ENEE2360 Analog Electronics

T9:
Operational Amplifiers

Instructor : Nasser Ismail

The Operational Amplifier

Designed to do mathematical operations such as
addition , subtraction ....
Very high voltage gain ; 200,000

Very High input impedance ; 10M ohm
Very small output impedance ; 750hm

viq
Viz
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Operational Amplifiers

L/

Offsetnull 1 II uAT41 zl No connection
Inverting input [ 2| [ 7] +vee
Non inverting inpu1|Z:]>_|—z| output
-VCC‘Z E Offset null 2

UuA741 opamp Pinout and External appearance

Q- (inverting input)

( rting
input)
vy
QA Q2
Re= =
39kQY

Qio Qi Q2

offset null
o——

TS0KQ3R,= Ra=
1kQ SkQ

& offset nul

Operational Amplifier
Transfer characteristic Curve: vt

Vsat
Vv T Positive Saturation region
+Vsat vd > S;ﬂt |
Ag |
|
V,sat/Ad |
| V,sat/Ad vd(t)
Vv v
V., . { Agvd St s pd > —=% |
0 = Agq Agq |
Negative S aturation T Vet
v Region
_Vsut vd < __:at
\ a vd =V(+) - V()

+15V
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Volt)

+13V v |

Positive Saturation region

|
-V,sat/Ad : e 65""\,
— 65uV | e
|
|
Negative Saturation T Vst '13\/

Region

let +V. =+ 15V ; Ad = 200,000

o 2V q=+13V

~Ifvd >65uv ; Vy=+13V

~1fvd< — 65uVv ; Vo = —13V

5
Operational Amplifier
Pin Diagram for 741 .
Offsetnull 1[ 1| U;;/ | 8 ] No connection
Inverting input [ 2_| [ 7] +vee
Non inverting input[z:]>_\—z| output
yei[2] (5] ofisetnuil 2
-
UAT41 opamp Pinout and External appearance
415V
6
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Op-amp Model in the Linear Regi077:\

(e,

If the Op-Amp I1s IDEAL and in the Linear Region

+15V

Two Assumptions

1)vd =0 B V(+) = V()

2) i(+)=i(-) =0

Op-amp Linear Applications:

1. Inverting Amplifier Op-Amp is ,{,ea,
a)Since V(+)=0 ;: V(-) =0 I e
And i, = Vs (Virtual ground)

©)
iR Zen
Ri —>

Vs RI

b) Since i(-)=0 ;- ip=Iig

Vo

C) Vo = 'RFlF 1
Vo = -Rpig tVsar > Vo >—Vine
RE R
Vy= ——1V. - _I&F lo < lo,max
0] R; S Av R;

The voltage gain does not depend on RL
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Op-Amp Linear Applications:
1. Inverting Amplifier
Design an inverting amplifierto
. N
provide A,, =-200 TF_*WV_
Solution : |
is ; - °
t Vs RI Vo
~ 2E = 200 =
Let R;=20K - =
». Ry = 4000K Z1 = R;
Op-amp Linear Applications. e

fu} A 1: ";"
2. Inverting Adder

1- Since V(+)=0";

~ V(-)=0

LS T D2
ll_R_l ’ Z_R_Z ’
. _173
l3_R_3

is=i1+ i2+ i3

2- Since i(-)=0 ;- ip =g

3- V0= -Rpip

- _(RF Rp Rp
VO =- (Rl V1+ R, V2+ Rs V3)
If R1:R2:R3:RF:R
Vo=-(V1+V2+V3)

10
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2. Inverting Adder

Op-amp Linear Applications:

i1
f R1

If R1=R2=R3=R

And Rp= - =

WX

Vi+Vy+V3

V0= 3

- )

Vo

Averager

3. Non Inverting Amplifier

1- Since V(+)=Vg

V(-) =V
LV
s ll- - R—l
2- Since i(-)=0 ;
iF - ii

3'V0: RFiF+Riii
R
m=) Vo= (1+R_‘_D)V+

Op-amp Linear Applications:

IF
< —
\A A4
RF
li _
4‘_ i)
v‘v‘v —_ \ -
+
Rs RL Vo
Vs(t)
Zl = @
12
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Op-amp Linear Applications:
Non Inverting Amplifier

Design a non inverting amplifier
to provide A,= 100

Solution :
Ay =1+ E=100

l

~Br_gg >

R; Vs(t)
Let R; =10K
. Ry = 990K

13

Op-amp Linear Applications:
e

4. Buffer, Unity Gain
1- Since V(+)=Vy ; V(-) = Vg

A
Vee

2- Vo= V() =V, } 1 -
Vce

Rs R7 RI Vd

Buffer is a special Case of

non inverting amplifier folr; which:
Vs
R; =0 vy v =L

\AAJ

RF

RF=0 li

Rs RL Vo

14

STUDENTS-HUB.com Uploaded By: anonymous,



Op-Amp Buffer
. O]
in
Vout = Vin Vout
Isolates loading effects

Vee=10V T Vee=10V T
10kQ = 10kQ =
T’_VOl =5V il' " Vo2=0.192V
10K0 \ 10KQ ‘ — V=10V 0
‘ ‘ = | 200
T Ohm 10KQ

=

21200
- T ohm
Op-amp Linear Applications.
5. Non-inverting Adder w
A
AVNA' -
R +
* Vce RI Vo
Vo =l R/2
(V1+V2)/2
VitV
Voy = 1;‘ 2
R
Rru=3 =
16
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- R/2

(V1+V2)/2
VitV
Vo= (143 N"572) =V +V,
If we have n signal :
let R =(n-1)R
Vo=Vi+ Vot ooeoiiiiii +Vy -
Op-amp Linear Applications:
6. Voltage Subtraction 5
Using superposition L G T

a)Let V, =0 (Inverting amplifier

V2

Ry

b) Let V; =0  (non inverting amplifier)
Ry
R{+R,

c) Total Vo=Vol+Vo2

R
“Voz = (1452 ) (R vy
3

Ry
R{+Ry

LV — Ry _ R
"Vo—(1+R3)( ) V4 Rs V>
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Ry
R1+Ry

“Vo =140 )(

AAA
VVv

R3

O
+

v2 o Vo VO = aVl — bVZ

|f R1:R3:R
and R2=R4=mR

Vo= m(Vy—V3)

Basic Difference Amplifier

R
)V1—R_:V2

19

Op-amp Linear Applications.

Basic Difference Amplifier

Vo =m(Vy—V3)

Z;1 =R+mR

Zi, =R

*It has low input impedance

*To Change the gain, we must
change two resistors.

20
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:;v;v
Da s :V%_ Vo = m(Vy—V3)
R +
v2 YOR Vo Vo =m 1V,
; mR
V1 L —A\VW
= = R
Vab = V1 - V2 o
N
form=1
RL Vo
Vab - Vs
& Vo=Vs
- 21
Instrumentation Amplifier:
Vi_Vs
- aR
V,1 = (R+aR +R)I 212 N S~
2 |
Vor=(1+-)(V1-V2) | ‘ "
2 d 2 L i
VO = V01 = (1+ E ) (Vl—VZ) |T ak;? Jf-n 8 \L
Zig= > = D p AR A O
ZiZ _ oo Zil %
To change the gain — changea
a<< 1 22
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Measuring small resistance change

R4 _ E
E, = R1+R1 2
___R _ _R 2
E: =fireor ©° 2Rk E Vo=(1+-)(E1x —Ez)
E, AR
Ey —E; =5 0)

2R+AR / Sensor
AR is very small . | ) ﬁ‘q )
Rl R+ARQ®
E AR < . IR
E1 — EZ =—-— E1 E2 {
2 2R ‘

>
>R
>

A
v
=
=

A

Vo=(1+2) (Ey —Ez).

Let (1+§) = 400
AR
V, = (400)( 5% )E

V, = 100 E(%R) 3

Measuring small resistance change

L_l Sensor
< <r‘/

AR E Rl:: R+AR:: W
Vo:].oo E(?) E1l 7?2

|f R =10K - ::Rl EER

AR =0.1K

E=1V

% =1% change

Vo= 1V f\Vo=2V === AR=0.2K

~ 1V per 1% IfVo=0.1v === AR =0.01K
change in resistance If Vo=0.01V === AR =0.001K

IfVO=1mV === AR-= 0.0001%(4
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Voltage to current Converter
a) Floating load N

b o
Since V(+) = Vi ! |

~
h
|
~
e~y
Il
| =
|

High-Resistance DC Voltmeter —
Vi ) m/ \, m
I,=1I;= R_z 1mA 1mA

If Vi =+1 -
Ri ES 1k

I, = +1ImA

<+— Im
(a)
o/

fViy=-1v - I, = -1mA Ri

29

-1v
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If V;=+10v - I, = +1mA

If Vi=-10v - I, = -1mA

30

R1

R2

R3

31
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Voltage to current Converter

b) Grounded load
1
Vy=V()= 2 V,
IL = 11 + 12

Vo—V E-V
IL — [ L L

32

Current to Voltage Converter

V(+)=RI Oo—
Vo= (1+7) V(+)

R
V0=(1+E)RI
V,=KI

33
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Integrator
So far, the input and feedback components have been resistors. If the
feedback component used is a capacitor,, the resulting connection is
called an /ntegrator.

* Recall that virtual ground means that we can consider the voltage at
the junction of Rand X: to be ground (since V. = 0 V) but that no
current goes into ground at that point.

Vc(t)
+ -

Vl(t)
liy = lf(t) =

1
VC(t) = Ef lf(t)dt
0
Vo(t) = —VC(tt)

1 (V)
Vow = _Ef R, ¢ -

0 =
t =

1
= _Rf Vi(t)dt

0

Vi L

Differentiator

A differentiator ,while not as useful as the
circuit forms covered above, the differentiator
does provide a useful operation, the resulting
relation for the circuit being

: . . av;(t) A
li =Ly = lewy = C—4; —\M—

li=ic
£=e

Vi(t) C
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Filters are circuits pass signals of certain frequencies
and block or attenuate signals of other frequencies

Active filters

 Based on circuits with op amps, which are active devices,
since they require an external power supply (£ V).

 Eliminate all of the disadvantages of passive filters:
— Can create a pass band gain > 1;
— Can add loads without changing the filter characteristics;

— All four types of filters can be created using op amps,
resistors, and capacitors — no inductors;

— Can cascade simple (first- and second-order) filters to
create higher order filters that are more nearly ideal.

Ideal Active Filter Classification
|H(jo)| E— . High
H gh pass
| Low, pass (o) filter
K filter K l
Passband | Stopband Stopband| Passband
(O3 w | e @

, |H(jw)| Band reject
H(jo)| Band pass I : filter
K | filter K

Stop
. P P d

Stopband Pass Stopband S band T

band
We We w
I (CH] W2 w
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The Active Low-pass Filter

Low pass filters are used to pass low-frequency signals and attenuate

high frequency signals ~ . ,
_Vo(jw)  Zp(jw)

T (jw) Zy(jw)

2joc _ % Z,(joF R

joC
4 R 1
H% vOW) ™ TR, (1 + jwCR>)
————— VW—9 — _K

X jw)

1 1 + z

»—OvU, ( wC
ﬁj} .

Frequency Response (Bode Plot)

Magnitude Plot ( Magnitude in decibels vs log of frequency) log(AB) =log A+log B
N
_ atw = 0. 1w, Iog(B) =logN —log D
AdB =20logH (jw)|
201log
2
H(jw)| = 14,()] 1+ (0- 1“’c)
wC
K =201lo !
e 8 ir001
w >~ =
14 (w_) = 20log1 = 0dB
atw = w, atw = 10w,
20log 20log
2
@ 10w,)>
X -t
= 2010g—1 1
h vi+1 =20log—
| | g |v1i+100|
= 2010g|0.707| = —3dB = 201log|0.1| = —20dB
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Frequency Response (Bode Plot)
Summary
at w=0.1o,

|O?L\)c l IoglOmc. Loge = 20 Iogl = OdB

3B [

20Log]H(jw)|

atw=o,
=201l0g0.707 =-3dB
at o =100,
=20log0.1=-20dB
at w =100w,
=20l0og0.01=-40dB

-20dB <

» At frequencies below «,, the amplifier is
an inverting amplifier with gain set by the
ratio of resistors R,and R,.

+ At frequencies above @, the amplifier
response “rolls off” at -20dB/decade.

» Notice that cutoff frequency and gain can
be independently set.

Active Low-pass Filter: Example

» Problem: Design an active low-pass filter
+ Given Data: A~40dB, R,=5kQ, f,=2kHz
» Assumptions: Ideal op amp, specified gain represents the desired low-
frequency gain.
- Analysis.  |A[=1040dB/20dB_100
Input resistance is controlled by /; and voltage gain is setby R,/ R,.
The cutoff frequency is then set by C.
R=R,=5kQ and ‘AV‘=R72:>R2=100R1=500kQ
_ 1 1 1
24.R,  27(2kHz)(500k®)

2048 / log(2000) = 3.3

C =159pF

20LoglH(j®)|

20dB

N -
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STUDENTS-HUB.com

The Active High-pass Filter

High pass filters are used to pass high-frequency signals and attenuate
low frequency signals

Vo(w)  Z3(jw)

Apim) == <="5 1
T T o) T Z1(w)
g Zl(jw) = R1 +](‘)ic Zz(i(l)) = R2
- - A A A RZ
Av(jw) -

R
K=-=2 high frequency gain
R w, = 2nf =—1 ~ f =—1
¢ ¢ R1C ¢ 21TR1C

Frequency Response (Bode Plot)

Magnitude Plot | ate= 0-1ec 1 1
( Magnitude in decibels “ 20log———==20log—=
vs log of frequency) \ w, \? V1 + 100
Aqp = 20log[H(jw)| | 1+ (0.1wc)
= T “ 20dB
We |
1+(%) |
\
atw = w, ‘\ atw = 0.01w,
1
20log————— ‘\ 20log !

2 2
we W
1+ (a)c) 1+ (o.omc)

1 1
— = 20 log
Vi+1] | *¢ VT 10000]

= 2010g|0.707| = —3dB . =20log0.01 = —40dB

= 20log

Uploaded By: anonymous,



Frequency Response (Bode Plot)

20Log|H(jo)|

Summary
 Decade at o = 0.1,
Logdl.lmc | logoe Log o =20log 0.1=-20dB
-3dB 7 y atw = o,
> —20log 0.707 = —3dB
20dB =+ at o = 0.01m,
20dB/d
renRdee = 20log 0.01 = —40dB
atw=0
« At frequencies above w,, the =20log1=0dB
amplifier is an inverting amplifier
with gain set by the ratio of resistors
R,and R;.
+ At frequencies below @, the
amplifier response “rolls off” at -
20dB/decade.
» Notice that cutoff frequency and gain
Re R
F’M AN N
Ve’)"‘. Vl
- Ve A
= 1 } —20 dB/decade
|
Op-amp —————— Output (V) i
R, !
+ \
! |
" I\) G = : f
I fe
. R
4, = 1+ ==
R¢
f 1
¢ 2mR,C1
Uploaded By
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High-Pass Active Filter

r'vw ‘ AAA 1
fe= 2R, C1
. Op-amp 1V
v —l(—.—l aF Vol

o
oV
Rl
—20 dB/decade

/I'/

l%[

|
|
|
: —40 dB/decade
|

Comparator : Zero —Level detector

A
+Vcce

Exact analysis:
When vd >65pV ; Vo=+ Vg, - Vi%)
When vd < —65uV ; Vy=-V4

Approximate analysis

When vd > 0V ; Vo=+Vg
Whenvd <0V ; Vo=-Vear o
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V;(t)=5sinwtv
+ Vi =113 v

V,sat

5V

-V,sat btecccae

WhenV; >0V ;
WhenV; <0V ;

Comparator : Zero —Level detector

A
+Vcce

When vd > 0V ;

Vo=+Vsar
When vd <0V ; Vo=-Veaur
Vo=+Vsa
48
Vo= -Vsat

V;(t)=5sinwtv

Non Zero —L evel detector

A
Vcc

STUDENTS-HUB.com

+ Vear =113 v .
PAVAC—
WhenV; >2V ; Vo=+Vyy VO
When Vi <2V ; VO =- Vsat
V,sat -
Vo(t)
VR
W When vd > 0V ; Vo=+Vu
When vd <0V ; Vo=-Vsar
49
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Practical Non Zero —Level detector
!
Application %
. Vor
z%‘ _ vooowg
P
. - pressu re |
Semor = sensor =
The pressure sensor generates a voltage proportlonal to
the water level in the tank V() =2V
When water”IeverrIeaIches the WhenV; >2V ;  Vo=+Vy
maximum allowable lever
. When V; <2V ; Vo=-V
Vi=2V : 07 sy

Voltage—L evel detector with LEDs:

WhenV; >2V ;  Vy=+V,
Red LED is ON

L
%

WhenV;<2V; Vg=-Vyy|

Red LED is OFF

When I/ri =2V ’ l}’() =0
and the Red LED are OFF
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Over Temperature sensing Circuit

R1 1as T]
R1 = Resistance of the thermistor.

R2 is set equal to the resistance of the
thermistor at the critical temp.

R =100k This is the thermistor J‘W

1)At Normal temperature (T< T¢) ., <

Ry, > R,

__Ro 1 = =
V) = 2R, Vee < 2 Vee

1
V(-) = 5 Ve ~ Relay is denergized
~ switch is open

AV(E) > V), ~V,,=-V .

( ) > (+) op sat - Lamp is OFF
~ transistoris cutoff ; I;=0 52

Over Temperature sensing Circuit

Sensor
2)When T=T, ~ % !
Rl = RZ FW ]

N[ =

V(+) = V()= Vee

>
< <
> >
— <R
R2 < <

“Vop= 0 = =
. transistoris in cut off ;
Ic=0

= Relay is denergized

- switch is open

~ Lamp is OFF

53
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Over Temperature sensing Circuit
3- WhenT > T,

R, < R, Se\rJSM

_ R 1 E
V(+) = Ry +R; Vcc > 2 Vcc

1 =
V(_) = E VCC Rz T3
SV > V() o |
transistor is conductmg

+ Vop = +Vsat =~ Relay is energized

~ Lampis on >

Schmitt Trigger Comparator

Vce

Vo
1.Assume Vg = +Vgy

- —o©
R W s
V(+) = R1+2Rz (+Vsar) = Vyr
vd> 0 R22
R, .
Ry +R, (+ Vsat)' Vi >0 L
V< o Ri i (+ Var) Inverting Schmitt trigger comparator

R
i_Rz (+ Vsar)

~aslongas V; <
Rq

Vo= *+Vsa

R
But when V; >&1 iRZ (+ Vsat)w

Vo switch to (- V;at)
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Vo= -Vsat

Butwhen V; < (
Vo switch to (+ Vgg)

V() = Vi

R
V(+) = RlTZRz (- Vsat) =Vir Vi(t)CD
vd< 0
L (' Vsat)' Vi <20
Ry1 +R;

R
o’ Vi > z

R

(' Vsat)

+R;

R
~aslongas V; >—2

+Ry

Ry (' Vsat)

_RZ_ _—

+R>y

A
Ve

-Vce

- * |53
Ry (' Vsat) W

M1

Schmitt Trigger Comparator
2. Assume Vg = -V,

Vo

Vyr =

Vir =——
LT R1+R,

Schmitt Trigger Comparator

HystereSIS VOltage = VH - VUT - VLT

Vuyr = Upper Threshold voltage

Ry
R{+R;

(+ VS at)

V,r = Lower Threshold voltage

R;

(' Vsat)

Vit

Vut

57
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Vo

Schmitt Trigger Comparator

Vit Vut
Signal Wave form
R V,sat
2
when V, < m (- Vsat) - Vo(t)

VO switch to (+ Vsat) Vutl /\\ ___________ / /'\\
Ry
when Vi >R1 +R, (+ Vsat) Vit \Q(t)/ _______________

Vo switchto (- Vgga)

-V,sat

58

Room Thermostat

% ?gi 2. Complete circuit diagram forthe Room Thermostat. Tha connections to the “ralay” are for the low voltad
nly.
TCd = L™M 25 D2
Te2 = L3N R\ = 30k Rj = loox £q = tox
Tcz = MATF4! Ry = lok Re =~ 100% Rio = low
7 3] < * 1S — Hoo! 8 Ry = /ok R3 = 2.7™M Ry = 22K
= Ik - 3
TR = 2N 3702 VRI ;| R = 68K Rn = 2.v
= L3
o1 = 2V 3tor [5G R Ry = 0.68x
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Room Thermostat

10mV/C

400mV/C
Temp Non IAnr;/]enmg Schmitt
Sensor Gainea0 trigger

Inverter
1

Schmitt Trigger Comparator

Inverter
2

TR2
Switch (2)

\\ Relay
60
Schmitt Trigger Comparator —ka—
A
Room Thermostat 12
AW\
100k —?
Vi
= Vo
V; =400mV/C
LletVy= +Ve=+10 _L =
vd> 0 = 0
V(-)=4v
100K 2700K
Vi) = 100K+2700K(+ Vsar) + 2700K+100K  ©
For vd> 0; V; > 3.777V 2 | &<
~Aslongas V; > 3.777V; Vg=+4Vgu 3777y
Butwhen V; < 3.777V ; Vg switchto (- V) 61
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Schmitt Trigger Comparator

2700k
A
12
100k —?
Vi
W= Vo
2. Let VO = = Vsat = +2 )
vd< 0 = -
V() =4V =
_ 100K ) 2700K o —>>
V(+) = 100K+2700K( Vsat) 2700K+100K !

For vd<0; V;< 4.072V

o AS long as Vl < 4-072V; VO = Vsat : :777\.’ a.072v vi

Butwhen V; > 4.072V; V, switchto (+ Vg s m,gz

Schmitt Trigger Comparator

1)WhenT > 10.37 C, Vo = +Vsat
Transistor (2) is Off, Relay is
denergized and Heater is Off.

10 T

2)ThenT <9.44C, Vo = -Vsat
Transistor (2) is On , Relay is
energized 2 '

and Heaterison. 377 4072V vi
9.44C 10.37C

63
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Cascaded Amplifiers

AAA
VW

Op amp |

Op amp 2

Inverting amplifier A

Op amp 3
Inverting amplifier B

O
Inverting amplifier C

Three-stage amplifier

Connecting several amplifiers in cascade (output of one stage connected to
the input of the next) can meet design specifications not met by a single
amplifier.

Each Amplifer stage is built using an op amp with parameters A, R, R,
called open loop parameters, that describe the op amp with no external
elements.

« A, R, R,areclosed loop parameters that can be used to describe each
closed-loop op amp stage with its feedback network, as well as the overall
composite (cascaded) amplifier.

The gain of each stage can be calculated separately, then the total gain is
found by multiplying the resulting gains

e ‘ e
“
+

A = AlAzA 3
where A; =1 + R/R. Ay = —R/R,. and A; = —R//Rs.
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