Operational Amplifiers
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The Operational Amplifier

Very high voltage gain ; 200,000

Very High input impedance ; 10M ohm

Very small output impedance ; 750hm
Designed to do mathematical operations such as
addition , subtraction ....

. o [ High DC
vy Diff- Gain Level O“tpgt VO
— 1 Amp Am Shifter

viz
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Operational Amplifiers

Offset null 1 | 1

Vee[ 4 ]

N

UA741

Inverting input | 2
Non inverting input| 3

3 | No connection

zl +Vce
E output

5 | Offset null 2

UA741 opamp Pinout and External appearance

(noninverting

input)
Vi

oV. (inverting input) +V=VCC
a I f o Y D
Qs ‘—@g Q12 e Qi3
I 1 Qia
Rs= t Q19 Qis Reg=
39k 270

offset null

R4=
SkQ

Q;—“—@u

S0KQ [ -V=-Vge
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Operational Amplifier

Transfer characteristic Curve:

(
+Vsat

Vo - | Advd

_ Vsat
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Vsat
vd > d
Vsat
> vd > d
Vsat
vd < d

Vo(t)

V,sat |

Positive Saturation region
|
I
|

-V,sat/Ad |

| V,sat/Ad Vd(t)

— -V,sat

(- X2
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Vo(t)

+ 1 3V Visat - Positive Saturation region
|
I
I
-V,sat/Ad | & 65 I"‘V
/l V,sat/Ad vd(t)
— 65uV "
I
I
MNegative Saturation T Vst -13V
Region

let 4V, =+ 15V ; Ad = 200,000

o ivsat=i13v

~1fvd > 65uV ;

~1fVd < — 65uV ;
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VO =+13V

Vo = —13V
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Op-amp Model in the Linear Region.:

o — w0
If the Op-Amp iIs In the L/near ._ Z°
Region. g 12 Orava
If the Op-Amp Is IDEAL and in
the Linear Region: -
i(+)
Vd i(-) 741 > g Vo
YVd =0 ™ V(+) = V(-) - —H- %
A ey 1y 4

2) i(+)=1i(-) =0
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Op-amp Linear Applications.

1. Inverting Amplifier Op-Amp Is ideal
T—iF—blvv\,
RF
a)Since V(+)=0 ;- V() =0 = : — o
Ri
. _ Us (Virtual ground) ¥
And lg R. VS(D ng -

b) Since i(-)=0 ;. i =ig =

¢) Vo= -Rpip Vo = —%VS
VO - -RFiS ACL - E
R;
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Analysis of an Inverting-Amplifier Circuit Using
the More Realistic Op Amp Model

f
. +
._
_+_
,
+ Ru =
§R, AN—— "
X A (U.r:l - 'H,,}
i-?Jr; ,”
|
-
"'1.”
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Analysis of an Inverting-Amplifier Circuit Using i
the More Realistic Op Amp Model f

RF

Vs C:) Vo
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Analysis of an Inverting-Amplifier Circuit Using
the More Realistic Op Amp Model

Ry
W

v v

node a:

' ;
+
R, R, Ry
v, — Uy, + v, — A("—’U") _

node b:
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—A + (RU/Rf)
vn = ?).".i‘

R, 1+A+R" + R“+1 +R“'
R\ R, R, R;

R,—0,R,—0o0,and A — o0
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Analysis of an Inverting-Amplifier Circuit Using
fiF+ the More Realistic Op Amp Model

—A + (Ru/Rf)

Uc? - 'Uﬁ
R.!l‘ . Rﬂ‘ Rﬂ‘ RU RS Rﬂ
S1+A+2+ +1+ =21+ 2+ 2
Rf(l 4 R, RL) ( RL)( R; Ry

R,—0,R;— 00,and A — ¢

R.‘i‘ 13
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Op-Amp Linear Applications.
1. Inverting Amplifier

Design an inverting fa» . - — o

amplifier to provide |

Acy=-200 " S
CL= 1

Solution: A

Acp = —~E =200
R; et Ri = 20K

% - 200 * Ry = 4000K
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Op-amp Linear Applica tion;s;.'

T_i1> w "y
- vi(* L F—I59 ;
2. Inverting Adaer? T % T
1| L’V\/\c— v RI§ Vo
1 VZQ f R3 1 )
1- Since V(+)=0~; o) - -
V(-)=0 = -
11 = L Iy = 2 -
R1 RZ F
. V3 Vo = (— Vit g, Vz"‘ V3)
l3 = R_3

If R1—R2—R3—RF—R
i - il + iz + i3
’ Vo =-(Vi+V2+V3)

2- Since |(') =0 ; -~ iF — iS

15
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Op-amp Linear Applications.
2. Inverting Adder

T_ sy
_ RF
fl1> AMN L \2(:
R1 \I\
i2p> —is§ )
+ M\
Vi Q f R2 +/I/ +
3

i3p -Vcc
e T_ A\é\g\, \ Rl§ Vo
i) '

If R1=R2=R3=R =

R R
And Rp= — = — average
noo3 —> J
VO — (V1+V2+V3 )
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Op-amp Linear Applications.

3. Non Inverting Amplifier

1- Since V(+)=V|

V(-) =V
.V
L =R_i
2- Since i(-)=0 ;
: . Rp
lp = I; V0=(1+R—i)VS
3-V0 — RFiF'I'Riii 17
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Op-amp Linear Applications.
Non Inverting Amplifier

Design a non inverting amplifier IF
to provide A.;= 100

Solution :
ACL =1 =100

Let R i = 10K
S.TUBEﬂTgHaBaQK Uploaded By: an108nymous



Analysis of a Noninverting-Amplifier Circuit Using
the More Realistic Op Amp Model

19
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At node a vy,  Un T Y + 0= Y _ 0

at node b Yo Y _ Yo O -

0
R, R, R, 20
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[(Rf + Rs) + (RSR”/AR,;)]UH
RsR, + (Ry + R))(R; + R,)
AR,

vV, =

Rﬂ
R, + Z(] + Kr) -+

where

K, = R, + Rg . Rf + R, N RfRs + Rng + RgRS
R, R, RiR;

R,—0,R,—0o0,and A — o0

R, + Ry
= )

g
R; 21
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Op-amp Linear Applications:

4. Buffer, Unity Gain

Vcc

1- Since V(+)=V, ; -~ V(-)=V;
2- Vo= V(')=Vs

v

Buffer is a special Case of ng v R'§ Vo
non inverting amplifier for which:

IF vs()
R; =00 S — =

RL Vo

22
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Op-amp Linear Applications:

5. Non-inverting Adder

MN
R A
Vcc
AW AN \I\
R —0
N rer 1
i *———o Vcc ng
R I_'+ + / \ V VO
/ Ve ng ——
v Vo = R/2§
_— R R ) 1

23
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R A
Vcc

= R/2

(V1+V2)/2

V0=V1+V2

STUDENTS-HUB.com

v

-Vcc

+

R Vi+Vo

Vo = (1+ 2 )(—

)=V1+V2

If we have n signal :
let RF = (n'l)R

24
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Op-amp Linear Applications.

6. Voltage Subtraction

Using superposition
a)LetV,;=0

W Vg1 = —R— V, (Inverting amplifier)
3
b) Let VZ =0

02‘(1+

( non mvertmg ampllfler)

=~ Vo —(1+ )

4-
V,
3
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. . Ry R
A “ Vo =(1+ R3 )(R1+R2

)Vi— =V,

O
+

VO = aV1 — bV2

Vo

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

Vo= m({V,—-V;)
Basic Difference Amplifier

26
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Op-amp Linear Applications.

Basic Difference Amplifier

Vo= m(V1—V,)
Zil = R+mR v2©
Zi; =R

*It has low input impedance 1

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

STUDENTS-HUB.com

V1 —_—
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Vo = m(V,—V,)

O

prove that Vo = Vs

sTUDENTS-HUBEG 1

MN
R
A
Vcc
AMN——
-
R + 7
o—/ +
-Vcc

- 28
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Instrumentation Amplifier:

_ V1V, e
| = aR T\l\ /

V,; = (R+aR +R)I @ 1

Vor = (142 ~) (V1-V3)
Vo =Vp1= (1"' a ) (Vi_V2) = Ve
Zijy= °° : —
le _ oo Vlo —chc
To change the gain — 4
change a

a<< 1

29
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Measuring small resistance change

_ R4 _E
1 "7 R1+R1 ~ " 2
__R _ _R 2
b2 = vrvor B° 2rear © Vo =(1+2) (E1 —E2).
E, AR
E, —E; = E(2R+AR) / Sensor
AR is very small EJ_ | )
E AR /§'R
E1 _EZ —_ -
2 2R

Vo =(1+2) (Ey —E;)

Let (1+§) = 400
AR
V, =(400)( 5% )E

AR
V,= 100 E(—)

R 30
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Measuring small resistance change

L
V, = 100 E(A?R)

If R = 10K =
AR =0.1K

=1% change

s 1V per 1%

change in resistance

STUDENTS-HUB.com

Sensor

IfVo=2V === AR=0.2K
IfVo=0.1v === AR =0.01K

If Vo=0.01V ===) AR =0.001K
IfVO=1mV ===) AR-= 0.0001K
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ENEE3304 Project#1 :Water Temperature Controller

-
-
-
h
10062
<A S A5
< 10K S 8200
'P <
‘b
-
-
<
:
3 A A28
> -
sl_ ' LED! - LED7 = GREEN LEDs
‘ LED3 LEDB -RED LED
RTD <
PT100™ 3
Al 1
e S :
<
HEATER
WATER con
‘P
-
<
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To detect the temperature of water,
commonly used resistance-temperature
detector (RTD) PT100 is used. It is con-
nected to one of the arms of a Wheat-
stone bridge as shown in the figure RTD
PT100 has a resistance of 100 ohms

Water Temperature Controller

Before using this circuit, the follow-
ing adjustments have to be made. First,
immerse the RTD in ice water (00C)
and adjust preset VRI1 such that the
bridge becomes balanced and the out-
put of IC3 becomes oV. Next, immerse

the RTD in boiling water and slightly
adjust preset VR2 such that the output
of IC3 becomes 6V.

34
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Basic Bridge Amplifier  Sensor

Prove that

AR
R{+R

Vo = —Ef

)

35
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Thisisa sensor(thirmistor )
MW

Electronic Thermometer

l | R:AR_J
VO=_E(RffR) M }"_'
=-15v E= py . v *
R, = 10K L
R = 5K ==
V, = AR

Place the circuit in the reference tempareture
(T=100F) and measure the total resistance of the
thermistor(R=5k) 36
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Electronic Thermometer

0 10k 5k 5V
50 1.5k 2.5k 25V
100 5k Ok oV
150 2.5k 2.5k 25V
200 Ok -5k 5V

STUDENTS-HUB.com

-5V

200

Voltmeter

ov

&

+5V

150F 50F

OF

37
Uploaded By: anonymous



Voltage to current Converter

a) Floating load

Since V(+) = Vi

- V()= Vi

Py
b~
1
Py
(o]
1
&S

STUDENTS-HUB.com
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If Vi =+]1 -
Ri — 1k

If Vi =1lv -

R; = 1k
If V;=+10v

R; = 10k
If V;=-10v

R; = 10k

STUDENTS-HUB.com

High-Resistance DC Voltmeter

I, = +1mA

I, = -1mA
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Voltage to current Converter

b) Grounded load
Vi =V()=5 V,

IL —_ 11 + Iz
VeV E-V;
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Current to \oltage Converter

A
| Vcc
V(+)=R1 O- T
R ) —Q VO
Vo=(1+g) V(+) é
R -Vcc
V0=(1+§)RI \ 4
V,=KI
— R

41
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Current to Voltage Converter Application

Vo
E' -ch;
— l
I'= R R = e AM—
R -+ 1
V%c RL ‘
E IL
. MN -
V(+) =R = Ei R ri;#_
-Vcc I
v = =
Ve =V(+) 1 —'V;/V——'\N\c—
Fij —= | l§ R-Transmission \VACL
Vo= Ej +/|/ -
= I~ YRS
42
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Constant High Current Source

I =% = 1A
In =Ig
Ir =1} Vz = 10V
1.8K IL
IB —E =10mA < Io(max)
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Single Supply Op-amp

If iVCC = i15v
V,sat = +13v
N
13V
13V S

The Maximum possible swing = 26V peak to peak

STUDENTS-HUB.com

—A——
RF
A
Vcc
MN—
R |, O
+
Vcc
v Vo
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Single Supply Op-amp

13

Distortion

45
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Single Supply Op-amp

DC Equivalent ckt:
A M
+20 200k 200k
30 4 +?0
100k§ \ +20 o \ Vx |1 Vo
! , >——x—0 100k . L
Ve C3
VO 10k
100k§ 0.6k c1 -
= 100k
Vi - - —d
VX = V(+) =10v =
V,=0

46
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Single Supply Op-amp
AC small signal equivalent ckt:

‘.'A'
200k +20
ANV \I\ vk Vo 100k
2 . s
s -w—|
JT. RL
s o6k M

Vx 11 Vo

"
c2

10k

100k

|
|
é
|
|

50k

18v

50K

50K+0.6K

Vx=Vo=(1+) (V (+))

VX - VO =~ 101 Vi

V(+) =

VizVi

ov-——\———————-

2v

The Maximum possible swing = 16V peak to peak a7
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AN

V(1)

18v

10v

8V

2v

WV

Oov [~ - -

48
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Comparator : Zero —Level detector

A
+Vcc

Exact analysis:

When vd >65uV ; Vy=+ Vg, Vi
When vd < —65uV ; Vpo=-V e

Approximate analysis

When vd > 0V ; Vo=+Vu
When vd < 0V ; Vo= -Vsat 49

STUDENTS-HUB.com Uploaded By: anonymous



Comparator : Zero —Level detector

V;(t)=5sinwtv
i VSClt - i13 \'/

A cansslsss——
Vgat| -
b Vo(t)
sv| A~
s Vi(D)
>
h : t —
5V : : -
5 : WhenV; >0V ; Vo=+Vu
-V,sat beccaas

When Vi < 0V ’ VO = - Vsat
50
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Non Zero —L evel detector

V;(t)=5sinwtv Ve
+ Vsar =13 v ;> —9—Vo—O

When Vi >2V ; V0=+ Vsat V= e RL§

When Vi <2V p V0= - Vsat VIQ

V,sat vo(t) = —

VR
f/\'\wf/\\ . When vd > 0V ; Vo=+Vsat
When vd <0V ; Vo=-Vgat

-V,sat |

51
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Practical Non Zero —L evel detector

A
15
Application 13'(%
N\
+ > Vo
e AI'] - 2k d
—— In -15
—_— = 4 v RL§
————— VIQ
fv\,_\’-/'\/ \
e | —» | pressure |
Sensor =  sensor =
The pressure sensor generates a voltage proportional to
the water level in the tank V() =2V
When water level reaches the WhenV; >2V ; Vy=+V,

maximum allowable lever WhenV; <2V ; Vp=-V

) Vi=2V 52

STUDENTS-HUB.com Uploaded By: anonymous



Voltage—L evel detector with LEDS:

When V; >2V ; Vo=tV

A
15

Red LED is ON %
RN
) P |
When Vi <2V ; V0= - Vsat ViC% v RED ¥ N Greer
= 2k§\ 2k

Red LED is OFF

When V; =2V ; Vp=0
and the Red LED are OFF

53
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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

Retay O \ N.O Ac%

thermistor at the critical temp.
.. . R1 §R VAcc Lamp
R = 100k This is the thermistor ﬂ[éji : &

1)At Normal temperature (T< T¢) ,, =
Ry > R,

_ R 1 =
V("‘)—R1 R Vee <35 Ve
1
V(-)= > Ve

s~ V(=) > V(+) , -~ Vop= - Vsar

~ transistoris cutOFF ; I.=0
STUDENTS-HUB.com

R

>
<§R

~ Relay is denergized
~ switch is open
~ Lamp is OFF

54
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Over Temperature sensing Circuit

Sensor

2)When T=T ~ Ej 3

Rl —_ RZ

Vcc
4

Relay CP \ N.O "0

-
N,

1
V(+) = V(-)= 5 Vee g 2

“Vop= 0 o
. transistoris in cut OFF ;
I-=0

= Relay is denergized

= switch is open

stookampds OFF

55
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Over Temperature sensing Circuit
3- WhenT > T,

Sensor
R, < R,
Q)
\ Relay CP \NO
RZ 1 Rlﬁ R \VICC\ I) ® Lamp
+) = — . Wy
V(+) R, +R, Vee > > Vee /VI/ AR
1 NS
V(-) = 5 Vee £

" Vop = +Vsat = =
transistor is conducting
~ Relay is energized

56
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h
Vin
+12V
Vref ___________________________________
!’;
Y
+
Vo1 Vout
strain —]
gauge +1V
R - -12Vv
rr
A J

The signal Vi is noisy
The noise will produce a false turn off spike

57
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The solution i1s Schmitt Trigger Comparator

We must have two references
When Vi > Vref(U) » Vo switchto  + Vsat

When Vi < Vref(L) Vo switchto -Vsat  (This case should

not happen in this application)
VmA

Vref(u) —————— NS
Viera |- N

58
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Schmitt Trigger Comparator

Vcce

\I\ Vo
) o

1.Assume Vy = +Vg,

V(-) = Vi Vi) (!D /VI/
R v R1
V(+) = R1+2R2 (+ Vsar) = Vyr §
vd> 0 R2
R r—3
Ry +Ry ("' sat) V >0 B 1L
LV < (+ Vggr) Inverting Schmitt trigger comparator
R1 +R sat
. R;
~aslongas V; < R (+ Vsar) - J \) nystagest
Vo = +Vgsat \
R, ] \ Nur Y
Butwhen V; > P (+ Vggr) \ 3
gTBDSEVI\\II'Ilngrl]JEEE:)om(- sat) Uploaded By: anonymous



Schmitt Trigger Comparator

2. Assume Vi = - Vg4 A

Vcc

V(-) = Vi ~L_ "

__Ra _ .
vd< 0 v R1§
R->
Ri iR, (-Vsat)- Vi < O R2
V >R1 +R ( VSClt) = 1
~aslongas V; > K2 (- Vigr) )
L R1 +R> sat i \,\35““3“
Vo = -Vsat ﬁ\ |
RZ Ny ~Nu N
Butwhen V; < o (- Vsgr) e
Vo switchto (+ Vgge) L |

60
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Schmitt Trigger Comparator
Hysteresis voltage = Vy = Vyt — Vit
Vyr = Upper Threshold voltage
Vur _R R (+Vsat)

V,r = Lower Threshold voltage

R
Vit :R1+2R2 (' Vsat)

Vit Vut

= VAR

61
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Schmitt Trigger Comparator

Signal Wave form

Ry

when V; <
Vo switch to (+ Vgge)

Ry

when V; >
R4

Vo switch to (- Vgge)

STUDENTS-HUB.com

R1 +R2

Vit

V,sat

(' Vsat)

Vut//'\\

-V,sat

62
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Room Thermostat
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ngl 2. Complete circuit diagram for the Room Thermostat. Tha connections to the “relay” are for the low voltage switchin
On Y.
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Room Thermostat
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s ﬁ?- 2. Complete circuit diagram forthe Room Thermaostat. Tha connections to the “ralay” are for the low voltag

only.
2

TCZ = L™M 25 D2

TCc2 = Lp32N R, = 390K /25 - loox 'e°l = loxK
Icz = MATF4I R, : lok Re = 100K Rio = lo%
Tey = HeelS Ry = lok R3 = 2.7™Man Ry = 22K

- 2V 3301 RN 19,15 : Ry = 0.68x
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Schmitt Trigger Comparator

Room Thermostat

400mV/C

Temp o e Schmitt Inverter Inverter
Sensor Gain=40 trigger 1 2

TR2
Switch (2)

ala .',
ISEE tEXT’
R
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Schmitt Trigger Comparator

Room Thermostat 2700k

A
12

V;, =400mV/C
l.LetVyp=+V,,, =+10
vd> 0

V(-) =4v =

100K 2700K
V = V :
(+) 100K+2700K (+Vsar) + 2700K+100K !

For vd> 0; V; > 3.777V
~Aslongas V; > 3.777V; Vo=+Vy
Butwhen V; < 3.777V ; Vo switchto (- Vge)

+

Vo
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Schmitt Trigger Comparator

o)
+
Vo

2. Let VO = Vsat —_ +2

vd< 0

V(-) =4V =

100K 2700K
V() = 100K+2700K (-Vsar) + 2700K+100K = °©

For vd<0 ; V;< 4.072V

~Aslongas V;< 4.072V; Vo =-Vgy
Butwhen V; > 4.072V; V, switchto (4+ Vg,)
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Schmitt Trigger Com,éérator

10 < ﬁ >>

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

2<<v S>>

3.777V 4.072V
9.44 C 10.37C

2)Then T <9.44 C, Vo = -Vsat
Transistor (2) is On , Relay is
energized
and Heater is on.
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Output offset Voltage
Inverting Amplifier
LetVi=0

—MN— A
RF Vcc

A
Vcce
Vo=Vos -
— N ;
Ri +/I/ O o é }

-Vcc
'chc RI Vo o <A> v

Vs = the output voltage when V;=0
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Output offset Voltage

Current source in parallel with short

‘ short

Current source in parallel with a
resistor

\oltage source in series with
the same resistor

STUDENTS-HUB.com

RF
Vcc

Vo=Vos

\va

-Vcc é
v RI‘ Vo
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Output offset

Voltage

M

RF

§Ri

¢

Using source transformation

Vo=Vos

R
Vo=Vos=— R—I; R;Ip

Vos = -Ry Ip

STUDENTS-HUB.com
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Output offset Voltage

MN

RF

Vec
—epl

-Vcc
§Rc \4 ng Vos

Rc is a compensation resistor

Using source transformation

Ri
Ri.IB

Rc.IB

STUDENTS-HUB.com

RI Vos

72
Uploaded By: anonymous



Output offset Voltage

2

Using Superposition RF

R R
VOS=(1+_f)RC IB——fRi IB=O
R; R;

Y,

Ri
For V y to be zero:
Ri.IB
1+ ") Rc — Ry =0 Re NS vos
Rc.IB
~Rc =R; || Rf = ——
+15V -
. =
° V,=0V
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Inverting Amplifier

R
-_
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