large DC value being blocked by the diode.

X bag A A EP PEE v3 }(3Z ]} X dZ]e A ou +Z}uo 0 *¢ 3Z v &I
limit on the spec. sheet.
X iomax A W | HEE v3 }(8Z ]} X dZ] A op +Z}uo 0 e« 3han the maxim

limit on the spec. sheet.

X IWAsc!l Z A dZ]e ] %% E}A]Ju § 0C 3Z A EP UWEE v SZE}uPZ 3

Example 6.6Calculatethe ripple voltage, %Vr, and approximate DC voltage for the Full Wave bridige pe
rectifierin Figure 6.18Assume all diodes have voltage drops of 0.7 Volts.

The circuit in Figure 6.18 shows the Full Wave bridge peak rectifier drawn in two different ways. The left circuit
requires a diode bridge to be used (4 diodes in one package configured as a bridge). The right circuit is much
more convenient and useful because it allows for specific individual diodes (such as the 1N4007) to be used.
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Figure 6.18: Full-Wave Peak Bridge Rectifier for Example 6.6.

X X X X X X X

s][vVUEue A s% UEues A iTisCEu-

S]VU% | A s%U% | A iTiZe<cES~1e Ai0OBXO0 s

SeU% | A i00XO0l~duEve E S]}s A i0OOXOI~E%IEss A i00XO0IliT A i0X0d6
sIU % | A §ZW%OIs-A iAX0 s

SE A S %BAl~» A 2FERAB60*10e- O+ A 1i(Ndtes The 2 is used for a full wave rectifier)

9 s A sEIs}U%I_A AXiliniXo A 33.3%

Vopc A s}U% s E+ A*iRXEBVA

Example &) Determine the turns ratio of the transformer and the capacitor value needed if you wanted to use
half-wave peak recfier with a 1N4007 diode to produce a DC voltage of 24 V wih riiple from a standard

sEue 01 ,I

X X X X X X X

% }A E }uso X z}p E E <u]E 8} pe 0} & ]*3}E

Given /£ 9 s H0%B Equation 1) 9 s (.JAA VWo,pk

Given AEVopc A 24  Equation 2) Vopc A TOVdpk— * W)

Solve equations 1 and 2 for Vo,pk and Vr £T0 A Vo,pK ~1 Xb|pke A 1¥fpR AVo,pk = 25.3V
sE A i,K« |BWr=2.53V

We need to select a transformer turns ratio that puts Vo,pk A TA X1X

se AtU%I| = i90AAHO s

Turve Z 8]} A 10 0MNpINEe 6427 (At this point it would be best to select a common transformer
you can purchase like a 6:1 and recalculate the Vr needed, but we will leave it as 6.527 in this example.

X s@E A 1 XVojplg(fAR*C) AE2.53V A TA X 60¥160*C) AC=1.667 mF
XSC2 o:scilloscope X
= [P [ —
.% = | 1 — —_— SR 11 _—
™ 1N4007G TR {E = _
=—1.667mF d|
1oun§ F?é
The Multisim scope measurements for Vr is never very
accurate, but Vo,pk and Vo,dc are close to the calculations.
Time Channel_A Channel_B
Vr = 2.53 V (Calculated) (2.124 V Multisim) | BT
Vo,dc = 24 V (Calculated) (24.1 V Multisim) 2T | M82ms 2037V 2124V
Vo,pk = 25.3 V (Calculated) (25.1 V Multisim) Timebase Channel A ChemnelB
Seale: | 5 ms/Div Seale: | 100 V/Div Scale: | 10 '.uffDN

Figure 6.19: Full-Wave Peak Rectifier design for Example 6.7.
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Module 7 —Operational Amplifiers (OpAmps)

Operational Amplifiers (OpAmps) are integrated circuits (ICs) with a minimum of 5 pins. Sometimes multiple
OpAmps are packaged together in a single IC. One example of this style of packaging is the LM324 Quad OpAmp.
The two types of LM324 IC packages available are the 14 pin Dual Inline Package (DIP) and the 14 pin Small
Outline Package (SOP). The pinout mapping and a photo of the DIP package are shown in Figure 7.1. The LM324
is an inexpensive general purpose (i.e. low power) OpAmp (see Figures 7.8 and 7.9 for more info). For details
about this OpAmp read the datasheet at this link: https://www.fairchildsemi.com/datasheets/LM/LM324.pdf

—

Figure 7.1: LM324 Quad OpAmp IC Pinout (Left), LM324 14-DIP package photo (Right)

The 14-DIP (Dual Inline Package) is called a “through-hole” part. Its pins can be plugged into a breadboard or

into holes on a printed circuit board (PCB) or soldering proto board. The 14-SOP (Small Outline Package) is a
“surface mount” part. It is one of the most popular surface mount IC packages and its 14 pins can only be
connected by soldering them to pads on a PCB. The names for each of the 14 pins are shown in Figure 7.1. To
minimize the number of pins required all 4 of the OpAmps use the same power pins. Pin 4 (Vcc) is called the
positive rail and pin 11 (GND) can either be grounded for circuits only needing a single supply (where the output
can go from 0V to Vcc) or connected to a negative voltage for circuits requiring a dual supply (where the output
cango from—'s §} =.he EM324 datasheet states that the limits for supplies for this OpAmp are: ~u]v A
+iXfAsU ut1l8Y féraDual Supply)or ~u]v A TsU32V féEsidgle supply). Figure 7.2 shows the standard
method of connecting power to an OpAmp in both dual and single supply options (Note that the rails must be
reversed for Multisim simulations). OpAmps have 2 inputs (inverting or — input) and (non-invertingo & = [V %o U S ¢
and one output (Vout). Note: There some additon&pAmp example problenas the end of the Appendix.

Vee —12V Positive Rail Vee =1V
1y
Vin_inv ~ Vin_inv
—_ | o EE——
Vout Vin_inv Vout
Vin_non-inv + > Vout Vin_non-inv
LT oPAMP_5T_VIRTUAL Vin non-inv LT OPAMP_5T_VIRTUAL
= +
LT OPAMP_5T_VIRTUAL
-Vee — 12v Grounded
INegative Rail 1oV Negative Rail
= Negative Rail =

Figure 7.2: Dual Supply (Left), Dual Supply Alternate Form (Middle), Single Supply (Right).
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As noted in Figure 7.2 Multisim requires the positive and negative rails to be reversed from the standard way of
drawing them. If you connect power rails as they are shown in Figure 7.2 Multisim gives the following error

when running a simulation: “A simulation error has occurred. Would you like to run the Convergence Assistant t
attempt to resolve this problem automatically’? Yes is selected it takes a long time to try to fix the problem,

but isn’t able fix it. The way Multisim requires the power rails to be drawn is shown on the top right of Figure

7.3.

The OPAMP_5T_VIRTUMALMultisim is a good part to use (and will be used for all circuits in this eBook)

because the default internal parameters allow it to closely match hand calculations with the Ideal OpAmp

Model (Explained in Section 7.2) and also allow easy adjustments of these parameters if needed. Double clicking

on the OpAmp in Multisim brings up the interface in Figure 7.3 that can be used to set the OpAmp internal
parameters. The 5 parameters that factor into whether or not an OpAmp can be assumed to be “ideal” are

shown in the bottom right section of Figure 7.3. The parameters (A, FU, CMRR, RI) that are labeled 1) through 4)

in Figure 7.3 are assumed to be infinity for the Ideal Model and the values for those parameters in the
OPAMP_5T_VIRTUAL are large enough to be approximated as infinity. The 5" % & u § & ] Zi Afd] Z ]
§Z KW DWzAdzs/Zdh > v eepu §} i (JE& 8Z / o D} oX ii QA oy
Ideal Model to give accurate results as long as the output of the OpAmp is not connected to a load resistance

that is too small. If the load resistance is smaller thanaround i 1Q $Z vV itis bestto setthe RO value to a lower
value (or even to 0) to closely match the Ideal Model calculations with Multisim. The “output short circuit

current’ parameter is the maximum allowable current that can be sourced or sinked by this OpAmp. In Figure

7.3 itis labeled with an * next to. Since it only has a 25 mA value it might need to be increased. If it is changed to

a very large value (like 1000 Amps) then you won’t have to worry about the current being limited internally by

the OpAmp model in Multisim and the calculations will match the simulations more closely.

Learning about the details of the parameters in Figure 7.3 are important to gain a full understanding of OpAmps,
but it will be left out in this eBook. A Texas Instrument (TI) white paper SLOA011 titled “Understanding
Operational Amplifier Specificatidhgrovides more information about the internal parameters of OpAmps. Tl
has an abundance of high quality technical literature that will be frequently referenced in this module.

Negative Rail
OPAMP_5T_VIRTUAL ' . 12V
Label Display | Value |Fault Pins
I E E : Vin_inv
Input offset voltage (VOS): im v - Vout
. Vin_non_inv +
Input bias current (IBS): a0n A — OPAMP 5T VIRTUAL
Input offset current (I0S): 200 A
Open loop gain (A): . 200k . +12V
Positive Rail
Unity-gain bandwidth (FU): . — -

Slew rate (SR):
iM Vs
CMRR (in dB}):
Output short circuit current:
25m A
Input resistance (RI): .

. 10M o}
Output resistance (RO):

.10 o)

Figure 7.3: 5-Terminal Virtual OpAmp Internal Parameters and method to connect power rails in Multisim.

The following link is a 94 page document that provides a good overview of OpAmps and includes many
applications and useful OpAmp-based circuits. This document titled “HANDBOOK OF OPERATIONAL AMPLIFIER
APPLICATIONS” had its latest revision in September 2016. http://www.ti.com/lit/an/sboa092b/sboa092b.pdf
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One thing that is not addressed in that Tl Handbook is active filtering. Module 4 described passive filtering with
RLC circuits, but for many applications active filtering with OpAmps is preferred. The following two links to Tl
documents provide good information about active filtering.

X SLOAQ93: “Filter Design in 30 Seconds” http://www.ti.com/lit/an/sloa093/sloa093.pdf
X SLOAQ96: “More Filter Design on a Budget”  http://www.ti.com/lit/an/sloa096/sloa096.pdf

| would be remiss if | didn’t also mention “The Art of Electronitsy Horowitz and Hill because many consider it
the ultimate source for anything involving analog electronics. Unfortunately, there is no eBook on this one, but
having this document on your shelf will make you feel like a real Electrical or Computer Engineer and give you a
nice reference to have on hand in case you need an additional resource.

Section 7.1 — OpAmps Used as Comparators

A comparator is a device that compares two input pins and sends the output to one of the rails depending on
which output is higher. Ideally, an IC specially designed to operate as a comparator (like the LM293) would be
used for this type of application, but people often will simply use an OpAmp in “open loop” mode (i.e. without
feedback). The following Tl document explains the reasons for not using OpAmps as comparators and also
elaborates on the differences between them: SLOA067 — Op Amp and ComparatorsDen’t Confuse Them!

With that said, if an OpAmp is used as a comparator no feedback is included to limit the gain of the OpAmp (as
will be done when designing amplifiers in Section 7.2). Since the gain (Vout/Vin) is not limited it will be equal to
the “Open Loop Gain, A" (or internal gain of the OpAmp), which is nearly infinite. Since the Vout is limited by
§Z @& ]Jo A}o3 P « 3Z }ud3% us }( Ju% E $}E ]+ oA Ce Vecpor@réuhd).v
Figure 7.4 shows a dual supply comparator circuit (Left) and a single supply comparator circuit (Right) drawn
with the positive and negative supplies connected to the locations that will allow the circuit to be correctly
simulated in Multisim. These “reversed positive and negative rail connections” will be done in all circuits in the
remainder of this module, but remember that it is the opposite of how it will normally be shown in technical

documents.
) Single Supply Comparator
Negative Rail, -Vcc Negative Rail is grounded :
12V =
1 T I{dc): 11.9 mA
I{dc): -11.9 mA
~ - Vout @
L o Vout ® L\Iin_inﬂ XMM2
1 ':‘lln_mv . KMM1 — av v — + RL1 ﬁ
T Vin_non_inv <>+)\ I J:_ 2';1\7'10"—'"" 1kQ Lo |
— 1V 2 | = T 7

= 12v L

12v
= Positive Rail, +Vcc

Positive Rail, +Vce
Multimeter-XMM2

‘ 11.043V

Multimeter-XMM1 Py

ooy |

Figure 7.4: Dual Supply Comparator (Left), Single Supply Comparator (Right)

X If Vin_non_inv > Vin_inv then Vout GrVcc. or V(+)>V(-) §Z v s}ucC +

X If Vin_inv > Vin_non_inv then Vout GVcc for the dual supply circuit or OV for the single supply circuit.
Vout is assumed to go all the way to the rail voltage in open loop configurations, but there is often a signal swing
limit that will prevent the OpAmp from going all the way to the rail. In Figure 7.4 Vout only goes to 11.943V
instead of 12V. Special OpAmps designed to go “rail to rail” are often needed if Vout needs to go to Vcc. Once
Vout is determined from the two bullets above the current through the load (R.) can be calculated as Iz, A
Vout/R..
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X [( s}us J* E i §Z vy EqHT @Bthe-Osurngednd down through the load.
X If Vout is <0 then current is sinked INTO the OpAmp and up through the load.

Exampler.1) DetermineVout and the magnitude and direction of the current across the load regidtoe
following circuitbefore (Left circuit) and after the switch is closed (right circuit) iE£8w Does the OpAmp
sourceor sink current for each ca®&he simulated results are shown in the Figure below.

(+Vee) (+Vee)
Positive Rail (-Vee) Positive Rail {(-Vce)
12v Negative Rail 12v Negative Rail
Vidc): 4.00V A2V V(dc). -11.9V Vigey 400V A2V V(de): 1.9V
2k0 l{dc): 662 nA ) I(d(c):)-ﬁ.g mA 2kn Iicc): -80.0 ns I(d(c}:}11.9 mA
Reference Vellage ® V(-) @ Reference Velmge ' V(-) Q)
- Vout 1 - Vout
V)|, V)|,
RL RL
1kQ 1kQ
= 7V|n 100kQ | = —Vin 100k _ |
12v 12v
Positive Rail 1 L L Paositive Rail 1
(+Wcce) - - - (+Vee) -
Pull Down RGSISIDr Pull Down Resistor

Figure 7.5: Circuit before (Left) and after (Right) Switch, S1 is closed if Vin=5 V.

Before solving this problem some explanations are needed. When designing a comparator circuit (either with an
OpAmp or with a comparatorIC) }v. }( $Z ]Jv%uS %o]Vve ~))iSchtedseste FfixddEefegence
voltage. Since almost no current flows into either of the input pins of an OpAmp or a comparator IC due to the
near-infinite input resistance a voltage divider can be used to set the reference voltage. In Figure 7.5, for both
the left and right circuits, the reference voltage (Vref) is set using the following voltage divider rule (VDR)
equation:

x sE& (A il | ilQlI~il@v=11Q* A
VrefistiedtoV(-+ Jv §Z]e ]E p]3U pd 13 }upo ipes Z A *]JoC v }vv §
This is a very practical circuit that is used extensively when integrating sensors in circuitry. The “Vin” voltage in
Figure 7.5 could be the voltage from a sensor and the design calls for Vout to go to 12 V when Vin is greater than
Vref and to — 12 V when Vin is less than Vref (or if the switch isn’t closed). With that said it is time to solve the
problem.

Before the Switch is closed

X The pulldown resistor is necessary so that before the switch is closed V(+) is tied to ground (0V). Without
§Z % pno0 }Av E «]«3}@nsected td\dnbpen circuit and would be “floating” at an unknown
voltage. A large value is usually used for a pullup or pulldown resistor so there is not very much current
wasted.

As previously statedV(-) A sE ( A 0 s (E}u §Z s Z o0 po 8J}vX

Since4V E 19B/(-) E s ~/EVout=-12V

The current flows up through the load Alxe A ~iiTeliiii 12 mA (Up)

The OpAmp is sinking current since the current flows into it. The negative supply is supplying all of the
power to this circuit before the switch is closed.

X X X X

After the Switch is closed
X s]v ~fise ]Jo }vv § 3} 8Z iii 1Q %op0o0 }ASW.E +]*3}E u I]VvP V(+)
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As previously stated V(- ¢
Since Ais E &A%~=«({) AVout =+12V
The current flows down through the load Az A

X X X X

power to this circuit after the switch is closed.

PN

AsE (AOJIs (E}u Sz s

oliiii
The OpAmp is sourcing current since the current flows out of it. The positive supply is supplying all of the

Z o Mo 8]}vX

12 mA (Down)

If using an actual comparator IC (like the previously mentioned LM293) was used the first step to simulating it in
Multisim would be to search for the part. Figure 7.6 shows how to search for it. Select “All Groups: and type in
LM293 in the component field. In this case, 4 options including LM293 at the beginning of the name appear and
all are surface mount ICs, but they will have close to the same properties as the through-hole DIP version. The
LM293 is an 8-pin Dual comparator which means there are two comparators in the IC.

Databasa: Component:

Master Databass * LM2OSDMR2G .—.l

Group:

Bl <0 groups> -
Family:

B <1 famities= -
B0 vmrua
T 74a1s

& 7485

& 7aF

i 7AHC_2v
T 74HC_4v
A 7aHC_dv_ic
B T4HC_6v
i oas
oS e

& 745

2 74510

£ 745TD

£ 7asTD 10
R D5
ADC_DAC ot Semicond
1B AMMETER. |

LM2930

LMZ2930G

o]

£

Function

Symbol (ANSI Y32.2)

Footprint manufacturer/oype:

| Detall report |

| View model |

Help.

[ o]

Close

2-36 'V Dual Comparator 4

No"el man ufacb.lrer JD

B4 AnALOG_SWITCH

B AnaLoc VIRTUAL
4 H »

Hypertink:

Components: 4 Searching: LM233

Filter;

off

Figure 7.6: Searching for parts in Multisim — LM293, 8-pin Dual Comparator selected

vccC
5V |
5000
7)) [vi500V
A& 1992 pa
V: 508V
§"‘“ V:250V émm I 5.20 pA %
s 1 1
O | ulA
' f+ (a)
Vref - | >
Stk et s
5 52 © LM293DMR2G
o
V201V és.?kn
£ = 1

vce
5V [

?ﬂm

%500!’1
V203V

AP 1:5.94 mA
: vi42amv Y
Vi 500 nv $1Dkﬂ I:-5.94 mA !¥
/__ X Sa
O) 4

ikn

o)
9

S1
V:201V

Figure 7.7: Circuit using the LM293 showing that the output goes low and sinks current when IN- > IN+
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http://www.mouser.com/ProductDetail/Texas-Instruments/LM293P/?qs=Zu35EjizYSRLCWQhsKnKtg%3d%3d

The circuit in Figure 7.7 shows that the LM293 operates in an active low configuration, where it turns an LED on
by sinking current through it when IN- E / ENote: IN- is labeled Vref on the schematic). The LM293 has a high
impedance (or Open Collector) output so a pullup resistor has to be used for it to work the way it is was

intended. In Figure 7.7 the pullup resistor is put in series with an LED so it will turn on an LED when the output

P} « 0}AX tZ v {iEdoeskt ddmrce current like a normal OpAmp operates (as shown in Figure 7.5).
Instead, it sends the output to Vcc so that no current flows between Vcc and the pullup resistor because there is
no voltage difference AERecall from the Davis DC Circuits book: Ik A &lZ A ~s |lZ A |

Section 7.2 — OpAmps used as Amplifiers
For this section the OPAMP_5T_VIRTUAA&rt in Multisim will also be used for all circuits except the one in
Figure 7.9 and Figure 7.11. Those circuits are built using the LM324 that was described in Figure 7.1.

Selecta Camporent = M [ - e G - =X

Database: Component; Symbol (ANSIY32.2) oK |
[Master Databasa > | Lmazaan = PR
= Clos= |

Group: LM32440 - iL —|

44 =
[l <21 groups> v | |tm3zaanc e fienteling,
.

Family: LM324ADR26G gl Datail report |
ks e )
. <All families> » | |LM324ADTEG = | View model |
B a0 vRTUAL [ [m32se0TER2E # 7@ |
W s | [mazam0 |
W 74ng [ Lra3z4am A B Jc b
T 74F | I | Function:

e 1 1 | J
am 74HC_2V LM3Z44N 3-32 W Quad Operational Amplifier with 3 my .
B 7anc_av LM3238F -| vio
5 7AHC_4vV_IC LM3244PWLE I
B 74HC_6V LM3240
T 74 LM3240BLE Madel manufacturer/ID:
w o =
& 7as I LM32406 L&} |
& ras % /L
— LM3240R2G Texas Instruments / LM224
o 745_IC LM2240TEG Texas struments ( LM324/NS
"
- 745TD ; 5
_E_ 745TD_IC EMS24CTBR Footprint manufacturer/type:
e 30%2 - L |1PC-22214/2333 / PDIP-14(N14A)
: LM324M oK Semiconductor | P CAS
B apc_pac ==
LM324MT
15} AMMETER Hyparlink:
LM3240
Eﬂ ANALOG_SWITCH

B Ava oG VisrUAL - | |M324NG o

: i ’ ——ie ‘ il = " | Obsolescence information
Components: 25 Searching: LM324 Filter: off

Figure 7.8: Searching for parts in Multisim — LM324 14-pin Quad DIP OpAmp selected

The circuits in Figures 7.9 to 7.12 include four OpAmps and is used to amplify a signal at four different gains and
turn on LEDs. Figure 7.9 shows has a DC input voltage and shows how all 14 of the LM324 quad OpAmp would
be implemented for this circuit and Figure 7.10 shows the results if the LM 324 is replaced with four virtual
OpAmps (OpAmp_5T Virtual). The green LED has an adjustable current threshold. By double clicking on the LED
in Multisim the threshold can be changed. The 5 mA default is used in all of the figures in this eBook. For the
circuits in Figure 7.9 and Figure 7.10 with a DC input of 120 mV all OpAmps source enough current to turn on the
LEDs except the OpAmp connectedto LED4. dZ 801 Q E ¢]*S}E ] pe  SthrboghtthedkEbDerd
around 20 mA, which is a common current rating for many types of LEDs. When the input is a DC voltage the
results are nearly identical for the LM324 (Figure 7.9) and the virtual OpAmp (Figure 7.10). The only significant
difference can be seen in the output of the top left OpAmp that is connected to LED1. It has a gain large enough
to saturate the OpAmp. Saturating the OpAmp (also commonly referred to as clipping) occurs when your output
is limited by the rail voltage. The Virtual OpAmp allows Vout to go very close to the positive 12 V rail, but the
LM324 limits the voltage to 10.3 Volts in this example.
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G =1+Rfb/Rin=101v/v  Rfb_1

A2V 100kQ

Vo103V

With the Virtual OpAmp Vout CAN'T

With the LM324 with a DC

get very close lo the + Rail. G =1+Rfb/Rin=41v/v  Rfb_2 jnputthe Gain is very close
to the IDEAL equation
40kQ | (1+Rfb/RiN)=0.12*41=4.92 V
e@ I\_I:127, 132m\; uUiB V: 488V

V204V

I- 6.17 mA
LM324AN E

e Rin_2 p I- 6.05 mA
D1 3 1kQ - -
hY
LED2
= G = 1+Rfb/Rin=11v/v Rfb_4
T [vziov 10kQ ‘ N
QW V2 V13V
E s u1b @) 1 120 ua @)
: = LM324AN (A) @
R Rin_4 T VR
-\ 1kQ — 470Q I 529 nA
i il 7| In Multisim Green LEDs —
have a 5SmA ON threshold. LED4 kS

U1A - 17.4 mA
= LM324AN QQ
Rin_1 1
- 4700
1kQ b
) LE
1 G =1+Rfb/Rin=71v/v  Rfb_3
=
70kQ v 845V
uic I: 13.6 mA
- LM324AN 0
Rin_3 - ’
1kQ T -
You only have to connect the + and - rail
— (pins 4 and 11) on one of the OpAmps
Vin

“— 120mv This signal could be an audio signal that has small voltages. As the amplitude

changes the light will flash. It could also be used to amplify a sensor signal and

light up different numbers of LEDs as the sensor voltage gets higher.

Figure 7.9: Non-Inverting Configuration Example that uses all 4 of the LM324 OpAmps with a DC input.

Rfb_1 With the Virtual OpAmp Vout CAN With the Virtual OpAmp with
get very close to the + Rail. Rfb_2 3 DC input the Gain is very
_"ﬂ 100k2 A2V P close to the IDEAL equation
YTy —_ (1+Rfb/Rin)=0.12*41=4.92 V
1: 20.8 mA V213V V488V
-~ Uz I 207 mA u4 I: 6.17 mA
; OPAMP_5T - ® ®
Rin_1 3T OPAMP_5T_VIRTU
¥ 4700 . =314 V204V
Tka G = 1+Rfb/Rin = 101 VIV “a Rin_2 b 16.05 mA
- n= LED1 ¥ 1kQ -
PR by
= 12v = = 5
Rfb_3 12v
Rfb_4 =
12V 70kQ
1 A2V 10kQ
U3 v 845V — Vout is not high enough
Q I:13.6 mA V-210V . to turn on LED4
- (BY 1135 mA Ve il Y
- u1 Q I 120 uA Q
OPAMP_5T_VIRT =
Rin_3 + 4700 N Rin_4 OPAMP_ST_\jRTUA VETEY,
1kQ =1+Rfb/Rin =71 V/V LED3 1kQ | 4700 Eor
e BIRin =71 VI k G = 1+RMI/Rin = 11 VIV £525 A
N L L In Multisim Green LEDs W sy
.. 12v have a 5mA ON threshold. LED4 | &
_| Vin This signal could be an audio signal that has small voltages. As the amplitude R

T12v

——120mV changes the light will flash. It could also be used to amplify a sensor signal and

light up different numbers of LEDs as tl

he sensor voltage gets higher.

Figure 7.10: The circuit in Figure 7.9 with the OpAmps replaced with the Virtual 5 Terminal OpAmp.
For DC input signals, the closed loop gain (G = Vout/Vin) is usually very close to the Ideal OpAmp gain

(Equations 7.2 and 7.3 for the inverting and non-inverting OpAmp configurations respectively) for all types of
OpAmps because the open loop gain (Ap) is always an extremely large value (e.g. 200,000 V/V for the Virtual

OpAmp in Figure 7.3), but in reality Ao and G are reduced as the frequency increases once the frequency reaches
the OpAmps internal 3dB frequency (which usually occurs at low frequencies). For example, the 3dB internal

frequency for the LM324 is approximate

ly30Hz AZ v s A ifis v

e 01 ,1 AZasshewni® 11 s

Figure 5 of the LM324 datasheet. The ideal closed loop gain equations are modified for the situation where Ao is
NOT assumed to be infinity and are shown in Equation 7.4. When the signal is a high frequency sinusoid then the
Vout is greatly reduced in the LM324 (Figure 7.11), but not in the Virtual OpAmp (Figure 7.12) because the

Virtual OpAmp assumes Ag remains at 200,000 V/V for all frequencies.
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With the LM324 OpAmp Vo_p-p is
With the LM324 with an AC

NOT close to 12 - (-12) =24 V.
G = 1+Rfb/Rin=101 v/v  Rfb_1 At high frequencies the LM324 input the Gain is NOT close
12v 100k0 / has its gain greatly reduced. G =1+Rfb/Rin =41 VIV  40kQ to the IDEAL equation
. WA 0.24Vpp " 41V/V = 9.84 Vpp
T V(p-p) 156V V(p-py 998V g
V(rms} 54TV (rms) 4 13 v V(p-p): 9.00 V
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I ® Irms) 551 mA ® Irms) 54TmA I(p-p]
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Rin_1 1
1kQ N Rin_2 470Q
LM324AN R 1k0 LM324AN 9
= in= Rfb_3 LED2 | &
L G = 1+Rfb/Rin = 71 V/V L G = 1+Rfb/Rin =11 v/y Rfb_4
70kQ V{p-p): 131V 1
uic V(rms}g 4;458 \,i — 10kQ V(p-p): 262V =
Q) TmEREm V(rms} 997 mv
- LM324AN (i) l(rms): 4.39 mA uib I(p-p) 240 uA
- 3 1 — LM324AN 00 (rms): 84 .4 uA
Rin_3 —* 470Q N Rin_4 -
1kQ S = LED3 ¥+ 1kQ —t ' 4700
You only have to connect the + and - rail In Multisim Green LEDs B 7
L (pins 4 and 11) on one of the OpAmps = = __| have a 5SmA ON threshold. | gpa™| %
12v

10kHz changes the light will flash. It could also be used to amplify a sensor signal and

+~,120mVpk This signal could be an audio signal that has small voltages. As the amplitude
. H . =
0° light up different numbers of LEDs as the sensor voltage gets higher.

Figure 7.11: Example circuit that uses all 4 of the LM324 OpAmps with an 10 kHz AC input.

With the Virtual OpAmp Vo_p-p is With the Virtual OpAmp with

100k /very closeto 12 - (-12) = 24 V aokq @ DCinput the Gain is very
12V close to the IDEAL equation
T Vip-p): 238V Vipp): 141V _A2v : 0.24Vpp * 41VIV = 9.84 Vpp
V(rmS}: 853V V(rms): 6.24 V wp-p)-} 93.7‘187\1'[ g
I(p-p) 20.9 mA I(p-p): 20 6 mA AUE Si
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Rin_1  OPAMP_3 I—V'R 4700 OPAMP_5T_VIRTU
1k G = 1+Rfb/Rin = 101 V/V 4 Rin_2 b G = 1+Rfb/Rin = 41 VIV 47009
= n= Lep1 ¥ 1kQ - n= .
—_ A"
= 12v == — R - LED2
70kQ 12V
VWY 10kQ =
12V
T Vip-p): 16.3V -12v
u3 e Vs 262V
[pmF Edos rms} 931 mv
= 00 I{rms): 6.31 mA ) 239 uA
OPAMP_5T_V ' Irms 848 uA
Rin_3 + 4700Q N Rin_4 | opAMP 5T
1kQ = 1+Rfb/Rin = 71 V/V LED3 1kQ - - 4700
& = 1+Rib/Rin ! > G = 1+Rfb/Rin = 11 VIV
1 L L In Multisim Green LEDs — . WF
= 12v have a SmA ON threshold. LED4| &
120mVpk This signal could be an audio signal that has small voltages. As the amplitude 12V i
"~ 110kHz changes the light will flash. It could alsc be used to amplify a sensor signal and B
0° light up different numbers of LEDs as the sensor voltage gets higher.

Figure 7.12: The circuit in Figure 7.11 with the OpAmps replaced with the Virtual 5 Terminal OpAmp.

Important OpAmp terms that have been previously mentioned are described in more detail in the bullets below
along with the inverting and non-inverting gain equations. Sections 7.2.1 and 7.2.2 show example circuits.

X Closed loop voltage gain (G) is equal to Vout/Vin when a feedback resistor (Rs) is connected from the
output pin of the OpAmp to the inverting (-) terminal of the OpAmp as shown in the circuits in Figure 7.9

to 7.12. If Ry is replaced with a wire (or R, A 1 Q * the gain is equal to 1 V/V for the-mwerting

configuration and 0 V/V for the inverting configuration.

Open loop voltage gain (Ao) is the internal gain of the OpAmp. Ao is assumed to be equal to infinity at
low frequencies and decrease by approximately 20 dB/dec as frequency increases. Ap would be the gain
of the OpAmp if no feedback resistor is included and the OpAmp operates in the open loop mode as a
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comparator as shown in Figures 7.4 and 7.5. Ao will always be large enough to send the output to one of
the rail voltages if no feedback (Rs) is included in the OpAmp.
X [ o' ]v <u Zigsimplified equations for closed loop gain and have the following assumptions:
1) Openloop gain(Aoe A L
2) Unity-gain Bandwidth (FUorf,e A L
3) }uu}v D} Zi S8]}v Z 8]} ~Dzze AL
4) /Iv%o S Z ]S v ~Z/+ AL
5) Output Z *]*8 v ~ZKe A |
X As frequency increases the assumptions 1) and 2) of the ideal model are not valid and cause the open
loop gain (Ao) to become small enough that the ideal gain equations become increasingly inaccurate.
This results in the need for a new set of gain equations where Ag is assumed to be finite. If the input
frequency is beyond the internal 3 dB frequency of the OpAmp (fzqb) @ good approximation of Ag can be

found from Equation 7.1, where fi, is the input frequency and f; is the OpAmps Unity Gain Bandwidth.

[7. 1] #4 G | * Thisisa good approximation when fi, E 3¢

X Inverting Configuration: If the input voltage is connected the in input resistance (Ri,) that is connected
to the inverting (-) terminal of the OpAmp it is called the “inverting configuration”. An example with a
DC input is shown in Figure 7.13 and an example with an AC signal is shown in Figure 7.14. The closed
loop gain equations for an inverting OpAmp are shown in 7.2 and 7.3.

_ éhar  ?ERi

[7.2]  |)xo6w

€o U Eo v

X Non-Inverting Configuration: If the input voltage is connected to the in non-invertinginput § Eu]v o ~

of the OpAmp it is called the “non-inverting configuration”. An example with a DC input is shown in
Figure 7.15 and an example with an AC signal is shown in Figure 7.16.

VY Eq
[7.3]1 Doeos - 1+ &
Oou o

X Finite Ap gain OpAmp <l S ] }HEA, cannot be assumed to be infinity (usually because the input
frequency it too high) then equations 7.2 and 7.3 can be corrected using Equation 7.4.

&1 A~ o s
[7.4] = == AODA'gl, * Note: When Ao ]+ 1V (]V]S$C SZiv ' A "
ou -
5> fou

Section 7.2.1 — Inverting OpAmp Configuration
The inverting OpAmp configuration is shown in Figure 7.13 (DC input) and Figure 7.14 (AC input).
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Rfb @200 mA

ATAVA" ]
@ V: 970 uV 3kQ fYL
V: 2.00 V -12V Current Flows into the OpAmp
This is called "Sinking" Current. Inverting* Configuration
O, m V) 800 A Vout = 2*(-3 VIV) = -6V
1x0 - Vout . ] | (V)| V: 6.00V
v+ + @ I 6.00 maA
Vin Inverting Configuration 'y
— oy I_ G = -Rfb/Rin = -3 VIV
I - VCC
= 12V RL g
1kQ

Since we assume there is a virtual
short between the + and - OpAmp
Input terminals then V(-) = V(+) = ~ OV. L

Figure 7.13: Inverting Configuration with a DC input.

In the circuit below the instantaneous voltage values (top humbers) are also shown so you can see that at that

moment in time the circuit behaves exactly like the DC circuit in Figure 7.13 ~s}uSXA 6069 |sls* A TX006 s
V: 1.01 mV Xscl
Vip-p): 68.6 uV/ E
V(rms): 1.00 mV| Rfp -+
1 @ I(p-p): 1.99 mA
v oei v ‘ ® 3k0 ¥ l{rms): 707 uA _j: (
V(p-p): 1.99 V KCL: lout = lib 1L Inverting Configuration o
V(rms): 707 mV AV S mAEP?1 09 ET- 5 gép:]A Vo,pp=~2*(|-3 VIV]) = 6V r?E
. . . e
. V: 298V |
(V) Rin V) lpo): 795 mA | (- Vip-pl: 5.96 V
| YA = Vout @ l{rms): 2.83 mA V(rms): 212 V
Vi(+) ) ) .
- 1Vpk * Inverting C.onflgurailon @
1\, 1!(Hz | G = -Rfb/Rin = -3 VIV o-p)- .96 mA
0 = VcC I(rms): 2.12 mA
- 2V b Inverting OpA fi
Since we assume there is a virtual 1kQ Clvuesr‘;ga BOE pﬂzscfrérﬁﬁ 4 111]
short between the + and - OpAmp - HH Time Channel_A Channel_B
Input terminals then V(-) = V(+) = ~ 0V L [+][2] 26.266 ms 993.145 mV -2.883 V
= = 26.766ms  -993.145 mv 2.976 v
T2-T1 500.000 us -1.986 V 5.959 v
Timebase Channel A Channel B
Scale: 500 us/Div Scale: 1 V/Diw Scale: 1 V/Div

Figure 7.14: Inverting Configuration with an AC input.

Since the virtual OpAmp in Figure 7.14 has a fixed Ao of 200,000 V/V regardless of the input frequency the ideal
gain in Equation 7.2 matched closely with the Multisim measurements. If an actual OpAmp were used (like the
LM324) the gain would be reduced due to the increase in frequency that results in a finite Ao. For this same
reason, Multisim also matches the Non-inverting OpAmp configuration circuit with an AC input in Figure 7.16.
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Section 7.2.2 — Non-Inverting OpAmp Configuration
The non-inverting OpAmp configuration is shown in Figure 7.15 (DC input) and Figure 7.16 (AC input).

Rfb

@ V- 2.00

My

3kQ

=12V Current Flows out of the OpAmp

This is called "Sourcing" Current.

Rin V(-) I 9.99 mA
M - Vout
i 1kQ y ou ¥ i ——
+ >
— [wv-2.00V @ ©) + Non-Inverting Configuration
| Vin G = 1+Rfb/Rin =4 VIV
— 2V VCC
T 12v RL
= 1kQ

Since we assume there is a virtual

short between the + and

- OpAmp
Input terminals then V(-) = V{(+) = Vin.

Figure 7.15: Non-Inverting Configuration with a DC input.
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@ I 2.00 mA

Non-Inverting Configuration
Vout = 2%(4 VIV) = 8V

@ V: 8.00 V

@ |- 8.00 mA
'

[v: 981 mv Xscl
| Vip-pi: 193V ~ I
Virmsh: TOT mV| R : -
ik . .,@ I{p-p)- 199 ma == |
fen 3kO I{rme): 707 ud, e
O] " s ;
£
il

42V KCL: lout_pp=I{b_pp + IL_pp
9.94 mA = 1.99 mA 7.95 mA

Nonl.nvarting Configuration
Vo,pp= ~2*(4V/V) = BV

Rin g Vo384V 1
| | lppk99amA | |y ViepkT.95V
L ?’:g y - Vit (B | frms): 354 mA © V{rms): 2,83\
= V(+) e
pasctil ~ (— % \onlnverting Cnnﬂguration' g ﬁ
vasomy | (V) G = 1+RfB/RIn = 4 VIV @
Vip-p): 193V N G L] ] I(p-p)- 7.95 ma / j
Virms): T07 mv| =, 1Vpk vcc lrms) 2 83 ma :
12V RL = / :
1k non-lnverting OpAmp / T

~ J11kHz
— uﬁ
Since we assume there is a virtual

- shorl between lhe + and - OpAmp =
Input terminals then V(-) = Vi{+) = ~ OV.

config. has a 0° Phase Shift

TL [*l[#]
e
T2-T1

Timebace

Figure 7.16: Non-Inverting Configuration with an AC input.
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Section 7.3 — Superposition with OpAmps
With DC circuits the superposition principle was a good method for solving circuits with multiple inputs and can
also be applied to OpAmp circuits. Superposition is accomplished by breaking the overall problem with multiple
inputs up into sub-problems where the circuit was solved “Due to Only” one input at a time and then the values
are added together to get the result due to all inputs. The inputs not involved in the sub-problem are “zeroed
out” as follows.

X Independent Voltage Sources are replaced with short circuits.

X Independent Current Sources are replaced with open circuits.
Using the equations in section 7.2 and the superposition method more complicated OpAmp circuits can be
solved. The example in Figure 7.17 shows a “Differential Amplifier” configuration where Rin and Rfb from
section 7.2 is replaced with R1 and R2. Note: In OpAmp technical documents Rg, is commonly referred to as R2
and Rir is commonly referredtoasRl. A}o% P JA] & A]8Z Zi v Zd ]+ pus }v §Z
S~=¢ A s]vi|Zd8I~Zi=Z8+X Z 00 $Z § §Z]* A}oS P ]A] NBCurre¥tflow$ 0
into either input terminal of the OpAmp due to the infinite input impedance assumption.

R2

A . @ 11139 uA Solving this problem using
@[ V300V 90kQ ‘VL the superposition method
-1ov. Current Flows into the OpAmp Inverting Configuration
(Sinking) since Vin1 > Vin2. G =-R2/R1
[ 1583 um N Vout,1 = 7'[‘3 VEV} =21V
Vout g | W w200V Non-Inverting Configuration

<

J@ Ts0mal G =T1+R2R1=4 VN

This Differential OpAmp V(+) = Vin2*R4/(R3+R4) = 4*9/12 = 3V

vee is "Balanced" because Vout,2 = Vin2*G = 3V*4V/\V = 12V
_vec (R2/R1)=(R4/R3) & .
10V G =R2/R1 (if balanced) z%'ing Gg"ft' E{J/E)tht 1+ Vout2

Vout = (Vin2-Vin1y*G Vout = -21 V'+ 12V = '-9\!

Vout = {4V - 7V)*3V/V = -9V

Figure 7.17: Differential OpAmp Configuration.

In Figure 7.18, a summing amplifier is simulated and solved using the superposition method. Two additional
OpAmp circuits are shown in the Appendix: 4" order Butterworth Low Pass Filter in Figure A.4 and an
instrumentation amplifier in Figure A.5.

The equation for a summing OpAmp is:
Vout = -Rfb/Rin1*Vin1 - Rb/Rin2*Vin2 - Rfb/Rin3"Vin3 = 3(-1) + 4(-1) + 5(-1) = -12V
Note: A weighted summer can be created by modifying the resistor values.

| Vi|n|1 Rind Rfb @11 120mA
=] 1kQ I
1kQ (V) V: 939wV l,
3v
£

Vin2 .
| || I Rin2 V() - 14.0 mA
i 1|1 A Z Vout ] (V)— v: 120V

4V < 1

j{f_)+ |- 2.00 mA

| “I"“f’ Rin3 = vee RL
|1} A TR 6kQ

5v

Figure 7.18: Summing OpAmp Configuration.
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