2nd-Order RLC Circuit

m By KVL:

i R L
Vi:iR+Lﬂ+vO ’V\/—’O’D'U\—

dt +
m Substituting i = C.dv_/dt gives: vi(t) —a C = V(1)

2
d \2°+RC%+VO=vi =i =
dt dt

m By Laplace transform (assume v,(0) = v,’(0)= 0):

LC

1
() 1c

Vi(s) 32+Rs_|_1
LC
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Introducing Damping Ratio and Natural
Frequency

B AERSW P & 4HIstep response - the transfer function is re-written as:

1
Vo(S): LC _ CO%
vi(s) 52 +RS+L1C 5% + 26,5 + W2
where con:i(natural frequency) and Q:B- 1 R
JLC L 20, 2VL

B & damping ratio, dimensionless ( #REEfil ) ; AR RAPEESRIER
B ¢ <1 underdamped, producing two complex roots
m & =1, critically damped, producing two repeated real roots
m ¢ > 1, overdamped, producing two distinct real roots
B __[&Z4RH9step responsefEdamping ratio/NR 1 ERIREITH
B The roots of the denominator for ¢ < 1 are:

S12 = -, £ Jo, Vl_iz

EE 2245 § 3 § 29 % 8 EF o FEAETS



Rise Time t,

B Rise time t, occurs at output v (t) = 1:

Vo(t,)=1=1—e"5nr| cosmyt, +

o

g
_gz

sin (x)d'[r

\

af —y1-87 |

&<

tan

S

St=
My

m 20 tan‘l(—l):%n

EE 2245 ¢ 3 T 5% 5% 13

Note: unit = radian,
between /2 and &
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Peak Time t, and Maximum Overshoot Mp

B t, occurs at the first peak of v(t):

m So:

dv, )]
dt |,
7T
Sl =—
p a)d

Vo(t) |

1

Allowable tolerance

0.5

M, :vo(tp)—lze[

F

1—

EE 2245 £ 3 T B9 5%
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Low-Pass and High-Pass Filters

Low-Pass High-Pass

1
Vols)  sc 1 Vo(s) R RCs
vis) r, 1 RCs+l vis) ., 1 RCs+l
sC sC

| #ttimpedancel# B3R 38 H 7R [ B9 38 K B X |
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Band-Pass Filters

3 RCs
LCs? +RCs +1

EE 2245 & 3 T B9 5%

GS)Vﬂ) L

Vo(s) Ls

vi(s)  LRCs? +Ls+R

BE T FEAELP L



Band-Reject Filters

L
T
w S S
.
@vi(t) L %vo(t) @vi(t) . R§ Vo(t)
c = _
2 1 2., -
v * Tic Vols) _ ° 1+|_c :
VI(S) 52_|_RS_|_L]&: VI(S) 82+—CS+E

EE 2245 & 3 T B9 5%



Summary : Establish System’s Frequency

Response
Vi (t) ) H (S) Vo gt)

System

B 5F— - BRAHEBZRGAERTINH(S)E : =R G -FFr/~EE - &
AARGISERAZE - BB EMEEEGHLZENEMURMER - KKE
|H(jo)| & £H(jw)

B 5" ENERZARTINHG)EE : Bls = jofC AH(s) (why? Z1RA
HEEEFNZAIESIRSE)

H(joo) = [H(joo) -e¥He)

EE 2245 T+ 2 B2 9 5% 14 EF o FELETS



Cont’d: Phase of a LPF

H(jm):VO(!-(D): - 1
Vi(joo JoT +1
N 1
AH(ja))—Lj(DTJrl— tan (0T )

ZH(j0)=—tan™*(0T )=0°
1 4
ZH (] ?j = —tan (1) = —45°

ZH (Joo) = —tan_l(oo) =-90°

EE 2245 T 3 T B2 5%

Degree (°)

17

Y P, :

-90

10 10° 10
o (radian/sec)
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Cont’d: Phase of a HPF

C=1F 150
|
N _ 80r @-3dB frequency °
& = 45°
@ v, R=1Q § V, g 60
_ o I
N 40

H(J(D): VO(.j(D) . JCO 20r
Vi(j(O) Jo+1 (S T
B Phase: 0 10 10 10 10

_ 1 o (radian/sec)
/ZH (jw) =90°—-tan "o

4H(j0)z90°;4H(jT£j=450;4H(joo)=00

EE 2245 T+ T#.F % L BEC FEAETY N



Cont'd:f85%R=1Q,L=1H,C=1F

m 18 .E' . low-pass, band-passKband-reject filtersZE B 2AR5E (o,
1/JLC ) MiERZEZ ) ?

Band-Pass:

R 0

dB

. R l H - H H :::::; ; ; ;;;;;; E :
Vi) 2 R L —Band-pass | i N
---Band-reject i
L —--Low-pass | i i

VO(S): LC _80 — 1 : .....:goa SRR - I EH ,
6] LR 102 10 10° 10 10

RTINS Frequency (radian/sec)

EE 2245 T+ T#.F % e BEC FEAETY N

Low-Pass:




The Ideal Op-amp

B Anop-amp has
m Differential inputs: V; and V,
B Single-ended output: V;
| So:

Vi=A-(V,-V,)

B Foranideal op-amp: A=x (A=
103 to 10- for typical op-amps)
m What is the large gain for?
B An op-amp needs DC power
supplies, either positive V-and
negative V., or V ,and 0

EE 2245 £ 3 2129 % 2 EF o FEAETS



Cont’d : Inverting Amplifier

® Virtual short, so:

V =V'=0

EE 2245 ¢ 3 T B9 %
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( &2 ) Inverting Configuration
B |ngeneral: Vo(S)__é
Vi)~ z r -
B Forexample: Z; = R, Z, = 1/(sC): Z, ~ v
o
V, (S 1 U
Vci)((s)):_sF\’C (integrator) (_\/?Vi —
V, (s) 1 1.
= =————V
Vi(s)  sRC o(s) SRC ©
1
Volt)=—— t)-dt
= Vo (t)=— 10
9 EF o FELETS
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~~
limli
(I

22 ) Non-Inverting Configuration

— Vo i Vo
= + s
@ Vi 6’ Vi
B Similarly: m Voltage follower (Z; = «, Z, = 0)
with a gain of 1 and better
Vo (S) :1+é driving capability
Vils) 7y V,(s)

=1

Vi(s)

EE 2245 % 3 T B3 % 12 EF o FEAETS



Difference Amplifier

B |t can remove the common-mode signal, and subtract and
amplify the differential signal

B By superposition:

| FOI‘R1=R2=R3=R4
Vo =V1 = V7

AV; —(Ry +R3)- Al +£v+ —v_): 0
~0

avq
Al

EE 2245 % 3 T B3 % 13 EF o FEAETS

Ri, = =R{+R3 (Drawback)



High-Input-Impedance Differential-
Mode Instrumentation Amplifier

B RERAKAEAER

VO: 1+& . R2 .Vl_&.v2
R, R+ R, R,

Vo —
when Ry _ R °
R3 1
R,
V, =—%-.(v; —V
0 Rl (1 2)
when Ry =R, =R; =R,
Vo =Vp — Vo

EE 2245 ¢ 3 § B2 9 5% 14 EF o FELETS



Variable-Gain Differential-Mode
Instrumentation Amplifier (Design Problem V)

The gain can be conveniently adjusted by tuning R

Vo=Vi—V5 (1)

G Rs
Vo = 1+& vz—ﬁ Vq
Rc Rc Vo

Substitute (2)(3) into (1):

VO=(1+&]-(V1—V2) Vi —

Rg

EE 2245 ¢ 3 § B2 9 5% 15 EF o FELETS



Definition : Quality Factor (Q)

B The resonant peak magnitude is related to energy dissipation
m Definition:

_ Energy stored
~ Average energy dissipated per radian

B Q is a dimensionless parameter and related to the
damping ratio by Q ~ 1/ (2¢)

B Q = o implies there is no energy dissipation when a circuit
oscillates

EE 2245 § 3 § B- 9 % 20 BE T FEAETB N



Obtain Q by Analysis or Experiment

B Q can be obtained by analysis:

B For§ <<1, Qisrelated to the damping ratioby Q~ 1/ (2¢) -
Remember: Q and € are both dimensionless

B Q can be obtained by experiment using the half-power bandwidth
(defined by ; and »,):

O
Q= (EE | fREHdemo QEERZ )
Wy — N
Al
s Al |
£ V2 Lo
(@)} 1 !
CU 1 |
& ! :
W; W Oy Frequency
EE 2245 ¢ 3 T2 % 22
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Step Response vs. Q

B A high-Q circuit has low energy dissipation, and long
oscillation time in its step response

R from a high-Q circuit

/\\
— /1 \\ / \
2> 1 . A WY 7 N P~ W S S
9 / W [/ \ /4
- / /.
O /
/

from a low-Q circuit

Time

EE 2245 ¢+ R -9 5% 21 EF o FEAETS



First-Order Circuit: Differentiator

20 dB/dec.

N\

7 frequency
(radian/sec)

~[H(jo} = oRC 1. sm=mmm+is . mastugA+E (E120 dB/dec )
2. H(j0)=0=-xdB

EE 2245 % 3 T B3 % 27 EF o FEAETS



Integrator

R C
+ dB
6’ Y — -20 dB/dec.
= IH(o)|
vols)_ 1 uda !
H(s)= "2 =——— v, (t) =~
vi(s)  sRC RC
: H(' X_ 1 frequency\
‘ Jo)= »RC (radian/sec)
1. SART|IENME - BRRATSZ2— (B1-20dB)
2. |H(jO)|=cc

EE 2245 £ 5 R B % 5% 28 BEC FELETY N



Low-Pass Filter with Gain

dB ¢
IH(jw)|
-20 dB/dec.
N\
1 1 frequenEy
B vils 7 R 1 R,C (radian/sec)
H(S _ O( ):__2:_ 2 / R2 \
vi(s)  Z; Ry SR,C+1 H(jo), S
: R 1
- H(jo) = 22 . R
> 2 H(jo) 1 =0.707=2
. Ry \/0) R5C” +1 ) R,C R,
R,C IS the -3dB frequency \H(j(o)(@—oo -0
EE 2245 % 3 T B3 % 29 EEC ﬁ«iw/




High-Pass Filter with Gain

dB
R, C 20 dB/dec.
AN \ b ] |

H(s) = Vo(8) _ Ry SR,C

Frequeﬁcy
(radian/sec)

Vi(s) Ry sRC+1 TA(io)_, =0 ™
~H(jo) = Ry ORC H(jo) _ 1 =o.707%
Ri Jo?R2C? +1 RIC 1

R%C is the -3dB frequency L ‘H(j(,o]mzoO - I;_i Y
EE 2245 ¢+ R &9 % 30 EE o FEAETSA



Band-Pass Filter

{iRE&R,C, > R,C,

vils)  Z
3 R2 SR]_C]_ 1

" Ry SRyC; +1 SR,C, +1

EE 2245 3 3 B9 5% 31

dB

IH(w)|

[EBPFHYpassband 28 =

» 1Y FPEEEEEHigh-Q,

i z=passbandiyBPF
é >

20 dB/deT.

\ -20 dB/dec.

-1 1 ® (réd/s)
R,C,

BE T FEAELP L



Band-Reject Filter

V. »| Low-pass filter y
— | Summing amplifier ——"
» High-pass filter
Ry
4 'W\'RL\ Vo = __(VoL "‘VoH)
R, 4”& V,,
" Y, ’VV\/—._._&
4 Ry, ) R - Ve
v D) || Ra co W MW— 17
T UwHHEI N =
) / VoH

\_

EE 2245 aﬁ_?%s@ —
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Cont’d: Frequency Response

dB

Low-pass High-pass

/ Stop-band
<€ >

IH(w)|

Frequency

EE 2245 T 3 § B2 9 5% 33 EF o FEAETS



Biquad Filter (Tow-Thomas Filter)
Design Problem |

R5
W
RZ
- AM—
Vi A — WA

RS
L W\'-L MN—
:>VBP L J;>' e

Lossy integrator Integrator Gain =-1

B [t simultaneously realizes the band-pass (vgp) and low-pass (v p)
frequency responses

EE 2245 ¢ 3 § B2 9 5% 41 EF o FELETS



Cont’d: Please Derive VLiP(S)

v(s) on Your Own

At the inverting node of first op amp, by KCL.:

Vi _Vip _ Vep . VBP _ (1)
R, Rg R, 1/sC,
Y
and VLP - — £ 2
R,C,s 2)

Solve (1) and (2):

Vip(s) _Rs 1
vis)  Ru g 4R:C,C,s2% +

R4RsCp

+1
R
Lo 1 _ ReJG
SOy = Q=
JR4CIR5C, JR4RsC;

EE 2245 ¢ 3 R B9 5% 42 EF o FEAETS



ECG Measurement (Design Problem Il to 1V)

B HEECGER - EfHESilterf9-3dB frequency, 71 BEigi£interference

signals

R3

AW
R6 ‘
| —_

R4

' AAAY
R2 C2 L
'II AMA—| \
VIN- O \ A4
INA [ /
Vine O—/ C1l
R1

Instrumentation High-Pass Filter
Amplifier
EE 2245 § 3 £ 3 % 3

l—l_

R5 AS Vo

c:4l

C3

Low-Pass Filter

EE o FEAETH A



