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How are Op-Amps used?

Comparator (seen earlier)
Voltage follower (seen earlier)
Signal Modulation

Mathematical Operations

Filters

Voltage-Current signal conversion



* Op amp can be configured to be used for
different type of circuit applications:

— Inverting Amplifier

— Non - inverting Amplifier
— Summing Amplifier

— Integrator

— Differentiator



Non-inverting Op-Amp
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Uses: Amplify...straight up



Inverting Op-Amp
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Uses: Analog inverter
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Why are they useful?

* Sensor signals are often too weak or too noisy

— Op Amps ideally increase the signal amplitude
without affecting its other properties

Transducer Signal processor Recorder



Why are they useful?

* Negative feedback leads to stable equilibrium

* Voltage follower (direct feedback)
— If Vout = V-, then Vout ~ V+

Feedback loop

Closed Loop Transfer Function
y \ H(s) = A/ (1 + AF)
- n When AF >>1...
out
& / H(s)=1/F
Where: A = Op Amp Open Loop Gain

F = Feedback Loop Gain




1. The output attempts to do whatever is necessary to make the
voltage difference between the inputs zero.

2. The inputs draw no current.

Feedback loop

ot




Aciklama

e Kirsof’'un akim denkleminde giren akimlar
ctkan akimlara esittir.

* |dal op amp devrelerinde giris akimlari
oirbirlerine esit ve OA dir. Gerilimlerde
pirbirine esittir.
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ldeal Op Amp

is infinite
IS zero

Amplification (Gain) V,, / V. = o
Unlimited bandwidth

V

(0

.+ = 0 when Voltage inputs =0



ldeal Op Amp

Ideal Op-Amp Typical Op-Amp
Input Resistance infinity 10° Q (bipolar)
10°Q - 1012 Q (FET)
Input Current 0 1012- 108 A
Output Resistance 0 100 — 1000 Q
Operational Gain infinity 10° - 10°
Common Mode Gain 0 10>
Bandwidth infinity Attenuates and phases at high
frequencies (depends on slew
rate)
Temperature independent Bandwidth and gain
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Op-amp circuit symbol

* Open loop mode
\ * V. =A_4(v,—Vy)
@ O

— A4 is referred to as the

v open loop gain.
L — Notice that is v, = v,, the

open loop gain equals to
o0



* Two main characteristics:
 We want the open loop gain to be equal to oo which means

thatv, = v,
O
&2 e
0
. i() =A4,2(Vr—-v))

* We also want the input resistance to be equal to o, hence
there is no current going into the op-amp

+ O




Opamplara (islemsel yiikseltecler) Giris

-Operasyonel (islemsel) yukseltegler, kisaca “opamp” olarak bilinir ve bu adla tanimlanirlar.

-

olarak islemsel kuvvetlendirici demektir. (islemsel Kuvvetlendirici = Operational Amplifier)

-OpAmp keli
-Elektronik endistrisinde dretilen ilk timdevre (integrated circuits=1C"s) bir opamp’tir. 1963 yilinda Fairchild firmas: tarafindan pA702 kodu ile Gretilip
\
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-Islemsel yiikseltecler aktif devre elemanlandir.

-Devrede gerilim kontrolla gerilim kayna@ gibi ¢alisirlar.

e ————

-islemsel yiikseltegler sinyalleri toplama, gikarma, béime ve ¢carpma &zelliklerine sahiptirler.

-Bu matematiksel Gzelliklerinden dolayr da islemsel yikselteg adini alirlar.

+ —
Eviren Girig O—

Cikig
Evirmeyen Girig
S L
-V




Op amp

 Opamp kazancinin kontrol edilebilecegi iki temel tip
yukseltec devresi vardir. Bunlar; eviren (inverting) ve
evirmeyen (noninverting) yukselteclerdir.

e Opamp’in kazancini kontol etmede en etkili ydntem
geri besleme kullanmaktir



Op amp .
3
e

Temel Eviren Yiikselteg Devresi

Eviren yukseltec devresinde giris gerilimi V1, R1 direnci ile opamp’in negatif
terminaline uygulanmistir. Opamp’in pozitif terminali ise topraklanmistir.
Opamp’in giris ve ¢ikis terminalleri arasina baglanan Rf direnci, geri besleme
direnci olarak anilir. VIN giris isareti ile VO cikis isareti arasindaki baginti R1 ve
RF direncleri ile ifade edilir.

Devre analizi yapmadan once, opamp ozellikleri tekrar hatirlatalim.
 Opampin eviren (-) ve evirmeyen (+) uclarindan, opamp icerisine kiiclk bir
akim akar. Bu akim cok kictk oldugundan ihmal edilebilir.

e Girise uygulanan isaretin AC veya DC olmasi durumu degistirmez, her ikisi
de kuvvetlendirilir.

 Opamp’in (-) ucu ile (+) ucu arasindaki potansiyel fark sifirdir. Bu nedenle,
devre de opamp'in (-) ucuda toprak potansiyelindedir.



Uygulamada yoygin olarak kullanylan 741 kodlu opoamp'in Szellikleri:

|- Gerilim kazanci 45.000-200.000 arasindadir.

II- Giris direnci (empedansi) 0,3-2 MW arasindadir.

111- Ckis empedans: 50-100 W arasindadir.

IV- Band genigligi 1 Mhz dolayindadir.

V- Cikis akimlan -100 mA dolayindadir.

VI- Girig uglaryna 0 Volt uygulandiinda gikisuglaninda da 0 Volt olusmaktadir.
VII- Karakteristikleri sicaklikla cok az denilmektedir. »

VIII- Giris uglann ¢ektigi akim sira yakindir.

— —

LM741 Pinout Diagram

= OFFSET NULL




Op Amp

1- Giris akim degerleri sifirdi. 11=0 [2=0
2-Giris u¢lan arasindaki gerilim fark sifirdir.

Eviren 3
Islemsel Cikis
Yikselteg

Evirmeyen —{ +

Op amp devrelerinin ¢cozimunde Kirsof akim ve gerilim denklemleri kullanilir.
Negatif uca uygulanan sinyal terslenerek ¢ikisa uygulanir.
Pozitif uca uygulanan sinyal katsayi oraninda buydtulerek ¢ikisa uygulanir.

Op Amp’li devrelerde kazang cok yuksek olsa bile ¢ikis gerilimi besleme
geriliminden buyuk olamaz. Op Amp’in simetrik besleme gerili -12, +12 V ¢ikis
gerilimi maksimum 24 V olur.



Ornek: Girig gerilimi verilen asagidaki devrenin gikis gerilimini (V¢) bularak giziniz.

Re=100Q

R~=s°Q +#1V } -
Vg Wrs> :D—A—o Vg & t(sn)
av |- - U
Coziim: Ve
avl.
K==L formuland kullanarak; | ]
. ormiliing kullanarak; G.\/\& U t(sn)
av |- 4=+
10_

44
formulunu kullanarak; 'Y = |~ ¢

= -2!_95_ bulunur. -
/

Cikis gerilim terslendi.
Cikis gerilimi tepeden tepeye 0.2V




Ornek: Sekildeki Op-Ampli eviren yiikselteg devresinde, Giris gerilimi olarak osilaskop gériintusii verilen Vg=1V DC
uygulanmaktadir. Cikis gerilimini hesaplayip, osilaskop goruntisiini giziniz. (Vyg‘w_-—-ul)

Tersleyen yiikselteg
devresi ve girig sinyali

R,=10Q)
Vg=1V

-Y-L=- YJ’ formiiliinG kullanarak;

V¢=- 3.1=-3Volt bulunur.

Sinyal sekli sdyle cizilir: (Volt/Div = 1V kademesinde, V.=-3v DC )




Ornek: Sekildeki devrede Rf geri besleme direng degerini hesaplayiniz.

Re Cozum:
R, =1,5K Vg =250mV =0,25V
- 2
WWh Vg =5,75V " _‘ Ve ‘_l 5,75 |_ >3
1 6 Tl vy |7l 025 1

vg =250mV R

K=1+_:

]

22 =—-

1.5

Ry=22.1,5=33 K

* Bu devre terslenmeyen ylukseltec devresidir.

* Terslenmeyen giristen Vg=250mV gerilim
uygulanmis.



Ornek: Sekildeki devrede giristen uygulanan sinyalin osilaskoptaki goriintlisii verilmistir. Gikis gerilimini
hesaplayarak osilaskop gériintusiini giziniz. (Volt/Div =1V)

R, =500

vy

R, =100

> Gikis gerilimi

= e &
K-1+R,

50
K= 1+ - 1+5=6
V.= K. V‘ formulin kullanarak;
V.=6.0,5=3Volt bulunur.

Bu gikig sinyalinin Osilaskop gériintisti sdyle gizilir:

Volt/Div=1V kademesindedir.



Ornek: Sekildeki devrede kazanci ve gikis gerilimini hesaplayip, Girig ve Gikis sinyallerinin osilaskop gériintiistini

giziniz. (Volt/Div =2V, Time/Div=5 psn)

R =300 Cozim:
R, =100
225 2 Vpp = Volt/Div . DKS formiiliinden;
yy >‘—° v‘
0—‘-0 o
4=2.DKS
vg =4Vpp
f=50KHz DKS = 2 bulunur.
Giris sinyali T= Time/Div . YKS
1 -
=2s 5.10°%. YKS f= 50 KHz = 50. 10% Hz olur.
Wl Dikey Kare Sayisi = 2 1 a2 -6
! T 5.107% . YKS
1 1
ne= 50.103.5.1076 ~ 250.10"3 ~ 250

| |
| Yatay Kare

* DKS: Dikey Kare Sayisi
* YKS: Yatay Kare Sayisi

= 4 bulunur.



Cikis gerilimi ise;

Ry
K2+

30
K=l+o=1+3=4

V.= K. Vg »
V.=4.4=16Volt bulunur. e 4
| Saym=4 |
Bu gikis sinyalinin tepeden tepeye degeridir.
Osilaskopta soyle goriiniir;
Vg=16Vpp (Volt/Div=2V, Giris — ¢ikis sinyalleri arasinda faz farki
Time/Div=5psn) yoktur. Giris sinyali terslenmeden 4 kat

yukseltilmistir. Cikis sinyalinin frekansi da
girisle aymidir. (f=50 Khz)



Ornek

Sekildeki devrenin kazancini ve ¢ikig geriliminin degerini hesaplayin.

-R, -10
A=—"L=""= V, =A,V =-10.0,5V)=-5V

* Terslenmis yukseltec devresi
» Kazanc=-Rf/R1



Ornek

Ornek 2.2: Sekildeki devrenin kazancini ve gikis sinyalinin degerini hesaplayin

50mVig Vo
———
A‘-ﬁ-ﬂl_ 31.33 =A,V =-3133.(50mV_)=-1.566V
.‘R_I.S_-_.','-——— A Sl s L i
' / L s //

V' luk bir siniis sinyal alinacak ve girisle arasinda 180° faz farki

Cikistan, tepeden tepeyc '
olacaktir. Girig ve ¢ikis sinyal'«1 == 2gida goriimektedir.

Cikistan, tepeden tepeye 1,566 V' luk bir sinis sinyal alinacak ve girisle arasinda 180° faz farki
olacaktir. Girig ve ¢ikis sinyalleri agsagida gériimektedir.

omY_ NN




Ornek

Sekildeki devrenin kazancini ve ¢ikis geriliminin degerini hesaplayin.

R, 10
{ A,.=l+—=l+T=ll V,=AV, =11L(50mV)=550mV



Ornek

Sekildeki devrenin kazancini ve ¢ikis sinyalinin degerini hesaplayin.

R, 220
A\.=I+F=I+E=5,ﬁﬂ Vo=AV =5,6ﬂ.{5ﬂm'ﬂ"ﬂ]=2'ﬂ4m'ﬁ'ﬂ

1

Gikistan tepeden tepeye 284 mV' luk bir sinds sinyal alinacak ve girigle arasinda faz farki
olmayacaktir. Girig ve ¢ikis sinyallerinin sekilleri asagida gorulmektedir.




Ornekler

Soru:Asagidaki opamplann her birinin giris isaretleri 1 V dur. Besleme geglimleri 12 volt olduguna gore her bir devre icin ¢ikis gerilimlerini hesaplayiniz.

Vez o W¥ v Yoz (g AV Yoy




Bir onceki ornekte

1- Eviren ylUkseltec devresi

2- Evirmeyen yukseltec devresi

3- Gerilim izleyici op amp devresi

4- Eviren girisi olan toplayici ylkseltec devresi
5- Karsilastirici op amp devresi

6- Karsilastirici op amp devresi

7- Eviren girisli yUukseltec devresi

8- Eviren girisli toplayici yikseltec devresi



Ornek

ORNEK 1: Asadidaki seki '
Asag sekilde verilen faz g ~—12P-amp'in gikis genlimini ve kazancini bulunuz.

R=10K
i T et
3 R
1 R=5K V,= Vil 23 =-2 D)=2.2=-4v
V=2V o] |
N —0\/ =?
: V=7 K=~i‘ 10 _
o T =-2 veya,
Vv 4)
K:._': (_:
V, 2 .



example 1:
Determine the output current fo when Vi=1V and V2=1V
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Inverting Amplifier

Op-amp as an inverting amplifier

Voltage at node 1 (inverting) = voltage at node 2 (non-inverting )
KCL at node 1:

(Vi—O) / Ry = (O_Vo) / R,

Vi/Ry=-V,/R,

V, = -R, V . VW Ry
Q oltagegain, 4, =— = ——=
V, R, ‘ EEE Voo Ry

Input Resistance, R; = ? =Ry
1

Output resistance, R, = — =R,



Exercise 8.3

150 k2

5 e

Gain = - (R, /R,) = -(150/12) = -12.5



Can the voltage gain be calculated using the same formula?
Try and use the same method in deriving V_/V,



Non - Inverting Amplifier

Voltage at node 1 (inverting) = voltage at node 2 (non-inverting ) el
VMWW
KCL at node 1: %,

(0-V) /R, = (Vi=V.) /R, L D]y N
-(Vi/Ry) =(V;/R)) = (V,/ R)) = B @ v >"'—Ov”

Vo/ Ry= (Vi/ R)+(V,/ R)=Vi[ 1 + 1 5
R, R, L

V,/V.=R, |1+ 1 Noninverting amplifier
RZ Rl

N

Voltage gain, A, =—5=1+—




Voltage Follower / Buffer Amplifier

— I.‘()
4

A voltage follower circuit/Bufferamplifier

QO

Vo = Vi
Hence, gain =1



Summing Amplifier

Similarly,

Virtual ground -

Using KCL at the input node

- i, +i,+i3—1,—0=0

‘n Output voltage

- Vo= —R, (24 V2 Ve
" "\Ri Ry Ry

Example 8.2

Design a summing amplifier as shown in figure to produce a specific output signal, such
that v, = 1.25 — 2.5 cos ai volt. Assume the input signals are v, =-1.0 V, v;, = 0.5 cos at
volt. Assume the feedback resistance R; = 10 kQ2



Solution: output voltage

VL VU VU3 (=1) O0.5coswt
= —R +—=+ = —R +
vom T (R1 R, R3) ] [ R, R,

1 0.5coswt

, 1.25 - 2. =Rp|———
Or 5 5cos wt F!Rl R, ]

Rr (R
Or, 1.25 — 2.5coswt = — — | — (0.5 cos wt)
Ry \R;
So, the DC input line contains the resistance R; can be calculated as

_ Ry 10
25 1.25

R
L -1.25 Oor, R,

= 8 kQ
R, 8

Similarly the time varying signal input line contains the resistance R, as

0.5 cos wt 0.5
10 Xx—=2kQO

Rr y ~
F=25coswt 2.5

(R_) (0.5 coswt) = 2.5 coswt Or, R, =R
2



Other Op-Amp Applications



Integrator i

1 R
Output voltage, Vg = — RiC, f v dt v,O—'\N{/\, > Vo
——0O

If the capacitor has some initially voltage, V- 1

Integrator circuit
vo =V, — RlszvIdt
EXAMPLE 8.3
An integrator circuit as shown in figure has a voltage V. = —1.4 V across the capacitor at

timet = 0. A step input voltage v; = —2 V is applied at time t = 0. Determine the RC
time constant necessary such that the output voltage reaches +10.2 V at time t = 5 ms.

Solution: output voltage

vo—VC—_fvldt—VC v,dt

RC

or, 102 =-14—+2 [° dt =

R1C2
Or, R,C, = 0.862 ms.



Differentiator

Output voltage, Vo = —R, QE ., O_(|?1

Differentiator circuit
EXAMPLE 8.4

Determine the output voltage of a differentiator circuit as shown in figure, assume
that the input voltage v; = 3.5 cos(100m t) volt and the time constantRC= 1.5 ms.

Solution: output voltage

_3) d[3.5 cos(100m t)]

Vo= _RZCI i = '—(15 X 10 dt

dt
Or, vo = —(1.5 X 1073)[=3.5 X 1007 X sin(100m t)]
Or, vo = 1.65sin(100m t) volt



Calculating Gain and Design Questions

INVERTING NON - INVERTING

Vo R, Vo R;

-5 Voltage gain, A, =5=1+—

Voltage gain, A4, = - -
L 1

Calculating Output and Design Questions

SUMMING AMPLIFIER

Output voltage

Vv, = R(Vf+vi+v")
0 “\R, R, R;

INTEGRATOR AMPLIFIER
DIFFERENTIATOR AMPLIFIER 1
Output voltage, Vg = — v dt
0 _ dv, p 8 0 R1C2f I
utput voltage, Vg = —R,Ci——

If the capacitor has some initially voltage, I/

1
U0=VC—R1C2fUIdt



10ke

Sk
AN

Vi

NON - INVERTING

—MN—
5kiy - 5k
—AAM— —AAM—
Va + Vb
INVERTING

INVERTING

Calculate the input voltage if the final output, V5 is 10.08 V.

Finally:
Va=(1+10/5)V,
0.504 =3V,
V,=0.168V

€

Then:

Vb =-(5/5) Va
-0.504 =-Va
Va =0.504 V

€

Have to work backwards:
Vo =-(100/5) Vb

10.08 =-20 Vb

Vb =-0.504 V



24 kO

r_'ml O_W
24k
-2V »—&/\/\,—ML

24 kn

—6 Vo—AMW—

What is the value of V, , from the figure above?

12=-241[V, /24 +(-2)/24 +(-6) /24 ]
12=-[Vi;3—=2—6]

12=-V,_,+2+6

Vin=-4V

—inl




250 k3 _Fv"'\j\h

INVERTING SUMMING

Calculate the output voltage, V, if V, =V, =700 mV

Va =-(500/250) 0.7 a Then:
Va=-1.4V Vo=-500[V,/100 +V,/50]

Vo=-500[-1.4/100+0.7/50]
Vo=0V



RS —
1.5kQ
& —_ VG
VS — R]_ — +
1.5V 3kQ

Calculate the output voltage V,, of the operational amplifier
circuit as shown in the figure.



Comparator

www.allaboutcircuits.com

-V

Uses: Low-voltage alarms,
night light controller



Pulse Width Modulator

+V * Output changes when
L = — Vin V= Voo
Vm? %_+ Yo Potentiometer used to vary
L | duty cycle
-V
v Vaut
Py Pl

www.allaboutcircuits.com U Ses. M OtO I CO ntI‘O | | ers



Summation

™ —— Vout = —HRr (
W' B t Rl RE

l.,-_.l ------ T = m—— " F!_I_.
g W $

2
W1 o—/\/\/—o—l :/\/\,_l
1 ; 2

www.wikipedia.org k II""'IlIII ut

Uses: Add multiple sensors inputs until a
threshold is reached.


http://en.wikipedia.org/wiki/Image:Opampsumming.png

Difference

out

_ \ 2(R3 + Rl)R4 _V1R3

~ (R,+R)R R

If all resistors are equal:

Vout — V2 _Vl



Integrating Op-Amp

>

f 'L_.:'_'
ot = | ——=—=dt + Vg
’ /,] RC taal

————

R
v, — W

. "?ﬂl.'lt

WV

www.wikipedia.org

Uses: PID Controller


http://en.wikipedia.org/wiki/Image:Opampintegrating.svg

Differentiating Op-Amp

R

i
C -;::nut — _RC (dlm)
V. el | ~ dt
1

v oul
+
www.wikipedia.org

(where V. and V_ , are functions of time)


http://en.wikipedia.org/wiki/Image:Opampdifferentiating.svg

Filters

Looks like « Decouple the low-pass RC

open circuit

\ D filter from the load.
1 ::>% .

Uses: Simple audio.
Remove frequencies over
20kHz (audible)



Low-pass Filter (active)

e Cutoff frequency

| 1
. w fe= 5 R0
o A A "_\\ *-’G
| -  This works

An active low-pass filter ok b e Ca u S e t h e
www.wikipedia.org Ca pacitor needs
time to charge.



High pass filter (active)

e
__:'.i' " B

Win i i i i e

S
Py | Pl |

. y LK
R R

- .-.__...
- -
-.""-. 10k = |

3

An example of high-pazs active fiter. The operational amplifier,
iz uzed as a buffer amplifier.

.-:-

www.wikipedia.org

Band-pass filter cascades both high-pass and low-pass!



Transconductance Amp

e Precision 250Q) resistor
4 to 20 mA

o — « 1V /250 Q =4mA
S~ SRes 5V/250 O = 20mA
L seToma * R/, .q doesn’t matter, just
Vo 3 L to 5 volt signal range as long as op-amp has
high enough voltage rails

— www.allaboutcircuits.com

Uses:
- In: Sensors (temp, pressure, etc),
- Out : Radios (Variable Freq Osc)



