BLM1612 - Circuit Theory

Prof. Dr. Nizamettin AYDIN
naydin@yildiz.edu.tr

www.yildiz.edu.tr/~naydin

Filters and Bode Plots

Filters

* Objective of Lecture
— Describe the filter types and functions.

Filters

« Any combination of passive (R, L, and C)
and/or active (transistors or operational
amplifiers) elements designed to select or reject
a band of frequencies is called a filter.

* In general, there are two classifications of
filters:
— Passive filters
« series or parallel combinations of R, L, and C elements.
— Active filters

« transistors and operational amplifiers in combination
with R, L, and C elements.

Filters

« In general, all filters belong to the four broad
categories:
(a) low-pass, (b) high-pass, (c) pass-band, (d) stop-band

R-C LOW-PASS FILTER
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R-C LOW-PASS FILTER

« For filters, a normalized plot is used

X £-90°V,
Vo=—7"5—
R —jXc
A V,  Xe£-90° Xe £-90°
o, R—jXe VR + X /—tan” (X /R)

v, X -1 X
A,=—= < —=90% + tan —
Vi VR +xZ R



mailto:naydin@yildiz.edu.tr
http://www.yildiz.edu.tr/~naydin

R-C LOW-PASS FILTER

The magnitude of the ratio V,/V; is therefore determined by
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and the phase angle is determined by
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R-C LOW-PASS FILTER

For the special frequency at which X- = R, the magnitude becomes
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which defines the critical or cutoff frequency in Fig.in Slt. 5
The frequency at which X~ = R is determined by

o

I —_
2xf.C

R

and fo=

R-C LOW-PASS FILTER

Solving for V, and substituting V;, = V, £0° gives

Xl y X(
V= | === 40|V, = | —=—== 40 |V, 20°
VR + X VR + X-
XV
and vV, = — L0
VR + X¢

The angle @ is. therefore, the angle by which V,, leads V,. Since 6 =
—tan”! R/X, is always negative (except at f = 0 Hz), it is clear that V,,
will always lag V,, leading to the label lagging network for the network
inFig.inSlt. 5

R-C LOW-PASS FILTER

At high frequencies. X, is very small and R/X is quite large, resulting
in@ = —tan™' R/X, approaching —90°.

Atlow frequencies. X, is quite large and R/X - is very small, resulting
in ) approaching 0°.

AtXec=R orf=f, —tan 'R/X; = —tan ' | = —45°,
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R-C LOW-PASS FILTER

* In summary, for the low-pass R-C filter:

1
1o = Sare
For f<f. V,>0707V,
whereas for  f>f., V, < 0.707V,
AR V, lags V; by 45°

R-L LOW-PASS FILTER

* The low-pass filter response can also be
obtained using the R-L combination
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R-C HIGH-PASS FILTER

At very high frequencies.
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R-C HIGH-PASS FILTER

At any intermediate frequency, the output voltage can be determined
using the voltage divider rule:

ROV,
" R-jX
or
V, R0 R 20
Vi R—jXe R+ X2Z—tan'(X/R)
and Yo _ R = Ztan"' (X/R)

Vi VR + X2

R-C HIGH-PASS FILTER R-C HIGH-PASS FILTER
The magnitude of the ratio V,,/V; is therefore determined by e In summary, for the high-pass R-C filter:
Ve_ R ___
Vi VR +x2 ;‘] N (ﬁ)-’ |
v R Je= 27RC
and the phase angle 6 by _  Xe For f = f” Vo < 0.707 Vi
o 0= tan"" == whereas for [ > f., V, = 0707V,
46V, leads V;)
Atf., V, leads V,; by 45°
- 1
f= 2are
Stopband 1+ Pass-band * (g scale)

R-L HIGH-PASS FILTER

 The highpass filter response can also be
obtained using the R-L combination

T R
o= 27l

PASS-BAND FILTERS

+ A number of methods
are used to establish the
pass-band characteristic.

— One method uses both a low-pass and a high-pass filter in

cascade.
o— O
* High-pass Low-pass
filter filter
A V.
5 l s




STOP-BAND FILTERS

« A number of methods ‘
are used to establish the o
stop-band characteristic.

‘ pass (High-pass)

— Stop-band filters can also be constructed using a low-pass
and a high-pass filter.
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Bode Plots

» The frequency range required in frequency
response is often so wide that it is inconvenient to
use a linear scale for the frequency axis.

« Standard practice to plot the transfer function on a
pair of semilogarithmic plots:

— The magnitude in decibels is plotted against the
logarithm of the frequency;

— The phase in degrees is plotted against the logarithm of
the frequency.

+ Bode plots are semilog plots of the magnitude (in
decibels) and phase (in degrees) of a transfer
function versus frequency.
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Example 01... Example 01...
* |[H(jo)| vs. Frequency « Bode Amplitude Plot
Determine the tramsfer function, H{jes) and A Bode amplitude plot is an approximation
plot [H(je)| and 20log, H(jo) vs. @ for + v + to the logarithmic plot 20log,[H(je)| vs. @ +
O.lradfs < @ < 1kmadfs o 100Q . drawn using the asymptotes of the exact 100 Q2
i/in(‘u@) W0H |4 uul("m) transfer function. 1;“(’53} 0" I’.J..IU"-'UJ
_ — 1 (constant) SsYpIots - -
B a rrn—
= ot act
20 5 :
o 10 ot w o o
Froquncy, 8 (o) H(jo) = Vow _ _Jo
[ Y, jw+l0
= o
0| ) ®
H(jo) = = =
. | | Jor +10° !
0" ot 10' 1ot 0’ 0" o 0 0 0
Frequancy, @ (radfs) Frequescy. @ frad's)
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Let V', (j0) be the phasor form of the voltage r A l.r.m,sl'cr function may be written in terms of factors that have real and
input to a cireuit, and let V, (j) be the phasor Imaginary parts
form of the voltage output from a eireuit, V., (o) Vo (@) K(jo)" [14.!"", | 1+426@, +(' i,/ \“]”_
expressed as a ratio: = v ) N(@) : L ey, SO\ S o) |
@ H(@)=——= —
H,(jo) = Sl/) D) (1 o/ i/ (1)
V(o) Y R I
e be wri o o LIN » This representation is called the STANDARD FORM _ It has several different factors
H.(f) may generally be written as a function of one (factored) polynomial Nije) We can draw the Bode plots by plotting ach of the terms of the transfer function separately and
divided by another (factored) polynomial Dije) then adding them.
L . . ) . The different factors of the transfer function are
H, (joo) = N(jm) _ jo (1+ e )(1+ je )(1+ jeo, ). (1+ ooy ) 1.) Gain term K.
b D(je) "1+ i, )(Hjm‘, )[] +jo, J (14 jeoo, ) 2.) A pole (jw)" or a zero (j) at the origin
. R o i 3.) A simple pole |‘1.f‘"" | or zero \'Ir’"’ )
zeros of H(je) are values of jo for which N(jo) =0 > ey . Jo, ey . ... —jon, ») | ’z)
poles of H(jw) are values of je for which D(je) =0 > o, jay.Jo,. ..oy R R
4.) A quadratic pole L-“““f"mn %% || or zero L"‘L‘f"n ﬂ,’;r.)’ I
23 ) ) 2




Decade

» A DECADE is an interval between 2 frequencies with a ratio of 10 (between 10 Hz
and 100 Hz or between 500 Hz and 5000 Hz). 20 dB/decade means that magnitude
changes 20 dB whenever the frequency changes tenfold or one decade.

¥ Slopes are expressed in dB/decade.

Bode Plot Procedure

¥ To plot the Bode plots of a given transfer function.

1.) Put the transfer function in STANDARD FORM.

2.) Write the Magnitude and phase equations from the STANDARD FORM.
3.) Plot the magnitude of each term separately.

4.) Add all magnitude terms to obtain the magnitude transfer function.

5.) Repeat 2-4 for the phase response.

6.) The total magnitude response in Decibel units is the summation and
subtraction of the responses of different terms.

H 20dB
1] 7.) The total phase response in degrees is the summation and subtraction of the
ﬂ | phase responses of different terms
0t -
0.1 1.0 10 ) S
STANDARD FORM Hy =20log, 0.4+ ¢ =0°+tan" (e2/10)
20 }» (Sinlptatn s 0.4(1+ jea/10) 20log,, |1+ jeo,/10] - o o
Slope = 20 dB/decade Hiw)= ol sy w ! —90° - 2tan" (ew/5)
4 IO 20log,, | jor |-
A0log,, |1+ jo /5|
2 2%
» We examine how to plot different terms that may appear in a transfer function. ZERO AT THE ORIGIN (j@)
The total response will be obtained by adding all the responses. :
*
( oy
Koy (15/ u 20log, ||
Hiay - @) Ll et
S (T W,
{ )
0 o b
ol 10 0 e
CONSTANT TERM 20]0gm K 20
Slope = 20 dB/decade
H
201og oK POLE AT THE ORIGIN (je)"
2 10 &
0 \.I > >
1 [} w
1 L L L
0.1 1 10 100 @ 0.1 10 100 @
- -20 dB/decade 90°
(a) (b) -
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Let the simplest transfer function be the single-zero finction given by Let the simplest transfer function be the single-zero function given by
. jr jor
H( jeo) = l+j7 H(jo)=1+L2 a="zero” of H(j®)
a
) - e _ @
The amplitude may be written as [H (e = J1+ - Hy =20l0g,, [l + = The phase may be written as ang {FI{ j)} = tan™ @
¢
Ha
Plotted against frequency @, & Plotted against frequency o,
the single-zero [H(ja)| looks like: 0 the single-zero ang [H(j@)} looks like:
)
weca, Hy=0 w<aflo, ang|H{jw)| =0
@>>a, Hyg=20log,(fq) I oo o=a, ang|H(jo)} =+45°
N o> 100, ang [H( jo)| = +90° — - o)
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Term Types

Let another simple transfer function be the single-pole function given by

1
H( jo)=———
1+ jola
. . H \ 1
T'he amplitude may be written as [F1 ()= Hy =-20log,,
Ha

pole” at o»

Plotted against frequency o,

the single-pole [H(j) looks like
it - wlog)

o<ca, Hy=0

@z>a, H,=-20log, (efa)

Let another simple transfer function be the single-pole function given by

The phase may be written as

Plotted agamnst frequency @ . ot

the single-pole ang {H{jm)} looks like

Term Types

a="pale” of H(j)

H(jo)=——
(o) 1+ jm/a

[} 1] 1 @
g {H( o)} =~ tan' =

w<af10, ang{H({jo)}=0

w=a, ag|H(jo)| =45

@>10a, ang{H(jo)l=-90°

Example 02... ...Example 02...
« Construct a Bode plot for the amplitude and « Amplitude plot: i
phase of the transfer function that is given v 2o
MU= (a0} 1+ jay20.000)
. -2 j® I (TN ‘”:E" g 0
H _ :
(Jo) (1+ jeo/10)(1+ jen/20,000) 0

...Example 02...

. 2jo
. H [ Y A A
Phase pIOt (o) (1+ jo/10)(1+ j@/20.000)
ang Hijw)
90°
100 10° 10! 10° 10 107
,,,,,,,,, I L 1 L wilog)
(rad/s)

2% 10°

...Example 02...

» Amplitude plot - Matlab

The exact amplitude, plotted using Matlab:




...Example 02

* Phase plot - Matlab

ol Hjah )
B

Framusncy, o (rsds]

Example 03...

Construct Bode plots for
200 jer

He)= (jo+2)( jo+10)

« Express transfer function in Standard form.
STANDARD FORM  H(e) - — 2@
(14 jer [2)(1+ jeo[10)
« Express the magnitude and phase responses.
H

=20log,,10+20log,, | jo|-20log,,|1+ jo /2|-201og,, |1+ je /10|

b

$=90°—tan™ (@/2) - tan™ (@/10)

* Two corner frequencies at ®=2, 10 and a zero at the origin ©=0.

+ Sketch each term and add to find the total response.
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...Example 03 Idealized Bode plots for various functions
Construct Bode plots for i Function dB Plat Phase Plot
H, =20log,, 10+ 20log,,| jo |-20log,, |1+ jo/2|-2010g,, |1+ jo/10 N B4V, leads V)
H (dB) 26 dB 20 log;10 A,=1 - 6 dBjociave o
20 = 9 oap r e p o
™ 20 logyljol 20log,, 2 = 6dB " ! .J
Y. Y " N 9 L
%03 e 1020 100 200 M =
20 log, i 20 log 1
20logio Ty | «—20logy T+ jartol Au BV, leads V) o
A=1+jg o mocrave T
sa $=90°—tan" (»/2)—tan (m/lﬂ)m i : i = v
90 “ a0
01 02 1 2 1 20 100 200 @ f N : Loy
- A= W
@ S & 45
X LBt tan ' & o L
- 0 1 7 L [ 0
(b)
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Idealized Bode plots for various functions
= ot
o / 0dB L | H 1}
i f ; 105, F;
L+ig N
0 0dB fi I w KNO h 107,
T s e |
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