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Day | Date Topic Reading Assignments
Due
1-1 M 12/01 Mutual inductance 6.4
1-2 T 12/02 Mutual inductance 6.5 Pre- Lab 11
1-L W 12/03 Lab 11. Instrumentation Amplifier
1-3 R 12/04 The Ideal transformer 9.11 HW 1
2-1 M 12/08 Natural response of 1% order circuits 71-2 Quiz 2
2-2 T 12/09  Step response of 1* order circuits 73-4 Pre-Lab 12
2-L W 12/10 Lab 12. Self & Mutual Inductance
2-3 R 12/11 Natural & Step response of 2™ order circuits 8.1-4 HW 2
3-1 M 12/15 Natural & Step response of 2" order circuits 8.1-4 Quiz 3
3-2 T 12/16 Circuit elements and analysis in the s domain 13.1-2 Pre-Lab 13
3-L w 12/17 Lab 13. Step Response Design
3-3 R 12/18 Circuit analysis in the s domain 13.2 HW 3
Winter Break
4-1 M 1/05  Applications in s domain 13.3&12.6 Quiz 4
4-2 T 1/06  Applications in s domain 13.3&12.6 Pre-Lab 14
4-L W 1/07  Lab 14. Gyrator HW 4
4-3 R 1/08  Exam 1 (up through 4-2)
5-1 M 1/12 Initial/final value theorem, Transfer function & 13.4 & 12.8-9 Quiz 5
the steady-state sinusoidal response 13.7
5-2 T 1/13  Introduction to filters 14.1-3 Pre-Lab 16
5-L W 1/14  Lab 16. Phase-Shift Oscillator
5-3 R 1/15  Low-pass Filters passive & active 142 &15.1 HW 5
6-1 M 1/19  High-pass Filters passive & active 14.3 &15.1 Quiz6
6-2 T 1/20  First order filters & Bode diagrams E.1-2 Pre-Lab 15
6-L W 1/21  Lab 15.Steps & Steady State
6-3 R 1/22  Second order filters & Bode diagrams 14.4-5 HW 6
7-1 M 1/26  Bandpass filters & Bode diagrams 144 Quiz 7
7-2 T 1/27  Bandreject filters & Bode diagrams 145
7-L W 1/28 Lab 17. Lab Practical Test
7-3 R 1/29  Filter scaling 15.2 HW 7
8-1 M 2/02  Op Amp Bandpass & Bandreject filters 15.3 Quiz 8
8-2 T 2/03  Higher order op amp filters 154 Pre-Lab 18
8-L wW 2/04  Lab 18. Bode Diagram Design
8-3 R 2/05 Exam 2 (up through 7-3) HW 8-due 2/6
9-1 M 2/09  Butterworth filters 15.4 Quiz 9
9-2 T 2/10  Narrowband bandpass filters 15.5 Pre-Lab 19
9-L W 2/11  Lab 19. Low-Pass Filter Design
9-3 R 2/12  Narrowband bandreject filters 155 HW 9
10-1 M 2/16  Terminal equations and Two-port parameters 18.1-2 Quiz 10
10-2 T 2/17  Terminal equations and Two-port parameters 18.1-2 Pre-Lab 20
10-L. W 2/18  Lab 20. Poles on Planes
10-3 R 2/19  Analysis of terminated two-port circuits 18.3 HW 10
Finals Week FINAL EXAM (up through 10-3)

C.A. Berry
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Course Information
Instructor:

Carlotta Berry

D-211 Moench Hall

812-877-8657
carlotta.berry@rose-hulman.edu
http://www.rose-hulman.edu/~berry123

Description:

Electrical and computer engineering (ECE) deals with the application of electrical and electronic
technology to the daily needs of people. Almost every aspect of their lives and occupations are
controlled by ECE. To understand the details of ECE it is necessary to study circuit analysis. The
reason for this is that it is the one thing that ties all branches of ECE together; as such, it lays
the foundation for analysis, design, and operation of electrical devices and systems.

This class helps provide a foundation for you to build on. You will continue, in subsequent ECE
courses, to update the knowledge you gain here. Since this course is the prerequisite for just
about everything you will be doing in ECE, it is vital that you gain a confident grasp of circuit and
systems fundamentals.

The Calendar gives details of what we’ll be covering. You should follow it closely.

Text: J.W. Nilsson & S.A. Riedel, Electric Circuits, gt edition, Prentice Hall, 2008.

Office Hours: M —R, 7" hour, 1:35 - 2:25 pm or by appointment
What is expected of You:

First and foremost, professional work is the norm in this course. All of your written work and
your conduct in class are to be at the level of one who is studying a profession—the profession
of engineering. This means a number of things:

1. Your work is neatly done in a professional manner, using formats specified.

2. Your work is honestly done. You are encouraged to discuss course material with
classmates to help each other understand and assimilate the concepts. Nevertheless, |
distinguish between helping someone understand concepts and providing them with
specific answers. | expect you’ll work individually on homework without reference to
others’ work.

3. Your work is done on time.

Attendance:

Regardless of whether formal attendance is taken, attendance at each class is expected. As a
rule of thumb you should consider yourself seriously behind if you miss more than four classes
in a four credit-hour course. According to our Academic Rules and Procedures, “A student
whose total absences in a course, excused or unexcused, exceed two per credit is liable to fail
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ECE 200 Circuits & Systems Winter 08-09

the course.” Eight absences in this course are grounds for failure. Missing an attendance check
due to lateness may be counted as an absence.

If you miss a lab with an excused absence you need to make it up within 1 week without
penalty. If you miss a lab without an excused absence, you need to make it up within 1 week
and you will receive a grade of zero. If you come to lab more than 15 minutes late you need to
complete the lab on your own.

Grading:

Grades will be assigned at the end of the quarter based on the grade weights and grading scale
shown below:

Midterm Test | 20% 90-100 A
Midterm Test I 20% 85-89 B+
Final Exam 30% 80-84 B
Homework and Quizzes 10% 75-79 C+
Labs and Memos 15% 70-74 C
Lab Practical Test 5% 65-79 D+
60 - 64 D
Below 60 F

Independent of point totals:

e Satisfactory completion of each of the ten lab projects is required in order to receive a
passing grade in the course,

e You must earn a passing overall weighted midterm and final exam average in order to
receive a passing grade in the course, and

Homework:

The homework is intended to help you to understand the concepts presented in the course,

and to provide you with practice in problem solving.

e Problem sets are due each Thursday in class before the bell rings at the beginning of class.
Assignments and solutions will be distributed using ANGEL.

e Homework turned in after the bell rings is late and will incur a 20% penalty.

e Homework turned in after 8 am on the day following the due date will not be accepted.

e Arrange to turn in your homework early if you will be away for job interviews, athletic
events, etc.

e The required format is described in the Sophomore Engineering Curriculum Guidelines and
Standards for Writing Assignments. It is your responsibility to make your methods and
results clear to the grader.

DJW/CAB Page 2 of 3
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Homework will be graded using a restricted scale of 0, 1, 2, 3, or 4:

Problem worked completely correctly.

Problem worked with minor errors.

Problem worked with substantial errors.
Problem attempted, but with no understanding.
Problem not attempted or unacceptable.

O FRLr N WPH

Preparation for the laboratory sessions:

Pre-lab exercises are due each Tuesday in class before the bell rings at the beginning of lab.
Each student should do the pre-lab in their notebook and make a photocopy to turn-in. The
solutions to the pre-lab may be presented at the start of the lab period. Any team that has not
completed the pre-lab, must do it at the beginning of lab for zero credit. This team must still
finish the laboratory project within the allotted time.

Laboratory notebooks:

Laboratory notebooks will be collected at the conclusion of each laboratory period. The
laboratory notebook will be graded and both members of the team share the notebook grade.
Each team member must alternate submission of the lab notebook as well as circuit building on
a weekly basis. A memorandum will be submitted for one laboratory projects and this will be
an individual grade.

Exams:

On both tests you will be allowed to use one 8% x 11 page of notes (both sides) that you have
made but may not use anyone else's notes. You should prepare for tests as though they were
closed-book so that you can finish on-time; reference material should only be a back-up. In the
final exam, you are permitted to use two 8% x 11 pages of notes (both sides).

Missed exams will not be made up. The final exam grade will be used to replace a missing test
grade in the case of excused absences. Excused absence from an examination normally
requires advance approval or formal documentation of an emergency. An examination that is
missed for an unexcused reason will be given a grade of zero. Students are not excused from
scheduled exams for intramural athletics or fraternity events.

Academic accommodation:

Those students with documented special needs may request extra time on timed tests.
Students need to contact me at least 2 business day prior to each exam to make the necessary
arrangements.
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Lecture 1-1: Mutual Inductance
Reading: 6.4

Objectives:  To define inductance, self-inductance and mutual inductance
To apply the dot convention to write the mesh equations of a mutual inductance
circuit

Inductance is a circuit parameter used to describe an inductor. Inductance is symbolized by the
letter L and is measured in henrys (H). It is represented graphically as a coiled wire. Itis a
conductor linking a magnetic field.

NV VN

+ v -

self - inductance is a parameter that relates a voltage to a time-varying current in the same
circuit.

When two circuits are linked by a magnetic field, mutual inductance is the parameter that relates
to the voltage induced in a second circuit by the time-varying current in the first circuit.

M
*, iy Ry

e
1 Fa) zl:’ S (2] v,

The self-inductances of the two coils are labeled L; and L, and the mutual inductance is labeled
M.

The dot convention states that when the reference direction for a current enters the dotted
terminal of a coil, the reference polarity of the voltage that it induces in the other coil is positive
at its dotted terminal.

C.A. Berry Lecl-1.doc Page 1 of 4
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_ M i1 enters the dotted terminal of coil 1 so v, is
L positive at the dotted terminal of coil 2.
o o ° V2 = +Mdiy/dt
g g v
_ M I1 enters the dotted terminal of coil 1 so v, is
S ) positive at the dotted terminal of coil 2.
ol | + .
- . V2 Vo = -Mdll@
L]
M i» leaves the dotted terminal of coil 2 so v is
— i negative at the dotted terminal of coil 1.
Y y -
Vi = -Mdlz@
+ 5 —%
vl = =
- L ]
M i, leaves the dotted terminal of coil 2 so v; is
'f_‘x' is negative at the dotted terminal of coil 1.
- .
+ vy = _Mdiy/dt
vl &
_ o .
There are also two dot conventions for coupled coils in series
Series — M I enters the dotted terminal of coil
adding i v/ i \v 1 and coil 2
o - S TIR - e T o Vab — (Ll+L2+2M)di/dt
4 by b b Ligt = Li+L,+2M
Series - M i enters the dotted terminal of coil
opposing :. VRN 1 and leaves the dotted terminal of
o - I - ST . o COiI 2
a Lo, L b Vap = (L1+L, - 2M)di/dt
Liot= Litl, - 2M

C.A. Berry Lecl-1.doc Page 2 of 4
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Example 6.4.1:
Calculate the total inductance for the following circuit.
2H
4H 5H
o—2 TN E—2 o
6 H 8$H 10 H

Example 6.4.2:

Determine the inductance of the three series-connected inductors in the following figure.

mm

SR 2T TN Q
l{l II i12H SH
Example 6.4.3:

Write a set of mesh-current equations for the following circuit.

§H
. { _\v 80
S11) FTT—AMA
2 H I H

10-10°4 @ ;’_‘-E.m L ooF Sty

C.A. Berry Lecl-1.doc
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Example 6.4.4:
Write a set of mesh-current equations for the following circuit.

| H
4Q
QUCOSQrVCiD 2H§ S 1H §29

L

C.A. Berry Lecl-1.doc Page 4 of 4
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Lecture 1-2: A Closer Look At Mutual Inductance
Reading: 6.5

Objectives:  To define self-inductance and the coefficient of coupling
To relate the coefficient of coupling to mutual inductance
To calculate energy for a mutual inductance circuit

Faraday’s law states that v = dA/dt, where A is the flux in weber-turns.

The flux linkage is A = N¢, where ¢ is the magnetic field in Webers (Wb) and the number of
turns linked by the field (N).

The magnitude of the flux, ¢ is related to the magnitude of the coil current by ¢ = PNi

P is the permeanance and is a quantity that describes the magnetic properties of the space in the
inductors measured in Webers/Ampere (Wb/A).

For circuits with two magnetically coupled coils M, = My =M

L= NLZ_PL

Ly =Ny"P,

In a linear system, No_ L because P; = P;
N2 L2

The coefficient of coupling, k, can be used to relate self-inductance and mutual inductance.
M= kyLL,

The coefficient of coupling must lie between 0 and 1 (0 <k <1)

k=0 No common flux, NOT coupled

k=1 Perfectly coupled

k<0.5 Loosely coupled

k>0.5 Tightly coupled

The total energy stored in coupled coils is defined by w(t) = .5L;i;> + .5L,i>> + Mi;i,
+ Miji, - both currents enter or leave the dotted terminal

- Mijip - one current enters and one current leaves the dotted terminal

C.A. Berry Lecl-2.doc Page 1 of 4
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Example 6.5.1:
For the following circuit, determine the energy stored in the coupled inductors at = 1.5 seconds.

| 1 H

]
o
NIy
£I1A
v
MWW
[R=]
)

20 cos 2t V (i)

C.A. Berry Lecl-2.doc Page 2 of 4
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Example 6.5.2:
Find the Thevenin and Norton equivalent across terminals a and b for the following circuit.
200 J20Q
AN S1IA O a

i5 0
60,/30° V (t) j100 %JJ

o b

C.A. Berry Lecl-2.doc Page 3 of 4
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Example 6.5.3:

Determine currents Iy, I, and I3 in the following circuit. Assume thate = 1000 rad/s and find

the energy stored in the coupled coils att =2 ms.

k=05
o { _\v $Q
2112 AT —AAM—
10 ¢ “,, jloQ ¢'1
300 A @ Z40 - _j5Q @ 20,/0°

C.A. Berry Lecl-2.doc
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Lecture 1-3: The Ideal Transformer
Reading: 9.11

Objectives:  To define the ideal transformer and terminal characteristics
To define the dot convention for the analysis of circuits with ideal transformers
To apply reflection to calculate voltage and currents in an ideal transformer circuit

An ideal transformer consists of two magnetically coupled coils having N1 and N2 turns that
exhibits the following three properties:

1. the coefficient of coupling is unity (k = 1)
11. the self inductance of each coils is infinite (L; = L, = o)
1il. coil losses due to resistance are negligible
I I,
o - l:n o
[ ] L]

+ +

v, | Vs

; ideal ;

PRIMARY  SECONDARY

There are two characteristics for the terminal behavior of an ideal transformer.
Vi
Nl

2. LNy = [Ny

The primary winding coil and its circuit are called the primary side of the transformer
The secondary winding coil and its circuit are called the secondary side of the transformer

1.

AA
N2

The turns ratio for a transformer is n_ =N,/N; where the primary winding has N; turns and the
secondary winding has N, turns.

n=1 Isolation transformer

n>1 Step up transformer
(voltage is increased from the primary to secondary side)

0<n<l | Step down transformer
(voltage is decreased from the primary to secondary side)

The convention for determining the polarity for the currents and voltages on the transformer use
the following rules.

1. if the coil voltages V| and V; are both positive or negative at the dot-marked
terminals, use a plus sign in the voltage relationship otherwise use a negative
1. if the coil currents I; and I, are both directed into or out of the dot-marked

terminal, use a minus sign in the current relationship otherwise use a positive.

The graphical symbol for an ideal transformer is given in the following table for the voltage and
current conventions
C.A. Berry Lecl-3.doc Page 1 of 4
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Circuit Voltages Currents
! 8 V. N, _ L_N__ 1
o—— lm =T 4 V, N, I, N, n
+ +
¥i | v,
_ . . _
O O
I I V, N, I, N, 1
o = L. S — o — =——=-1N —_— ==
% R 2 V, N, I, N, n
vi | v,
— L] _
O O
I I
e g e V.. N L__N__1
+ . + Vi N, L N, n
v, | v,
- . -
o, O
LT V. N LN _ 1
% o vV, N, I, N, n
\f | \E
— . . —
e, O
Reflected Impedance
Ideal transformers can also be used to raise or lower the impedance level of a load.
I I,
—_— . ——
Z‘S —© ° ben ® ¢
+ +
Vg \E | \L 1
: 1deal o
PRIMARY SECONDARY

The input impedance from the primary side is
Zin=Vi/1; = (1/n%) (Vo/h) = (1/n°) (Zy)

It is possible to simplify the analysis of an ideal transformer by reflecting the secondary
impedance to the primary side and vice versa.

To reflect the secondary side to the primary side:

1. the primary side remains the same

2. the secondary impedance is reflected to the primary side as Z' = Z;/n’
3. the secondary voltage becomes V,' = V,/n

4, the secondary current becomes I,’ = nl,

C.A. Berry

Lec1-3.doc
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I, L
Z‘S —O —
+ +
Vs Vi v, ﬁzﬂ
PRIMARY ~ SECONDARY
To reflect the primary side to the secondary side:
1. the secondary side remains the same

2. the primary impedance is reflected to the secondary side as Zs' = n’Zg
3. the primary voltages become V{'=nV and V' =nV,
4. the primary current becomes I," = (1/n)I,

Il'

L
- —

PRIMARY SECONDARY

Example 9.11.1:
Determine I; and I, for the following circuit by reflecting the secondary to the primary side.

I 100 I, 20
—- 31—.-

woev@v,  ZIE

C.A. Berry Lecl-3.doc Page 3 of 4
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Example 9.11.2:

Determine the steady state expressions iy, iz, V1, and v, for the following circuit given that
vs(t) = 25c0s1000t V .

I 6H 15kQ 40 P!

—_—
—.“T.‘j“’j'\_a WVAAA 2 q 1 AN
+.I\ o *
Vs @) v, E‘: Cr Vs —69.4nF
o
C.A. Berry Lec1-3.doc
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Lecture 2-1: The Natural response of RL and RC Circuits
Reading: 7.1-2

Objectives:  To analyze the natural response of 1% order systems
To analyze the step response of 1* order systems
To demonstrate the general solution for step and natural responses

The purpose of this week’s lecture will be to analyze RL (resistor-inductor) and RC (resistor-
capacitor) circuits.

The first method of analysis is the natural response which occurs when an inductor or capacitor
is connected to a DC source and is suddenly disconnected and the stored energy is released to a
resistive network.

The second method of analysis is the step response which occurs when a DC source is suddenly
connected to an inductor or capacitor and it begins to store energy.

The third method of analysis describes the general method that can be used to find the step and
natural responses of RL or RC circuits.

Since RL and RC circuits can also be described by first-order differential equations they are also
known as first-order circuits.

I i c | = ¢ i R
C == v R
o~ = = +
Loy R = v -
L + - _ ‘
Source-free RL Circuit Source-free RC Circuit

7.1 The natural response of an RL circuit

Example 7.1.1:

Use KVL to find the expression for the current through the inductor in the following circuit
assuming it is initially charged to I, at t = 0, (i.e. ir(0) = Iy).

C.A. Berry Lec2-1.doc Page I of 5
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The time constant for an RL circuits is T = L/R. This is significant because when the time since
the DC source was removed exceeds 5 time constants, the current through the inductor is less
than 1% of its initial value. The time when the current through the inductor is changing or
discharging before 5 time constants is referred to as the transient response. The response that
exists a long time after DC switching is the steady-state response.

The following figure demonstrates the affect the value of the time constant has on the response.

ro_ 1T
AR

Ik,

A i >
0 1 2 3 4 5 0

It should be noted that current through an inductor cannot change abruptly [i(0-) = i(0+) = I,]
although the voltage can change abruptly. The voltage will change abruptly dependent upon
whether the inductor is storing or discharging energy. The current is an exponential decaying
curve after the DC source has been removed. Recall that under DC conditions an inductor acts
like a short circuit.

Using Ohm’s Law, the voltage across the resistor is given by yr(t) = I,R for t> 0+ because the
voltage across the inductor relates to the first derivative thus vg(0-) =0, vg(0+) = I R.

IR
(I,R)e™"

il

t

Current through the inductor Voltage across the resistor

The power dissipated in the resistor is given by p = I,’Re*®M' (W), t> 0
The energy delivered to the resistor is given by SLIA(1 — e®DY (1), t>0
The initial energy stored in the inductor is given by w = 0.5LI,% (J)

To find the natural response of an RL circuit,

1. Find the initial current Io through the inductor
1i. Find the time constant of the circuit, T = L/R¢q
i1 Use the expression, i(t) = I, e®™" | to find i(t) using L, and 7.

C.A. Berry Lec2-1.doc Page 2 of 5



| N I TUTE OF TECHNOLOGY,

ECE 200 CIRCUITS & SYSTEMS Spring 2008/09

Example 7.1.2:
For the following circuit determine, ir(t), vi(t) and ir(t) for t > 0.

A

10u-nA @) 4sz§ 0.5H g v,

Example 7.1.3

For the following circuit, determine the ir(t) for t > 0.

100 afi=o
¥

e i ‘ b J' ) ‘if.

v @ SQ§ 30 §6Q v;_tgm

C.A. Berry Lec2-1.doc Page 3 of 5
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7.2 The natural response of an RC circuit
Example 7.2.1:

Use KCL to find the expression for the voltage across the capacitor in the following circuit

assuming it is initially charged to V, at t = 0, (i.e. vi(0) = V).

i | - i
C R
Y + ¢

|

It should be noted that voltage across a capacitor cannot change abruptly [v(0-) = v(0+) = V,]

although the current can change abruptly. The current will change abruptly dependent upon
whether the capacitor is storing or discharging energy. The voltage is an exponential decaying
curve after the DC source has been removed. Recall that under DC conditions a capacitor acts

like an open circuit.

Using Ohm’s Law, the current through the resistor is given by ir(t) = V/R for t> 0+ because the
current through the capacitor relates to the first derivative thus ig (0-) =0, ig (0+) = V/R.

v

0 T t

Voltage across the capacitor Current through the resistor

The power dissipated in the resistor is given by p = V,2/Re "R (w) ¢> ¢
The energy delivered to the resistor is given by SCV,2(1 = MR () >0
The initial energy stored in the inductor is given by w = 0.5CV,> (J)

To find the natural response of an RC circuit,

1. Find the initial voltage Vo across the capacitor
1. Find the time constant of the circuit, T = R¢(C
iii Use the expression, v(t) = V, e1®"  to find v(t) using V, and t

C.A. Berry Lec2-1.doc
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=
L=
Example 7.2.2:

For the following circuit, determine vC(t), iC(t), VR(t), iR(t) for t > .

20 Q
R ¢ .

'
+

w(—t) A D 10Q § 5 0.1 F == o,

Example 7.2.3:

For the following circuit determine the voltage across the capacitor for t > (.
1=0

- 10kQ
<)

24V 2kQ - + )
Lol @ Vv, 40 UF

C.A. Berry Lec2-1.doc Page 5 of 5
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Lecture 2-2: The step response and general solution of 1* order circuits
Reading: 7.3 - 4

7.3 The step response of RL and RC circuits
As previously mentioned the step response of an RL or RC circuit is the voltage or current that

results when a DC source is suddenly added.

The general solution for the natural and step response of RL and RC circuits is given by the
following, X(t)=x(c0)+[x(0)—x(0)]e™

Example 7.3.1:
For the following circuit assume v(0) =V, and use KVL to derive the step response v(t) for the

following circuit.
R

— AANAN ——

v VVV
=0

t

| = +
|
|
@)

Example 7.3.2:
For the following circuit assume i(0) = I, and use KCL to derive the step response i(t) for the

following circuit.

C.A. Berry Lec2-2.doc Page 1 of 4
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7.4 A general solution for step and natural responses

Since all of these circuits are described by a first order differential equation, it is possible to
define a general solution as

X(t) = X¢ + [X(to) — xle ™" ,

where X¢ is the final value of the variable and x(t,) is the initial value of the variable

The complete response of a circuit can be decomposed into the natural and the step. The
natural response is due to the stored energy and the step is due to the independent source.

X(t) = Xnatural(t) + Xstep(t)
Xnatural = X(to) e_(t_to)/t and Xstep ZM

The natural response eventually dies out and the steady-state component remains. Therefore, the
response can also be characterized by the temporary part and the permanent part. The temporary
part is the transient response. The permanent part is the steady state response. The transient
response is the circuit’s temporary response that will die out with time. The steady-state
response is the behavior of the circuit after a long time after an external excitation is applied.

X(t) = Xtransient(t) + Xsteadysta/te(t)
“(tt
Xtransient — rX(to) - Xf]e (tto)/x and Xsteadystate — Xf

To compute the step and natural response of circuits use the following steps

1. identify the variable of interest (i.e. capacitive voltage or inductive current)
il. determine the initial voltage or current for the capacitor or inductor

iil. calculate the final value of the variable as t — oo

1v. calculate the time constant for the circuit

V. use the general formula to find the variable of interest
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Example 7.4.1:

Determine i(t) for the following circuit.
i 15H

T

[ i
50 l _)L =0 ‘ e @ :3a
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Example 7.4.2:
Determine v(t) and i(t) for the following circuit
t=0
2Q 6Q
oV Vo= S0V

C.A. Berry
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Lecture 2-3: The natural response of 2™ order circuits
Reading: 8.1, 8.2, 8.4

Objectives:  To define the types of responses: overdamped, underdamped, critically damped
) To define the terms: damping factor, resonant frequency, undamped frequency
To define the characteristic equation for parallel and series RLC circuits
To calculate the natural response of parallel and series RLC circuits

8.1 The Natural Response of a parallel RLC circuit

Example 8.1.1:
Use KCL to derive the 2" order differential equation for the natural response of the above
parallel RLC circuit.

Since this is a second-order differential equation, circuits with resistors, inductors and capacitors
are referred to as second-order circuits.

Using Laplace analysis and assuming that the solution is of the form Ae®, the differential
equation simplifies to the characteristic equation, s>+ 20s + @,2 = 0

Where the damping factor, o = 1/(2RC) (rad/s) and the resonant frequency, w, = 1/+/LC (rad/s)

C.A. Berry Lec2-3.doc Page 1 of 6
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The roots of the characteristic equation are the complex frequencies, s; and s, (rad/s).

The complex frequencies can be found by using the quadratic formula
1 1 2 1 2

S1,S = — + ——— =—a+a’-o

LT TORC \/(2Rc] LC °

These roots can be real or complex and there can also be one or two distinct roots of the
characteristic equation. The nature of the roots of the characteristic equation determines the type
of natural response for the RLC circuit. The damping ratio, £ = a/w,, can also be used to
determine the type of natural response for the RLC circuit.

8.4 The natural responses of a series RLC circuit
R L

Example 8.4.1:
Use KVL to derive the 2" order differential equation for the natural response of the above series
RLC circuit.
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The following table provides a summary of the results for the analysis of the natural response for
parallel and series RLC circuits.

Circuit Parallel Series
Secondorder D.E. | d?v 1 dv v d’ R di i
St =0 St ——t—=
dt RC dt LC dt Ldt LC
Characteristic 2 +is+i—0 §? +Es+i—0
equation RC  LC L~ LC

82 + 208 + 0)02

Roots, complex 1 1V 1 R RY 1
frequencies S1,8, = — +\/( } - S1,5, = _Zi ( }

2rC “Jl2RC) LC 2L) LC

—ata’-w,
Damping factor 1 R

oa=—— o=—

2RC 2L

Resonant radian 1
frequency ®="Ic
(undamped
frequency)
Initial conditions | Using KCL: using KVL:

ir(0) +iL(0) +ic(0) Vr(0) + vi(0) + vc(0)

cNO M g LR+ L3O 1y~

dt R
o) __ V. I, di(0) _-1,R _V,
dt RC C d¢ L L
8.2 Types of responses
Overdamped Slow response and long
o> M settling time
¢>1
2 real, distinct roots ,.'
Critically Damped Fast response and short
o = settling time
c=1
2 equal real roots ' ’
Underdamped Fastest response and long
o < M g settling time
c<1 ! & b
-1 \ % »
(¥} -_‘. J S 1

2 complex roots that are fn Ty
complex conjugates "

C.A. Berry Lec2-3.doc Page 3 of 6
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Type of Response Parallel Series
Overdamped v(t) = Ae™ + Ae™ i() = Ae™ + Ae™
o> o V(0 = A, + A, i(0) = A+ Az
2 distinct real roots dld(i)) _SAL + A,

dV(O ) =51A1 + SH5A,
dt
Critically Damped v(t) = D,te ™ +D,e ™ i(t) = Dite™ + Dpe™
o = Mo V(0+) =D, i(0) =D,
2 equal real roots + di(0
q dVéO ) _ D, - oD, %: D, - aD,
t

Underdamped
o< W
2 complex conjugate roots

v(t) = Bye™cosmgt + Boe 'sinamgt
damped radian frequency

o, =0, —a’
V(0+) =B;

dv(0%)
——= = -aB1 + 0B
dt 1+ 0gB2

i(t) = Bie™cosmgt + Boe ™ 'sinagt
damped radian frequency

o, =0, —ao’
i(0) = By

% = -aB; + ©4B;

There is also an undamped response which occurs when a—0. There is a persistent oscillation

that approaches the undamped frequency, w,. The response for this type of systems would be

sinusoidal.

Team Concept Question 8.2.1:

In a source-free parallel RLC circuit, if the resistor is replaced with a wire then the voltage

across the capacitor is

a) underdamped
b) overdamped

C) critically damped

d) undamped

Team Concept Question 8.2.2:

In a source-free parallel RLC circuit, if the resistor is removed from the circuit then the voltage

across the capacitor is

a) underdamped
b) overdamped

C) critically damped

d) undamped

C.A. Berry
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Team Concept Question 8.4.1:
In a source-free series RLC circuit, if the resistor is replaced with a wire then the voltage across
the capacitor is

a) underdamped

b) overdamped

C) critically damped
d) undamped

Team Concept Question 8.4.2:
In a source-free series RLC circuit, if the resistor is removed from the circuit then the voltage
across the capacitor is

a) underdamped

b) overdamped

C) critically damped
d) none of the above

In-class activity 8.2.2:
For the following circuit, find v(t) for t > 0.
t=0

2A 20QZ  10H

19—

= 4mF = ¥

\
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In-class activity 8.2.3:
Find v(t) for t > 0 in the following circuit.

50
WA & .
I
+
25u(-1) | mF ==+ ;3 0.1 H

In-class activity 8.4.1:
The circuit in the following figure has reached steady state at t = 0". If the make-before-break

switch move to position b at t = 0, calculate i(t) for t > 0.
F

10 a b

=0 —‘
: i .

S0V \ =50
2 1H ‘
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Lecture 3-1: The step response of 2" order circuits
Reading: 8.3-4

Objectives:  To define the types of responses: overdamped, underdamped, critically damped
To calculate the step response of parallel and series RLC circuits

8.3 The Step response of a parallel RLC circuit

e

cC=v

Q00
[

1. CD r=0>z R LS

Example 8.3.1:
To find the step response of the above parallel RLC circuit, use KCL to derive the 2" order

differential equation.

The Step response of a series RLC circuit
R 3 i

=0 X
} AN STIA

8.4

i

. @ et

Example 8.4.1:
To find the step response of the above series RLC circuit, use KVL to derive the 2" order
differential equation. Observe that it is a similar derivation to the parallel RLC circuit.

Page 1 of 5
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Circuit Parallel Series

Second order D.E. d’i 1 di N i d2V+ Rdv v _V,

dt> RCdt LC LC dt? Ldt LC LC
Characteristic ST SN S e R 1 4
equation RC™ LC L LC
s% + 208 + 0302
Roots, Cpmplex 1 1V 1 RV 1
frequencies $1,5 = — T + ke ) Lo 51,52 = _Zi ETH T
—atqa’ -,
Damping factor 1 R

o4 =—= o=—

2RC 2L

Resonant radian 1
frequency ®=Ic
(undamped
frequency)
Initial conditions using parallel voltages: using series current:

v (0) = v¢(0Y) ic(0) =i (0Y)

dij v (07) dv| i (0°)

dt|, . L dt|._, C

8.3 - 4 Types of responses

Recall that the type of response of a 2" order circuit is related to the roots of the characteristic
equation or . A comparison of the 3 types of responses is shown here.

v(HV A

40 Underdamped
/

32 .
Critically damped

Overdamped

2

0 1 3

2 3 4
Step Response

C.A. Berry

v(HV A
10 -
9
8
7
6
5 Overdamped
4
3
> L Critically damped
1= Underdamped
1 t >
= 1 0.2 0.4 0.6 0.8 1 1 (s)
f(s)
Natural Response
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Type of Response Parallel Series
Overdamped i) =1+ A'e™ + A'e” V(t) = Vs + Ayest + Aye%
oL > o i(0) = Is+ AL + Ay v(0) = Vs + Ay + AY
c>1 di VA oA
= = 5A; + SHAY E =S1A1 + SR
ot dt|_, t=0'
2 real, distinct roots =0
Critically Damped i(t) = Is+ Dy'te™ + Dy/e™ v(t) = Vs + Dy'te™ + Dye™
o = Mg i(0) =15+ D) v(0) =V + Dy
=1 i dv
G di =Dy’ - a D7’ — =Di-aDby
dt| - dt .-
2 equal real roots
Underdamped i(t) = Is + By'e™cosmgt + v(t) =Vs + B'e ™cosmgt +
o < oo B,'e “'sinamt B2'e “sinogt
<1 damped frequency wq = damped frequency wg =
,a)Z _az ,a)Z _az
2 complex roots that | ¥ ° °
are complex i(0) = Is + By’ v(0) = Vs + By
i i dv
conjugates di| — By’ + ogBy M By + 0By
dt|_, dt|._,

Team Concept Question 8.3.1:
In a parallel RLC circuit with a DC source, if L equals C, determine the range of resistor values
that will achieve an overdamped response.

a) O<R< 5

b) R>.5L .02

c) R> 5/L Q2

d) none of the above

Team Concept Question 8.4.1:
In a series RLC circuit with a DC source, if L equals C then determine the value of R such that
the voltage across the capacitor is critically damped.

a) R =.50
b) R=20
C) R =.5/L

d) none of the above

C.A. Berry Lec3-1.doc Page 3 of 5
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In-class activity 8.3.1:
Find the output voltage v,(t) for the following circuit.

r=0'

10Q
3A 5Q 2 IHS  10mF == 7

In-class activity 8.4.1:
For the following circuit, find the voltages v(t) and vg(t).

1Q « b 25H 25Q
t=0 YR

+
12V X0 LE v 0V

C.A. Berry Lec3-1.doc
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In-class activity 8.4.2:
For the following circuit, find the voltage v(t).

xv@) 12V lp== v

Oy

C.A. Berry Lec3-1.doc Page 5 of 5



| N I TUTE OF TECHNOLOGY,

ECE 200 CIRCUITS & SYSTEMS

Spring 2008/09

Obijectives:

13.1-132

Lecture 3-2: Circuit elements and analysis in the s domain
Reading: 13.1 - 13.2

To define circuit elements in the s domain
To redraw 1% and 2" order circuits in the s domain using initial conditions
To calculate the natural response of circuits in the s-domain

Circuit Elements and Analysis in the s Domain

The benefit of Laplace transforms is that it transforms differential equations to algebraic
equations that may be easier to solve.

The following table summarizes the relationship between resistors, inductors, capacitors at the
frequency domain.

Note that V = A4 v}, | = Ai} and impedance relationships can be related to the phasor
relationships where s = jo for sinusoidal steady state where the transient has died off or a.=0.

Time Voltage Laplace Complex Frequency Domain
Domain Current Transform (s-domain)
Relationships
Resistor | v=iR V=IR o
i i = VIR I=VIR ¥ ]
+ Z=R
oo & Vi)
o— L —
Inductor Vel di V =sLI-Ll, 1(s) I(s)
oﬂ’- - dt = i I_O f — +
T g T N e
e Bl '= E.LVdX+ 1 z=4L o It @© E% Vis)
' L0 =11,
at: 5 -
Capacitor i dv I =sCV-CV, - -
o£ 1dt V = %4_& + +| + .
+ z, S S s = 5C . i I ~ iy — (N
1) C Y :ELIdT-i_VO Z= i " #0)=_'0 " v(i__ GDUW?L\O
_ sC EJ T 5

Note that the two frequency domain circuits for the inductor and capacitor initial conditions
represent the Thevenin and Norton equivalent circuits with respect to the terminals for those

circuits.

Ohm’s law in the frequency domain is stated as V = 1Z.

C.A. Berry

Lec3-2.doc
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Element Impedance () Admittance (S)
R R 1/R
L sL 1/(sL)
C 1/(sC) sC

All of the circuit analysis techniques in the frequency domain are applicable to circuits in the s-
domain including KVVL, KCL, nodal analysis, mesh analysis, source transformations, and
Thevenin-Norton equivalents.

Example 13.2.1:
For the following network,
a) find the impedance and admittance across terminals a and b as a rational function of s

b) compute the numerical values of the zeros and poles of the impedance
C) plot the zeros and poles of the impedance on a s-plane
60 Q

a\""’\\‘.’.’“\f‘r
|_30 Q \ QOLE  4m
AV | W‘l

b

Jg

Example 13.2.2:
For the following network, find the input impedance across terminals a and b as a rational
function of s.

1

3 -
9 S

ao

A A A
MAN

bo
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Example 13.2.3:
For the following network, redraw the circuit in the s-domain.

Example 13.2.4:
For the following network, redraw the circuit in the s-domain.

142
Ai

2 20,0~
I H o% S A0S F
+

Cl

(U

{:‘-L i I'\."L .""-
1 $2

C.A. Berry Lec3-2.doc
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EXAMPLE 13.2.5 (natural response):

For the following circuit, redraw the circuit in the s-domain at t = 0", If the circuit has reached

steady state at t = 0" and the switch opens at t = 0, determine i(t).

100

120V @ ’i +H ?:: 250 mF

C.A. Berry Lec3-2.doc
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Lecture 3-3: Circuit analysis in the s domain
Reading: 13.2

Objectives:  To analyze the natural response of circuits in the s-domain
To analyze the step response of circuits in the s-domain

13.2  Circuit Analysis in the s-domain
In-class activity 13.2.1(step response):
For the following network find i(t) for t > 0.

5Q
20Q | o4 500 mH
=¥ [ &:‘
z_:.J ¥
90V 5Q% v(t) == 125 mF
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In-class activity 13.2.2 (step response):
Having been in position a for a long time, the switch in the following circuit moves to position b

att=0. Find v(t) for > 0.
1Q a b
C

12V 20 EFT

C.A. Berry Lec3-3.doc Page 2 of 4
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In-class activity 13.2.3 (natural response):
Find v(t) for t > 0 in the following circuit.

50
A .
¢ i
+
25u(-1) I mF = » %3 0.1H

C.A. Berry Lec3-3.doc Page 3 of 4



| N I TUTE OF TECHNOLOGY,

ECE 200 CIRCUITS & SYSTEMS

Spring 2008/09

In-class activity 13.2.4 (natural response):

The circuit in the following figure has reached steady state at t = 0". If the make-before-break

switch moves to position blat t =0, calculate i(t) for t > 0.

10Q g 2
a )
AW - o
i1 s
sov @) i <5Q
Sim

C.A. Berry Lec3-3.doc
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Lecture 4-1: Applications in the s domain
Reading: 13.3

Obijective: To calculate the steady-state and transient response of circuits in the s-domain
To analyze circuits in the s-domain using Thevenin’s theorem
To analyze circuits in the s-domain using superposition
To analyze mutual inductance circuits in the s-domain

In-class activity 13.3.1 (Steady State and Transient Response):
For the following circuit determine the steady state and transient response for v,(t) using

Laplace transforms if the vs(t) =2 cost V
1Q

+ >
v (1) 1F = v, (1) 20

C.A. Berry Lec4-1.doc Page 1 of 2
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In-class activity 13.3.2 (Steady State and Transient Response):
Assuming zero initial conditions, determine vy(t) in the following circuit.
1Q
M l

-+

e v 2H ‘% 2Q % 2,(1)

C.A. Berry Lec4-1.doc Page 2 of 2
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Lecture 4-2: Applications in the s domain
Reading: 13.3

Obijective: To calculate the steady-state and transient response of circuits in the s-domain
To analyze circuits in the s-domain using Thevenin’s theorem
To analyze circuits in the s-domain using superposition
To analyze mutual inductance circuits in the s-domain

In-class activity 13.3.3 (Thevenin and Norton equivalent):
Find the s-domain Thevenin and Norton equivalent circuit with respect to terminals a and b for
the following circuit.

I H

- OO0 - T O a
é 2u(n 'V 4Q -

‘ b

| 1
4 F

C.A. Berry Lec4-2.doc Page 1 of 3
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In-class activity 13.3.4 (Mutual Inductance):
Use mesh analysis to find v,(t) for t>0 for the following circuit.

| H
| L2 f/_-\i
WY I | L &
iua(t) IHE E1H 28 =Y

C.A. Berry Lec4-2.doc
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In-class activity 13.3.5 (superposition):

Use superposition to find the current through the inductor for all time t > 0 in the following

circuit.

2eu(n) VvV

1 F

@

"-U

T

1H

|
Q=2 ¢ wnA 21Q

C.A. Berry
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Lecture 5-1: The Initial and Final VValue Theorem, Transfer functions,
Steady-State response
Reading: 13.4, 13.7

Objectives:  To be able to define and clearly explain the transfer function of a circuit
To calculate the transfer function of a circuit
To apply the initial value and final value theorem to find voltage and current
values in an electric circuit an electric circuit
To use the transfer function instead of phasor analysis to determine the steady-
state response of a circuit.

13.4  The Initial Value Theorem and Transfer function

The initial and final value theorems can be used to find the initial and final values of a voltage
or current in the time-domain by using the s-domain equivalent of the current or voltage.

The initial value theorem states that !Lron f(t)= Ian] sF(s)

The final value theorem states that Itim f(t)= Iin01 sF(s)

The transfer function is defined as the s-domain ratio of the Laplace transform of the output
(response) to the Laplace transform of the input (source). To find the transfer function of a
circuit, all of the initial conditions must be zero.

output _ Y(s)

The transfer function is H(s) = —
input  X(s)

input output
X(s) " H(s) " Y(5)

H(s) is always a rational function of s. If there are any complex poles, they always appear in
conjugate pairs. The poles of H(s) must lie in the left half of the s plane if the response is to be
bounded. The zeros may lie in either the right half or the left half of the s plane. the poles are
represented with “X’s” and the zeros are represented with “O’s”.

s-plane imaginary axis, jo
- /
(o unll [
STABLE X UNSTABLE
< © »real axis, G
X
MARGINALLY STABKE
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In-class activity 13.4.1 (Initial, Final Value Theorem):

For the following circuit, (a) Find V(s), (b) Use the initial value theorem to find v(0), (c) Use the
final value theorem to find v(<0). [hint: v(t) = 12 - 4.3e3% + 0.3e8"' v ]
2Q

e

=0

8V (j) 12V 40 mF =

I = +

10 mH

In-class activity 13.4.2 (Transfer functions):

For each of the following transfer functions, find K (gain), « (damping factor/coefficient), a,
(undamped frequency), oy (damped frequency), ¢ (damping ratio), poles, zeros, type of response.

Is it stable?

5

HE) = s(s®+2s+1)

3s+12
H(s) =
©) s> +5s+6
8s® +24s
HS)= ———
2s°+10s+18

C.A. Berry
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In-class activity 13.4.3 (Transfer function):
Assume the following circuit has zero initial conditions, determine the transfer function
H(s) = 11(s)/V(s).

1Q 25

‘v}'. \.f‘\

V(s) | 2Q
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13.7  Transfer function and Steady-State Sinusoidal Response

For a steady state sinusoidal response, x(t) = Acos (ot + ¢)

Using trigonometric properties, x(t) = A cos ot cos ¢ - A sin ot sin ¢

Ascosp Awsing _ A(scosd — wsing)
s2+o? s2+0? s2+w?

The Laplace transform of the input, x(t) is X(s) =

A(s cos¢g— wsin @)

The output is Y(s) = H(s) X(s) = H(s) =,

Using partial fraction expansion, Y(s) = terms from poles of H(s) + S'_%} + Sfﬁ)

Only the X(s) terms contribute to the steady-state response.
The terms due to the transfer function H(s) are transient and approach 0 as t approaches oo.
The terms from the poles of H(s) are in the open left-half of the s-plane (they have to be for

stability)!!
The poles of the sinusoidal input, x(t) are on the imaginary axis of the s-plane.

H(S)A(s cos¢— wsin ¢) _1 . ig_A , i
Ky = 2RO =2H(jw)Ael?= |H(ja)|e X

S+ja) S—ja)
The steady-state solution for y(t) or the steady-state sinusoidal response is

Yes(s) = (H(jw))(AZL) = A|H(jew)[e!® &)

Yss(t) = A|lH(jo)|cos[mt + ¢ + B(w)]

The amplitude of the solution is equal to the amplitude of the source, A, times the magnitude of
the transfer function, |H(jo)|.

The phase angle of the response is equal to the phase angle of the source, ¢, plus the phase angle
of the transfer function, 6() at the frequency of the source, .

C.A. Berry Lec5-1.doc Page 4 of 5



ROSE-HULMAN

ITUTE OF TECHRNOLOGY,

ECE 200 CIRCUITS & SYSTEMS Spring 2008/09

In-class activity 13.4.4 (Steady-state sinusoidal response):
For the following circuit vs(t) =2 cos t V,
a) Use the transfer function to compute the steady-state expression for vo(t).
b) Use Laplace transforms to find the complete solution v (t) = Voss(t) + Votran(t)

| H
A1

N
v,(0) @) IE (1) § 2Q
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Lecture 5-2: Introduction to Filters
Reading: 13.4, 14.1-3

Objectives:  To introduce the 4 major types of passive filters
To illustrate the frequency response, magnitude and phase angle plots
To define the terms passband, stopband, cutoff and half-power frequency

The frequency response of a circuit is the analysis of the result of varying the source frequency
on voltages and currents in the circuit.

Frequency-selective circuits are circuits that pass only certain signals in a desired-range of
frequencies to the output of the system. (i.e. radios, telephone systems, car stereos, televisions)

Frequency-selective circuits are also called filters. Filters weaken or attenuate any input signals
outside of particular frequency band.

The action of a filter on an input signal results in an output signal.

input signal —>| FILTER — output signal

The signals passed from the input to the output fall within a band of frequencies called the
passband. Frequencies not in the circuit’s passband are in the stopband.

The cutoff frequency separates the passband from the stopband

The frequency response plot shows how a transfer function (amplitude and phase) changes as
the source frequency changes.

The graph of |H(jw)| versus frequency o is the magnitude plot

The graph of 6(jo) versus frequency o is the phase angle plot

All of the filters in this lecture will be_passive filters that depend only on the passive elements:
resistors, capacitors, and inductors. All passive filters have a gain between 0 and 1.

A low pass filter passes low frequencies and stops high frequencies (i.e. woofer)

A high pass filter passes high frequencies and stops low frequencies (i.e. tweeter)

A Dband pass filter passes frequencies within a frequency band and blocks or attenuates
frequencies outside the band (i.e. radio)

A band reject filter passes frequencies outside a frequency band and blocks or attenuates
frequencies within the band. (i.e. unwanted noise)
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The cutoff frequency is typically defined by engineers as the frequency for which the transfer
function magnitude is decreased by 30%o or the factor 1//2 or-3dB. (i.e. [H(joc)|= 0.707 Hmax)

At the cutoff frequency, the average power delivered by the circuit is one half of the maximum
average power. Thus . is also called the_half-power frequency. [P(joc) = 0.5Pmax]

Type of Low - pass High - pass Bandpass Bandreject
Filter
H(0) 1 0 0 1
H(e) 0 1 0 1
Hlwgor 1 9/4/2 12 1 0
H(wo)
Frequency | H(w)| & | H(w) s [H(w)] | Hiw)|
response ! Lo L | ldeal :
Ideal 0.707 0.707 Actual
Ideal 0707 |-~ \/_- /‘f \ L Actual \ ‘;"

0.707 . Actual ;‘." Ideal
magnitude Aeal 1 _ / \ \ /
p|0t 0 @ Wy Wy @ 0 G “

0 W 0 w, w
Example
Circuit R
_ul.'[' (1) v lr
HE) o,  1RC s _ s (R/L)s s* +(1/LC)
ransfer = =
function | S+@, Ss+1/RC s+1/RC s+ s +(R/L)s+(L/LC) | s?+(R/L)s+(1/LC)
IH(jo)|
1/RC ® (R/L)o 1/(LC)- 0*
2 f 2 2
" +(1/RCY o +(RC) Vwe)-o T +Re) | Ja(te)-o') +(R/L)o)

Resonant ©y’= 1/(LC) ©y’= 1/(LC)

frequency 0302: ©c1Wc2 0302: c1Wc2

bandwidth B=R/L =2a B=R/L =2a
B =0 - 0a B =g -0

Cut off . _ 1 1 1 1 _ 2 ) 5 2 )

frequencies | Oc = RC 1 0 = RC 7 O =—2+ (5 + @, O =—2+ (2 + @,
oo= 2+ (4 + 2y (5 + a2

2= 3 5 , 03c2—2+ (2 + o,

Quality Q= w./p Q= o./p

factor | _ L
Q= er Q= er
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In-class activity 14.1.1 (Passive Filters):
For the following circuit, use qualitative analysis, to determine the type of filter. What is the

cutoff frequency? What is the gain?
100 mH
L11%

V(s) (& 4Q = Vi)

In-class activity 14.1.2 (Passive Filters):
For the following circuit, use qualitative analysis, to determine the type of filter. What is the
cutoff frequency? What is the gain?

1Q
MW

+
y s
Vi(s) 100 mH = 4Q = V)

]
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In-class activity 14.1.3 (Passive Filters):
For the following circuit, use qualitative analysis, to determine the type of filter. What is the
resonant frequency? What is the bandwidth? What is the gain?

10
WWA

2H "
vs) @ 20 SV

11-T

In-class activity 14.1.4 (Passive Filters):

For the following circuit, use qualitative analysis, to determine the type of filter.
What is the gain?

What is the resonant frequency?

What is the bandwidth?

What are the cut off frequencies?
1 Q
AMA

V(s) :) 100 mH ‘.;% 8200 pF=F= 50 Z V)

-

AN
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Lecture 5-3: Active Filters
Reading: 15.1 -3

Objectives:  To analyze active filter circuits to determine the frequency response, gain, cut off
frequencies, resonant frequency and bandwidth
To calculate the transfer function of passive and active filters
To design a passive or active filter given certain specifications

15.1  Active Filter Circuits

All the filters described so far have been passive, they only include resistors, inductors, and
capacitors. The advantage of active filters over passive is that creating a filter with an
operational amplifier may be less expensive because they do not require inductors and they can
also have a maximum magnitude that can exceed one. Additionally, the addition of a resistive
load will not alter the passband magnitude or the cutoff frequency of an active filter.

Low Pass Filter High Pass Filter
_\’5\;\ Rl
(& R C
" ———

o—AnA— +

§ + K v,

v v, _ _

. _ o 1 0
H(s) = -K—2 HEs) = -K —>

S+ , S+ @,

K =Ry/R; K=Ry/R;
o = 1/(R,C) o = 1/(R,C)
integrating amplifier in the time domain differentiating amplifier in the time domain

Bode plots or frequency response plots are used to graphically describe the behavior of passive
and active filters. The Bode plot is used to graph the magnitude of the transfer function in
decibels (dB) versus the log of the frequency. The cutoff frequency is the frequency at which the

maximum magnitude of the transfer function has decreased by 1/4/2 or 3dB. The dB magnitude

is defined as 20 log [H(jw)|.
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In-class activity 15.1.1

For the following circuit,

a)
b)
c)
d)
e)
f)

derive the transfer function
what is the step response?
what type of filter is it?

what is the cut off frequency?
what is the DC gain?

what is the AC gain at 2 kHz?

C.A. Berry

15kQ
5kQ 500 mH
N AAAA—TTT N
+ + b
Vi %
o o
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In-class activity 15.1.2 (active highpass filter):

Design a filter with the following Bode magnitude response. Use 0.5 wF capacitors in your
design.

[H(o)| (dB)

45

40 —

/

35 /

30 /

25

20

15 /

10 /

5

0

5 (0] 100 1000 10000 100000
o (rad/s)
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In-class activity 15.1.3

For the following circuit,

a) derive the transfer function

b) what is the step response?

C) what type of filter is it?

d) what is the cut off frequency?
e) what is the AC gain at 2 kHz?

f) Redesign the circuit to have a gain of 10 and the same cut off frequency
9) Redesign the original circuit to have a cut of frequency of 5 kHz and the same gain.
10 kQ
2.2k 0.01 uF
+
+
Vi v,
o )

C.A. Berry Lec5-3.docx Page 4 of 4



_ PN \TuTE oF TECHNWOLOGY
s

ECE 200 CIRCUITS & SYSTEMS Winter 2008/09

Lecture 6-1: More Passive and Active Filters
Reading: 14.1-5,15.1-3

Objectives:  To analyze passive and active filter circuits to determine the frequency response,
gain, cut off frequencies, resonant frequency and bandwidth
To calculate the transfer function of passive and active filters
To design a passive or active filter given certain specifications

In-Class Activity Signal to Noise Ratio Example:

In a power plant, a 1 mV communication signal has a resonant frequency of 12.5 kHz. However,

the signal is corrupted by 1.5 mV power line noise 60 Hz and 0.25 mV machine vibration noise

at 50 kHz.

a) what is the signal to noise ratio for the low and high frequency noise?

b) design a bandpass filter to ““clean up” the noisy signal

C) after passing the signal through the filter, what is the signal to noise ratio for the low and
high frequency noise?

=

[ £

LB T

L5 §

4

13

2

\ .

WA

W olry o, -

b i v
WRTAY!

W W

ki

N ADLA

N\ WAWAWAWAW,

at
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In-Class Activity 6.1.1:

Given the following transfer function, H(jw) =

a)
b)
c)
d)
e)
f)

160
200+ 2 jw
What type of filter is it?
What is the cutoff frequency?
What is the DC gain?
What is the magnitude of H(jw) at @ =10? 100? 1000 rad/s?

What is the phase of H(jw) at @ =10? 100? 1000 rad/s?
Using 0.01 pF capacitors, design a filter to satisfy this transfer function.

C.A. Berry Lec6-1.doc
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In-Class Activity 6.1.3:
For the following circuit,
a) Using qualitative analysis, what is the low frequency gain?
b) Using qualitative analysis, what is the high frequency gain?
c) What type of filter is it?
d) Find the transfer function Vo/Vs
e) What is the cutoff frequency?
f) What is the magnitude and phase of H(jw) at =20 rad/s?
ans: o¢ = 251.57 rad/s

10mH
11

+

=2

vy 0.25Q 10uF =/ %

C.A. Berry Lec6-1.doc
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In-Class Activity 6.1.4:
For the following circuit,

a) determine the transfer function, H 10

b) what type of filter is it? 2115 AN

C) what is the center frequency? +
d)  what is the bandwidth? v©® é 1Q 1H g v,
e) what is the gain at resonance?. -
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Lecture 6-2: Bode Diagrams
Reading: Appendix E.1 - 2

Objectives:  To create Bode diagrams for electric circuits and given transfer functions
To apply the steps to create Bode diagrams for first-order poles and zeros and
poles and zeros at the origin
To be able to compute the transfer function of a circuit given the Bode diagram
The bel used to define power gain and is defined as 10910(Pout/Pin)-
The decibel is also used to measure power gain and is defined as 10 10910(Pout/Din).-

Decibels can be used to define the voltage and current ratio as

pout
pin

VOUT

=10log w( You
v

2
J =20log,, y

[
10log,, and 20log,, -
[

in in in

Bode diagrams are graphical techniques that describe the frequency response of a circuit. There
are two separate plots: amplitude and phase angle and they vary with the frequency.

The plots are on semi log graph paper with the frequency on the horizontal log scale and the
amplitude and phase angle on the linear vertical scale.

There are several types of factors in a transfer function these include:

1. a gain K

il. a zero (jo) at the origin

1il. a pole (jw) ™' at the origin

iv. a simple zero 1 + jo/z;

V. a simple pole 1/(1+jo/p;)

vi. a quadratic pole 1/[1 + j2C20/®n + (jo/@y)*]
vil.  aquadratic zero [1 +j2C,0/mk + (/o]

This lecture will address creating a Bode diagram with the first 5 types of factors. To create the
Bode diagram, plot each of these factors separately and then combine them graphically.

Standard Form

K(s+1z,) and H( jo)= K(jo+1z,)

Given the following transfer function H(s)= AT
s(s+p,) jo(jo+p,)

The first step in creating a Bode diagram is to write H(jo) in standard form. In order to write
H(jo) in standard form, divide out the poles and zeros.

C.A. Berry Lec6-2.doc Page 1 of 7
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STANDARD FORM:

jo
K |1+ A
1 17
+ pl

®
The amplitude of H(jm) in decibels is Ags_= 2010g;0| H(j®)|

H(jo) =

the amplitude is [H(jo)| =

jo
Ko 1+ A

1+19

Agp =20log = 20log;0K, + 20log;o| 1+ jo/z;| - 20logiow - 20log;o| 1+ jo/pi|

)

P,
the phase is 8(®) = y; - 90° - B;, where y; = tan™ (w/z)), p1 = tan™ (0/p;)

To create the Bode diagram, plot each term of the amplitude separately and then graphically
combine the plots.

i. Constant K,
The plot of the constant, K,, is a horizontal straight line at the value 2010910K,

H(w) Has ()
Ko 20 10g10 |K0| 0°
-Ko 20 logio Ko +180°

ii. Zero at the origin

Another possible term in the numerator is a zero at the origin.
The term 20l04;0|j®| is a zero at the origin. The plot of this term is a straight line with a slope of
20 dB/decade that crosses the 0dB axis at @ = 1 rad/s. The plot of the phase is a horizontal line

at 90°.

H(w)

Hag

¢

jo

20 logio ®

90°

(o)

20N loglo (O]

90N°®

for example, amplitude plot of a single and double zero at the origin

o, rad/s | 20 logio ® | 40 logyo T o
0.01 40dB | -80 o f it -
0.1 20 dB ~40 ol T
1.0 0dB 0 S
10.0 20 dB 40 Y —
100.0 [ 40dB 80 R ! 1N

C.A. Berry

Lec6-2.doc
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iii. Pole at the origin
The term 20l0g;0ljo| is a pole at the origin. The plot of this term is a straight line with a slope of
-20 dB/decade that crosses the 0dB axis at @ = 1 rad/s. The plot of the phase is a horizontal line

at -90°.

H(w) Has ¢
(o) -20 logjo ® -90°
Go)™ -20N log;o ® -90N®

for example, amplitude plot of a single and double pole at the origin

®, rad/s | -20 logio ® | -40 logio ® AP g T —r————n
0.01 40 dB 80 dB T R TR A
0.1 20 dB 40 dB of TN
Lo Tods —[ods o I e, S
10.0 -20 dB -40 dB ol T
100.0 | -40dB -80 dB i N N

iv. First Order Zero

0.1

10 100

The amplitude term 2010010|1+ jw/zy| is a first-order zero. The plot of this term is a horizontal
line approximation from = 0 to z; at 0°. At the corner frequency (o = z,), the plot increases
with a slope of 20dB/decade. The phase term, ta_ni((;)_/zﬁ, is a horizontal line approximation
from ® =0 to 0.1z, at 0°. At 0.1z, the line increases with a slope of 45°/decade from 0.1z; to
10z,. At 10z, the line is a horizontal approximation at 90°.

H(w) Has ()
1+j(D/Z] 2 1| @
20 IOglo 1+ [ﬂj tan [Z_
Z 1
(1+jw/z)N 2 @
20N logio |1+ [QJ N-tan 2
Zl

for example, amplitude and phase plot of a single and double first order zero (1 + jo/10)

®, rad/s | 20 logio |1 + jJw/10| | 20 logio |1 + jo/10| | 20 logag |1 + jw/10] | 20 logip |1 + jw/10|
approximate, dB approximate, dB

0.1 0.0004 0 0.0009 0

1.0 0.0432 0 0.0864 0

10.0 3dB 0 6 dB 0

100.0 20 dB 20 40 dB 40

1000.0 |[40dB 40 80 dB 80
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o, rad/s tan™(w/10), ° tan™(w/10),° 2-tan*(w/10), ° 2-tan(w/10),°
approximate approximate
0.1 0.573 0 1.146 0
1.0 5.711 0 11.421 0
10.0 45 45 90 90
100.0 84.289 90 168.579 180
1000.0 89.427 90 178.854 180
‘ single 1st order zero — -single 1st order zero (approx.) ‘ single 1st order zero — -single 1st order zero (approx.)
- = ‘double 1st order zero double 1st order zero (approx.) double 1st order zero = = +double 1storder zero (approx.)
AdB R * "180 I i
60— I i
[T [ | 135 + : : : HH
o . .
[T [ | 90 - : : : 7__:%
e A 91 o h
HEIRRE e s i
0 R R | : : : : : H
ol Ll ol L | i
0.1 1 10 0.1 1 10 100 1000
® (rad/s) o (rad/s)

v. First Order Pole

The amplitude term 20100:0/1+ jw/ps| is a first-order pole. The plot of this amplitude term is a
horizontal line approximation from o = 0 to p; at 0 dB. At the corner frequency (o = p;), the
plot decreases with a slope of -20dB/decade. The phase term, -tan*(w/z;), is a horizontal line
approximation from ® = 0 to 0.1z; at 0°. At 0.1z, the line decreases with a slope of -45°/decade
from 0.1z; to 10z;. At 10z, the line is a horizontal approximation at -90°.

H(w)

Hgp

(1+jo/pr)

2
20 logyo |1+ [ﬁj
P,

(I+jop)™

2
220N logyo |1+ (ﬂ]

1

for example, amplitude and phase plot of a single and double first order pole (1 +jw/10)"

®, rad/s | -20 logio |1 + j&/10| | -20 logio |1 + jo/10| | -20 logio |1 + jw/10] | -20 logi |1 + ja/10|
approximate, dB approximate, dB

0.1 -0.0004 0 -0.0009 0

1.0 -0.0432 0 -0.0864 0

10.0 -3dB 0 -6 dB 0

100.0 -20 dB -20 -40 dB -40

1000.0 | -40dB -40 -80 dB -80

C.A. Berry Lec6-2.doc Page 4 of 7
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o, rad/s | -tan’(w/10), ° -tan™(w/10),° -2-tan(w/10), ° -2-tan*(w/10),°
approximate approximate
0.1 -0.573 0 -1.146 0
1.0 -5.711 0 -11.421 0
10.0 -45 -45 -90 -90
100.0 -84.289 -90 -168.579 -180
1000.0 | -89.427 -90 -178.854 -180
—— Py S I e e e )
= = double 1st order pole double 1st order pole (approx.)

AdB 20

-20

-40

-60

-80

0.1 1 10 100 1000
o (radls) o (rad/s)

Example E.1.1:

500( jew+0.1)

Construct the Bode amplitude and phase plot for the transfer function, H( jo)=——=
jo( jo+5)
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Lecture 6-3: Bode Diagrams
Reading: Appendix E.1 - 2

Objectives:  To create Bode diagrams for electric circuits and given transfer functions
To apply the steps to create Bode diagrams for first-order poles and zeros and
poles and zeros at the origin
To be able to compute the transfer function of a circuit given the Bode diagram

ExampleE.1. 2:

For the following circuit,

a) Compute the transfer function, H(s)

b) Construct the Bode amplitude plot for H(s)

C) Construct the Bode phase plot for H(s)

d) Suppose that vi(t) = 5cos(500t + 15 9 V, use the Bode plot you constructed to predict the
amplitude of v,(t) in the steady state.

e) Suppose that vi(t) = 5cos(500t + 15 9 V, use the Bode plot you constructed to predict the
phase of v,(t) in the steady state.

118 100 mH

O—A\WW FITIN—

+ +
v; 10 mF —=— Vo
O
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Example E.1.3:
For the following transfer function,
H(jw)= 01
(Jjo+2)(jo+10)
a) Construct the Bode amplitude plot for H(s)
b) Construct the Bode phase plot for H(s)
C) Suppose that vi(t) = 5cos(5t) V, use the Bode amplitude plot you constructed to
predict the amplitude of vy(t) in the steady state.
d) Suppose that vi(t) = 5cos(5t + 159 V, use the Bode phase plot you constructed to
predict the phase of v,(t) in the steady state.
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Lecture 7-1: Bode Diagrams
Reading: Appendix E.1 - 2

Objectives:  To create Bode diagrams for electric circuits and given transfer functions
To apply the steps to create Bode diagrams for first-order poles and zeros and
poles and zeros at the origin
To be able to compute the transfer function of a circuit given the Bode diagram

Example E.1.4:
For the following Bode amplitude plot, compute the transfer function, H(s) in the form

E(e+z)(e42,).(2+2,)
(g4 p (s +py) (54 0,)

H A
40dB f--------;

-20 dB/decade
>

\
+20 dB/decade

-40 cl]imccm.llc =N

0 L X >
0.1 I 5 10 20 If}(]\w
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Example E.1.5:
For the following Bode amplitude plot, compute the transfer function, H(s) in the form

Ee+z)etz). . (s4+2,)
2+ P )(E+Py) o (F+1,)

H (dB
(dB) 4 ~20 dB/decade
40

20
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Lecture 7-2: Bode Diagrams
Reading: Appendix E.1 - 2

Objectives:  To create Bode diagrams for electric circuits and given transfer functions
To apply the steps to create Bode diagrams for first-order poles and zeros and
poles and zeros at the origin
To be able to compute the transfer function of a circuit given the Bode diagram

Example E.1.6:
For the following Bode amplitude plot, compute the transfer function, H(s) in the form

K(s+2z)(s+2,)...(s+z,)
(s +p)(s +p2) .. (s+pn)

A,dB
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Example E.1.7:

For the following Bode amplitude plot, compute the transfer function, H(s) in the form

K(s+2z)(s+2z)...(s + z,)

(s +p)(s+p2)..(s+py)

10000

1000

100

w (rad/s)

10

[
[

,,,H,,
[

[ B B
[
[
0.1

| R

0.01

90 +-—-—-F-—A+4+4—~—
80 +---

70 1)

60 +---

40 +---

30 +---

-10

20
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Lecture 7-3: Scaling
Reading: 15.2

Objectives:  To analyze passive and active filter circuits to determine the frequency response,
gain, cut off frequencies, resonant frequency and bandwidth
To calculate the transfer function of passive and active filters
To design a passive or active filter given certain specifications
To use scaling to design both passive and active filters

15.2 Scaling

It is more convenient and simplifies the mathematics to design passive and active filter circuits
with element values such as 1Q), 1F, and 1H. Scaling can be used to transform the circuit and
values for R, L, and C to more realistic values.

There are two types of scaling: magnitude and frequency

« In magnitude scaling, the scale factor, ky, multiplies all of the impedances at a given
frequency, the transfer function before and after scaling is the same.

« In frequency scaling, the scale factor, k¢, multiplies each impedance such that it is the same
as it was at the original frequency.

Where kn, = R'/R and ki = @'/®

elements magnitude, k;, scale factor frequency, k¢ scale factor
R R’'=knR R'=R

L "=knlL "=L/k¢

C "= Clknm "= Clks

To simultaneously scale magnitude and frequency use the following. Note that the primed terms
are the scaled values and the unprimed terms are the original values.

R'= k.R
L'= KkyL/k¢
C' = _Cl(kyky

C.A. Berry Lec7-3.doc Page 1 of 4
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In-class activity 15.2.1 (Scaling, active lowpass filters):
Design a lowpass active filter with a dc gain of 4 and a corner frequency of 500 Hz. Use a 0.2
uF capacitor in your design.

1F
| {
I\

———"VW—9

1Q
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In-class activity 15.2.2 (Scaling, active highpass filters):
Design a highpass active filter with a high-frequency gain of 5 and a corner frequency of 2 kHz.

Use a 0.1 uF capacitor in your design.

1Q
AW

10 1F

(—
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In-class activity 15.2.3:
The following series RLC circuit has a center frequency of 1 rad/s, a bandwidth of 1 rad/s and a

quality factor of 1. Use scaling to compute new values of R and L that yield a circuit with the
same quality factor but with a center frequency of 10 kHz. Use a 0.01 xF capacitor in your
design.

1F
| (
I\ 4

v, (f) 10% 0,

1.k

YT\
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Lecture 8-1: Op Amp Bandpass and Bandreject Filters
Reading: 15.3

Objectives:  To analyze op amp broadband bandpass and bandreject filters
To design op amp broadband bandpass and bandreject filters

15.3 Op Amp broadband bandpass and bandreject filters

The bandpass filter passes source voltages between the two cutoff frequencies (the passband) to
the output and attenuates source voltages before they reach the output at frequencies outside the
two cutoff frequencies (the stopband).

The center frequency or resonant frequency ,wo, is the frequency for which a circuit’s transfer
function is purely real. This was referred to as the natural response when analyzing second-order

circuits. The center frequency is the geometric center of the passband @, = /@,,@,,

For bandpass filters, the magnitude of the transfer function is maximum at the resonant
frequency Hmax = |[H(jwo)|

The bandwidth, B is the width of the passband for a band pass filter. (B = ®¢ - ®c1)
The quality factor, Q is the ratio of the center frequency to the bandwidth. This gives a measure

of the width of the passhand, independent of its location on the frequency axis. (Q = w./B)

It is possible to create a broadband bandpass filter (¢ > 2mc1) by cascading a low-pass filter,
high-pass filter, and inverting amplifier. The quality factor, Q, of a filter describes the width of
the passband. For broadband band pass filter, Q < 0.5.

C.A. Berry Lec8-1.doc Page 1 of 6
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Low pass filter with High pass filter with Inverting amplifier
unity gain and o, unity gain and m¢; with a gain of K

V.
' HS) =00 /(5+ o) PP Hiee(s) =si(s + o) [P Hi(s) =-RiRi=-K |——>

’/
<4-------

N
~ R 4
~o — VWA ’
N c
R

H(s) = [Huer())( Hier(S))( Hinv(s)]

a,,S
s?+( )s
+ a)cl + a)cz + a)cla)cz

H(s) = - K

Alternate (Simplified) form of a Bandpass Filter

A passive high-pass filter cascaded with an active high pass filter

K =Ry/R;
o1 = 1/(R1Cy) (cutoff of HPF)
oc = 1/(R,C,) (cutoff of LPF)

RT
A
(o
|
R, G

o— S
g
v Yo
o o
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In-class activity 15.3.1 (active bandpass filters):
Design a bandpass filter for a graphic equalizer to provide an amplification of 2 within the band
of frequencies between 100 and 10,000 Hz.

In-class activity 15.3.2 (active bandpass filters):
Design a bandpass filter to pass frequencies between 250 Hz and 3 kHz and with K = 10.
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Bandreject Filters

The bandreject filter passes source voltages outside a band between two cutoff frequencies
(the passband) and attenuates source voltages before they reach the output at frequencies
between the two cutoff frequencies (the stopband).

The bandpass and bandreject filters perform complementary function in the frequency
domain.

Ideal bandpass and bandreject filters have two cutoff frequencies, m¢; and wc;.

At this frequency, the magnitude of the transfer function equals (1/ ﬁ ) Himax

It is possible to create a broadband bandreject filter (wc > 2wc1) by putting a low-pass and high-
pass filter in parallel and putting them in series with an inverting amplifier.

H A

0 Wy 0y w

-—f—

Low pass filter with

unity gain and o | Inverting amplifier
Vi > with a gain of K >V,

A 4

High pass filter with

unity gain and o, K=RiRi

— VW
C
wh—] B
j VW R,
— VWA
— % R,
+ —VWW AV

R Ly *
Y »/\."\/—‘ l* v,
o o

2
H(s) = K S°+20, S+ w0,

(S + a)cl)(s + ch)
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Alternate (Simplified) form of a Bandreject Filter

Ry
+
o
(Ru >>>R))
2
H(s) = K S°+20, S+ w0,
(S + a)cl)(s + ch)

In-class activity 15.2.1 (Scaling, active bandreject filters):
Design a circuit based on the parallel bandreject op amp filter. The bode magnitude response of
this filter is shown in the following figure. Use 0.01 &F capacitors in your design.

IH(®)I (dB)
10 :

210 4

RN R I

L -
L -

-15
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In-class activity 15.2.2 (Scaling, active bandreject filters):
Design a bandreject filter for m, = 20 krad/s, K =5, and Q =0. 1. Use 100 pF capacitors in
your design. (Hint: Use B= w1 +oe, Q = /B, @ = wewe)
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Lecture 8-2: Higher order op amp filters
Reading: 15.4

Objectives:  To define, design and perform calculations with higher order op amp filters
To determine the order of higher order filters using a template

15.4 Higher Order Op Amp Filters

A prototype low-pass operational amplifier filter has R = 1Q3, C = 1F and a cutoff frequency of 1
rad/s. In order to create a sharper transition from the pass band to the stop band, it is necessary
to cascade filters. As more filters are cascaded, the slope of the transition increases by 20
dB/decade. The following figure shows that as each additional stage increases the order of the
transfer function for the filter. The higher order cascaded prototype low pass filter has the
following transfer function.

_ Y _ 5o
H(s)—(s+1)n, oen = VV2 -1

Each stage has a cutoff frequency of 1 rad/s and as more stages are added to a filter, the overall
filter cutoff frequency changes. The resultant filter can be frequency scaled in order to adjust it
to the desired cutoff frequency.

kf =(X)c/0)cn
Since the gain of the higher-order filter is one, an inverting amplifier can be cascaded with the
filter to adjust the gain or adjust the gain of each filter or one of the stage filters. An alternate

method to achieve the gain is to change the input resistance, R; on one of the stages to meet the
gain specification.

The higher order cascaded prototype high pass filter has the following transfer function.

He = L =
(s+1)" V2-1

20

10

0 }—— 11

H(jw)| dB
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In-Class Activity 15.4.1:

Design a fourth-order low-pass filter with a cutoff frequency of 500 Hz and a passband gain of

10. Use 0.01 xF capacitors. Sketch the Bode magnitude plot for this filter.

wc=3.14 krad/s

at 17dB 8dB
at 7222 rad/s

Magnitude (dB)
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In-Class Activity 15.4.2:

Using the template at the end of this lecture, design a low pass filter with a cut off frequency of
10 krad/s and a gain of no more than -60 dB at 100 krad/s. Use 0.01 xF capacitors in your
design.

Lecture 9 - Example 15.4.6 - Low pass filter

o
=]
T
|
)

-100F — 4

Magnitude (dB)

1504 — 4

-200
180

oof - 4

Phase (deg)

-90F — 4

-1sof - 4

-270
10 10’ 10 10’ 10
Frequency (rad/sec)
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In-Class Activity 15.4.3:
Using the template at the end of this lecture, design a high pass filter with a cut off frequency of
3 krad/s and a gain of no more than -15 dB at 1 krad/s. Use 0.1 xF capacitors in your design.
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#2: Cascade of First Order Lowpass
Cascade normalized to -3dB frequency of 1rps

C.A. Berry
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Lecture 9-1: Butterworth filters
Reading: 15.4

Objectives:  To introduce Butterworth filters (low-pass, high-pass, bandpass, bandreject)
To define, design and perform calculations with Butterworth filters
To determine the order of Butterworth order filters using a template or formula

An alternate method for designing higher order filters involves the use of Butterworth filters.
The advantage of Butterworth filters is that there is a sharper transition between the passband
and stopband. A unity-gain Butterworth low-pass filter has a transfer function whose
magnitude is given by,

. 1
H(j®)lss = 20l0g10———=——— = -10l0g10o(1 + (/2c)"")
1+(0/w,)
Table 15.1 lists the Butterworth polynomials up to n = 8 which are used to design Butterworth
filters scaled to w. = 1 rad/s.

Note that most of the Butterworth filters are a product of first and second-order filters. The first
order transfer function can be produced using a low-pass op amp filter. The following circuit
provides the second-order transfer function for the low-pass Butterworth filter cascade.

|
|
R kL p
O—AWW——WW + 0

+
+

K~
{"}
(S8
I
<

Prototype filter
General formulas, o = 1 rad/s oc=1rad/ls, R=1Q
b1 = 2/(RCy) b, =2/C,y
R’C,Cp =1 CiCp=1
o1 Y(rRc.c,) S 1 Y(c.C.)
H(s) = == ; H(S) = o
s?+bs+1 s’ +(2/RC,)s+1/(R*C,C,) s?+bs+1 s*+(2/C,)s+1/(C,C,)
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A second-order Butterworth high-pass filter circuit is shown in the following figure.

R
A%
51 s \__ _
o—— I
\ R,2 \/
- ¢ _
o O
Prototype filter
General formulas, . = 1 rad/s oe.=1rad/s,C=1F
b1 = 2/(R2C) b1 = Z/Rz
RiR,C*=1 RiR, =1
SZ SZ SZ 2
H(s) = = H(s) = =
G =g +bs+1  s*+(2/R,C)s+1/(R,R,C?) G =g +bs+1 s*+(2/R,)s+1/(RR,)
. 1 n
H(jo)|ss = 20Iog10—2n = -10log10(1 + (¢ /)"
1+ a)c/a))

Figure 15.24 illustrates another method used to describe a higher-order filter based upon the four
variables: Ay, As, @p, ©s.

. 1
As = [H(jos)|as = ZOloglo—2n
1+w

S

= -10l0g10(1 + ©s>")

|H(jw)| dB

| .. I
Pass | Transition band  |Stop band

band | o, ; I
1 7 : 1
T

| logjpe

Figure: 15-24
Copyright © 2008 Pearson Prentice Hall, Inc

If we assume that oy is the cut off frequency then the order of the Butterworth filter is
_ —0.05A = —0.05A,
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Advantages of the Butterworth filter versus the cascaded filter
I. As the order of the Butterworth increases the cutoff frequency remains the same

ii. A lower-order Butterworth filter achieves the same design specification as a higher order
cascaded filter

iii. It takes less operational amplifiers to implement a Butterworth filter with the same order
as the cascaded filter

30

20 —

10

H(jf)| dB
/r ;

~10 )

-20

\ \
r'\
T 10 50100 500 1000 500010.000

f(Hz)
Figure: 15-23Ex15.9

Copyright © 2008 Pearson Prentice Hall, Inc.

Example 15.4.1 (Butterworth order low-pass):
Determine the order of a low-pass Butterworth filter that has a cutoff frequency of 1 kHz and a
gain of no more than -50 dB at 6 kHz. What is the actual gain in dB at 6 kHz?
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Example 15.4.2 (Butterworth low-pass filter):

a) Using 1 k2 resistors and ideal op amps, design a circuit that will implement the low pass
Butterworth filter specified in Example 15.4.1. The gain in the passband is one.
b) Draw the circuit diagram of the filter and label all component values.
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Example 15.4.3(Butterworth order high-pass):
Determine the order of a high-pass Butterworth filter that has a cutoff frequency of 7 kHz and a
gain of at least -30 dB at 2 kHz. What is the actual gain, in decibels, at 2 kHz?

Example 15.4.4 (Butterworth high-pass filter):

a) Using 10 nF capacitors and ideal op amps, design a circuit that will implement the filter
specified in Example 15.4.3. The gain in the passband is one.
b) Draw the circuit diagram of the filter and label all component values.

Lecture 9 - Example 15.4.6 - Butterworth

20 - G - Eis Ry - i HEH T ONG i 1

] A U

60F — 4 - idHE - - b —————ﬁﬂ\”f

80 — 4 - EiEHE - i i H N

A00F — 4~ FHHE - e B HEB- B 44 HBE -4 N

Magnitude (dB)

-120

A5 - 4 -ERHEELE - SN EERH - - F S HEE - 4 -
O0F — 4 - HiHH - —i— . S S - - L
135 — 4 R EHE - i RERh N 4
-180F - 4 - EiHHE - - - ,\”H %
2251 - 4 - EHHE - i HHEH - - NG
-270 — - — Y B—

10 10 10 10° 10

Frequency (rad/sec)

Phase (deg)

{
| ! ]
|
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Example 15.4.5(broadband Butterworth bandpass filter):

a) Design a broadband Butterworth bandpass filter with a lower cutoff frequency of 500 Hz and
an upper cutoff frequency of 4.5 kHz. The passband gain of the filter is 20 dB. The gain
should be down at least 20 dB at 200 Hz and 11.25 kHz. Use 15 nF capacitors in the high-
pass circuit and 10 k€2 resistors in the low-pass circuit.

b) Draw the circuit diagram of the filter and label all component values.
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Example 15.4.6 (broadband Butterworth bandreject filter):

a) Design a broadband Butterworth bandreject filter with a lower cutoff frequency of 1.0 kHz
and an upper cutoff frequency of 10.0 kHz. The passband gain of the filter is 40 dB. The
gain should be down at least 40 dB at 5.0 kHz and 6.0 kHz. Use 10 xF capacitors in the
high-pass circuit and 1 k€2 resistors in the low-pass circuit.

b) Draw the circuit diagram of the filter and label all component values.
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Lecture 9-2: Narrowband bandpass and bandreject filters
Reading: 15.5

Objectives:  To analyze narrowband bandpass and bandreject filters to determine the cutoff
frequencies, resonant frequency, gain, bandwidth and quality factor
To design narrowband filters to meet certain design specifications

15.5 Narrowband Bandpass and Bandreject Filters

Cascaded active filters with high quality factors (narrowband filters) require operational
amplifiers. Unlike the broadband filters, these filters do not have discrete poles but complex
poles. A narrowband or high Q filter must have Q = @,/ > 0.5. The narrowband bandpass and
band reject prototypes are provided on the following table.

Bandpass Bandreject (twin-T notch filter)
¢ L —l,
W oLk |k _LD ] .
Rz % Lap 2 (I-6)R
v M LL@} v,
oR
I
5 | o
Hs) K,BS . (Sz + a)oz)
S = _———
S+ fs+m, &= s s+,
-s/(R,C s’ +1/(R*C?
O~ o R C/)£+1/)(R R.C?) HEs) = 4(1—+)/( )
3 g3 sz+( GAC)S+1/(R2C2)
B =2/(R350) B =4(1-0)/(RC)
®o” = 1/(RegR3C?) oo’ = 1/(R*C?)
Req = R] || Rz c=1- B/(4(00)
KB =-1/(R,C)
K =-R3/(2R;) = V,/V; (inverting amplifier)
prototype assuming C=1F, o, = 1 rad/s
R = Q/[K], R; = Q/2Q" - [K|), Rs =2Q R=1Q, 0= 1-1/(4Q)
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Example 15.5.1:
For the following circuit, 100 nF == - 210kQ

a) determine the transfer function, H(s) 08 T

b) what is the gain? i A —

c) what is the bandwidth? n(@ 12503 0

d) what is the resonant frequency? 1
e) what is the quality factor? |
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Example 15.5.2:

For the following circuit, 1007 ®
a) determine the transfer function, H(s) o LFI 51—0
i i AMA WAA—

b) what is the gain? T

¢) what is the bandwidth? oswe 2= 2
d) what is the resonant frequency? ’ 1—1—@%
e) what is the quality factor? T o750
5 s .
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Lecture 9-3: Narrowband bandpass and bandreject filters
Reading: 15.5

Objectives:  To analyze narrowband bandpass and bandreject filters to determine the cutoff
frequencies, resonant frequency, gain, bandwidth and quality factor
To design narrowband filters to meet certain design specifications

Example 15.5.1(Narrowband bandpass):

Design a bandpass filter which has a center frequency of 2 kHz, a quality factor of 8, and the
pass band gain with a magnitude of 2. Use 0.01 xF capacitors in your design. Compute the
transfer function of the circuit and sketch the Bode plot for the magnitude response.

Magnitude (dB)

Phase (deg)

Freaiiencv (rad/sec)
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Example 15.5.2(Narrowband bandpass):
Design an active bandpass filter with Q = 8, |K| =5, and @, = 1000 rad/s. Use 1 uF capacitor
and specify the value of the resistors.
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Example 15.5.3(Narrowband bandreject): s
Design an active bandreject filter with a center frequency of 10 krad/s and a bandwidth of 1.250
krad/s. Use0 .01 uF capacitors in the design.

1U

o

Magnitude (dB)
N .
o o o

A
O

450

405

360

Phase (deg)

315F

270

10°
Frequency (rad/sec)
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Example 15.5.4(Narrowband bandreject):
Design an active unity-gain bandreject filter with @, = 1000 rad/s and Q = 4. Use 2 uF
capacitors and specify the value of the resistors ando.

C.A. Berry Lec9-3.doc Page 4 of 4



| N I TUTE OF TECHNOLOGY,

ECE 200 CIRCUITS & SYSTEMS Winter 2008/09

Lecture 10-1: The Terminal Equations and Two-Port Parameters
Reading: 18.1-2

Objectives:  To introduce two-port circuits
To define terminal equations and two-port parameters
To define the terms: symmetrical, reciprocal
To define the terms: immittance, transmission, and hybrid parameters

Terminal pairs on a circuit where signals are either fed in or extracted are referred to as the ports
of the system.

A two-port network is an electrical network with two separate ports for input and output.

I I I,
— - —— . -
o——— o o
+ + +
Linear Linear
v network Vi network Ly
O - o — — o
I I, I,
One-port network Two-port network
Restrictions:
1. there can be no energy stored within the circuit
il. there can be no independent sources within the circuit
iil. the current into the port must equal the current out of the port
v. all external connections must be made to either the input port or the output port

Similar to the fundamental principle of analysis for Thevenin and Norton equivalence and
operational amplifiers only the terminal variables (I}, I, Vi, V) are of interest not the currents
and voltages inside the circuit.

The terms that relate the voltages and currents of a two-port network are the parameters.

The open-circuit impedance parameters or z parameters have the units of ohms. These are
found by open-circuiting the input or output port.

— — 1 — — 2
Z)1 = Z1p = — 771 = — Zy = —
IZ I2

0

Vi
Il 1, =

1,=0 111,=0 1,=0
Z11 = open-circuit input impedance

Z1, = open-circuit transfer impedance from port 1 to port 2

71 = open-circuit transfer impedance from port 2 to port 1

Z», = open-circuit output impedance
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When 711 = 7, the two-port network is said to be symmetric. When the two-port network is
linear and has no dependent sources, the transfer impedances are equal (z;» = z,;) and the two-
port network is said to be reciprocal. Any two-port network made entirely of resistors,
capacitors, and inductors must be reciprocal.

The impedance parameters can also be described using the following matrix relationship.

Vl le 212 Il
V2 221 222 |2

Find the z parameters for the following circuit.

30 O
S40Q  Z60Q
O O

Example 18.1.2:

Find the z parameters for the following circuit.
1 H 1 F

D 000 ‘ O
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Example 18.1.3

Find I, and I, in the following circuit.
I, I,

20 -
'S —C
+ 7, =6Q %
Z1,=—j4Q
vev@ % mial v
72 =8Q
E, e,

Admittance parameters or y parameters have the units of Siemens. The values are determined by setting V; =0 or
V, = 0 (input and output short-circuited). These parameters are also called the short-circuit admittance

parameters.
|:|1:|:|:y11 y12:||:vl:|
IZ y21 y22 VZ
Il Il I2 IZ
Yi1 = — Yi2 = —/— Y21 = — Y22 = —
Vl V,=0 VZ V,=0 Vl V,=0 VZ V,=0

y11 = short-circuit input admittance

y12 = short-circuit transfer admittance from port 2 to port 1
y21 = short-circuit transfer admittance from port 1 to port 2
y22 = short-circuit output admittance

The impedance and admittance parameters are collectively referred to as the immittance
parameters.
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The convert between the immittance parameters, use the following

y to z parameters z to y parameters
Z
Z11 = Z‘—z; yu = A_2;
Z
Z12 = A>)//12 Y2 = Azlz
— y21 — ZZl
Z =
21 Ay Y21 A
7y = Z—l; Y22 = A—“

AY=Y11YZ2—Y12Y21 Az = 71122 — 21222

Example 18.1.4:
Obtain the y parameters for the following circuit.
2Q

L

24Q Z8Q

1. :
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Example 18.1.5:

Obtain the y parameters for the following circuit.
2
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Lecture 10-2: The Terminal Equations and Two-Port Parameters

Analysis of Terminated two-port circuits
Reading: 18.1-3

Objectives:  To introduce two-port circuits
To define terminal equations and two-port parameters
To define the terms: symmetrical, reciprocal
To define the terms: immittance, transmission, and hybrid parameters

The a and b parameters are called the_ transmission parameters because they describe the voltage
and current at one end of the two-port network in terms of the voltage and current at the other
end.

Vi=a;Vy-aph Vo =b11Vi - bl
I} = a3 Vy -anh L =by Vi - byl
v, o . v, o .
a;; = — open-circuit voltage ratio by = =2  open-circuit voltage gain
211,=0 111,=0
1 V2
ap = —— negative short-circuit transfer impedance (€2) b1 2= —— negative short-circuit transfer impedance (Q2)
21v,=0 Il Vv, =0
L . . I, . .
ay; = —|  open-circuit transfer admittance (S) by; = —%|  open-circuit transfer admittance (S)
211,=0 1h,=0
ay; = ——  negative short-circuit current ratio by = ——%|  negative short-circuit current gain
2 lv,=0 11lv,=0

Example 18.3.1:

The following measurements pertain to a two-port circuit operating in the sinusoidal steady
state. With port 2 open, a voltage equal to 150 cos 4000t V is applied to port 1. The current into
port 1 is 25 cos(4000t - 459 A, and the port 2 voltage is 100 cos (4000t + 159 V. With port 2
short-circuited, a voltage equal to 30 cos 4000t V is applied to port 1. The current into port 1 is
1.5 cos(4000t + 309 A, and the current into port 2 is 0.25 cos (4000t + 1509 A. Find the a
parameters that can describe the sinusoidal steady-state behavior of the circuit.
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The h and g parameters relate cross variables, that is an input voltage and output current to an
output voltage and input current. The h and g parameters are called hybrid parameters. The g
parameters are also called inverse hybrid parameters.

Vi =hply +hiaVs L =gnVi+gnh
L =hyly +hpV, Vo= Vi + gl
V S . I S .
h;; = -4 short-circuit input impedance (€2) g1 = —4 open-circuit input admittance (S)
Il V,=0 Vl 1,=0
Vv, L . I, o .
h;; = = open-circuit reverse voltage gain g2 = - short-circuit reverse current gain
211,=0 |2 V,=0
l, L . Vv, o :
hy; = —-%| short-circuit forward current gain 21 = -2 open-circuit forward voltage gain
Il V,=0 Vl 1,=0
l, o . V, o .
hyy = v open-circuit output admittance (S) | gn = 1 short-circuit output impedance (£2)
211,=0 2 |v,=0

Example 18.3.2:

Determine the Thevenin equivalent at the output port of the following circuit.
i A -
h;, =1kQ
12=-2
hy, = 10
h,, = 200 uS

-

60V
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Table 18.1 in the textbook describes all of the relationships between the two-port parameters.

If a two-port circuit is reciprocal then the following relationships must exist.

1. Z12 =12

ii. Yi2 = Y21

1il. dpidgy —appdn = Aa=1
iV. bllbzz — b]zbz] = Ab =1
V. hi =-hy

V1. g12 = -221

A two-port circuit is_reciprocal if the interchange of an ideal voltage source at one port with an
ideal ammeter at the other port produces the same ammeter reading. A two-port circuit is also
reciprocal if the interchange of an ideal current source at one port with an ideal voltmeter at the

other port produces the same voltmeter reading.

A reciprocal two-port circuit is Symmetric if its ports can be interchanged without disturbing the
values of the terminal currents and voltages. Figure 18.6 in the textbook shows four examples of

symmetric two-port circuits. The following relationships exist among the port parameters.

1. Z11 =27
1. Yi1 =Y22
11. ai;r = an
1v. b11 = b22

V. h11h22 — h12h21 =Ah=1
Vi. g11822 — 812821 =Ag= 1
18.3  Analysis of the Terminated Two-Port Circuit

In a typical application of a two-port network, the circuit is driven at port 1 and loaded at port 2.
The following figure shows an example of a terminated two-port model.

Terminated Two-Ports

- -
Zg e} )

Two-port model
of a V, Z;
network
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The six characteristics of the terminated two-port circuit define its terminal behavior:

e the input impedance Z;, = V/I; or the admittance Yi, = [,/V,

e the output current I,

e the Thevenin voltage and impedance with respect to port 2

e the current gain I/I;

e the voltage gain V,/V;
e the voltage gain V»/V,

Table 18.2 in the textbook includes all of the terminated two-port equations. The z and y

parameters for a terminated two-port are given below. The following table illustrates the y and z

parameters for the terminated two-port model.

Z parameters

y parameters

input impedance/ Zin/Yin 2,2, y. - YioYal,
admittance ", +2Z, Tolvy,Z,
output current I -7,V YoV,

(211 +Zg Xzzz +ZL)_212221 1+ yzzzl_ + yllzg +AngZL
Thevenin voltage Vin Z, Vv Y

izn+Zgi ’ iyzz+Angi ’
Thevenin Zin ; 2,2, 1+y,Z,
impedance z Z,+Z, Yo +AYZ,
current gain I/I; -7, Yo

222 + ZL y11 + AyZL
voltage gain Vo/Vy 2,2, v

lezL + Az 1+ yzzzL
voltage gain Vo/V, 2,7, Yul,

(211 + Zg Xzzz + ZL)_ 212221

y12y21ZgZ|_ - (1+ yllzg X1+ yZZZL)

determinant of
parameter matrix

Az =1271122 — 21222

Ay = Y1y —Yi2ya1

C.A. Berry
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Example 18.3.3:

For the following circuit, which is the same as Example 18.3.2,

a. determine the value of a load resistor placed across the output port for maximum power
transfer

b. For the selected resistor, what is the value of the power delivered to the load?

40 Q Conversion from hto y 1 -h
—AA—O—— —o0 - _12
‘ hy, =1kQ parameters |:y11 y12:| _|h, hy
h12 =2 B h Ah
P hy; = 10 Ah = hythyy — hiohy Yo Y = =
hy, =200 uS h11 h11
L o— —
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Lecture 10-3: Analysis of Terminated two-port circuits
Reading: 18.3

Objectives:  To analyze terminated two-port circuits
Example 18.3.1:
The following two-port circuit is described in terms of the following y parameters.

Y11 = 0.15S Yo1 = -0.25S Y12 = -0.05S Yoo = 0.25S

a) Find the phasor voltage, \V;
b) Find the average power deliver to the 5k{2 load.
c) Find the average power delivered to the input port.

5000V @ [+] < 5kQ
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Example 18.3.2:
The a parameters and source and load characteristics of a terminated two port network are:

a11=0.5m a12=]0.Q a21=],uS a22=-30m

Vy=500°mV  Z,=100Q Z, = 5kQ

a) Calculate the average power delivered to the load resistor
b) Calculate the load resistance for maximum average power
c) Calculate the maximum average power delivered to the resistor in b)

Conversions from @ to Z parameters (da = ajjaz; — a;az;)

a, 4a
|:Z” Z12:|_ a, 4,
Zy Zn i 9y
TR
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18.3 _Interconnected Two-Port Circuits

Synthesizing a large, complex system is usually made easier by first designing subsections of the
system. If the subsections are modeled by two-port circuits, synthesis involves the analysis of
interconnected two-port circuits.

Two-port circuits may be interconnected five basic configurations:
a) cascade (port 2 feeds into port 1 of the second network)
b) series-series (portla is in series with port 1b, port 2a is in series with port 2b)

C) parallel-parallel (portla is in parallel with port 1b, port 2a is in parallel with port 2b)
d) series-parallel (port 1a is in series with port 1b, port 2a is in parallel with port 2b)
e) parallel-series (port 1a is in parallel with port 1b, port 2a is in series with port 2b)

These five basic configurations are shown in the following figure.

(a)

o o o o * o —o
1 1
e @ ® o
= o o
2 2
e e e o o e ¢ e

(d) (e)

Using the corresponding two-port matrix representations, complicated networks can be analyzed
by connecting elementary two ports.

a) cascaded connection: use a-parameters: a = [ai][az]

b) series-series connection: use z-parameters: z=[z1] + [z2]
c) parallel-parallel connection: use y-parameters: [yl = [yil + [y2]
d) series-parallel connection:  use h-parameters: [h] = [h1] + [h2]
e) parallel-series connection:  use g-parameters: [g] = [g1] + [92]
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Example 18.3.1 (cascaded connection):

Two identical amplifiers are connected in cascade, as shown in the following Figure. Each
amplifier is described in terms of its h parameters. The h parameters are:

h11=1k.Q h12=0.15m h21=100 h22=100,uS

Find the voltage gain V,/V,

500
r O T
HI H2 <
v.@ ~10kQ
O ‘TL
Step 1. Convert the [h] parameters to the [a] parameters.
Ah h h 1
ap'=-— ap'=--* ay'=--"* ap'=-—
21 21 21 h21
Step 2. Convert the [a] parameters to the interconnected cascaded network,
[a]=[aT[a"]
ajp =ap'an” +ap'ax”
app=ap'ap” +apn'an”
ax = ax'a;" +axy'ay"”
ax = azx'ap" + ax'ax”
. . VA
Step 3. Find the voltage gain, —= = L
Vg (au + aZIZg )ZL ta,+ aZZZg
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Example 18.3.2 (series-series connection):
In the following figure, let y;> = y2; = 0, y;; = 2 mS, and y;; = 10 mS. Find V,/V.
60 Q

—WW—0— ———0—
+
[y]
v, @) v, §3oog
100 Q B
) O—
ans: .09375
Step 1. Convert the [y] parameters to [z] parameters
Z]1'=& Z]2f=_& 21!=_y21 Zy,' = Vi
A4 by Ay
Ay = y11ya2 = Y12y
Step 2. The 1002 resistor under the [y] two-port has
zi" =z =z = 22" = 10082
Step 3. Find the [z] parameters for the overall interconnected series network
2] = [zd] *[z6]
. . V:) ZZIZL
Step 4. Find the voltage gain, —- =
Vs (ZII+ZgXZZZ+ZL)_ZIZZZI
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Example 18.3.3 (parallel-parallel connection):
Obtain the h parameters for the following network.

2Q

%m 29%
1

T_
!
e

ans: 0.167¢2 0.5, 0.5, 4.5S

Step 1. Obtain the y parameters for the top network [y,]
Step 2. Obtain the y parameters for the bottom network [yy]
Step 3. Find the y parameters for the overall interconnected parallel network
] = [yal *[ys/
Step 4. Convert the y parameters to h parameters
hir =11 hi2 = -y1/y1 h21 = y21/y11 ha2 = Ay/yi
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