Chapter 5
The Operational Amplifier

This all came about in the 1930's when Bell
Telephone had problems sending telephone
sighals over long distances....

amplifiers sensitive to temp and humidity 2
variable phone reception



Recall Voltage divider with Load RL
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Amplifiers

 Amplifiers are devices that@signals,
and also remain mostly unaffected by

changing load resistance. uslall octpet

 Amplifiers are used in many instruments
and electronic devices (iPod, cell phone,
EEG) to boost signals (music, brainwaves)
and buffer (isolate) them from loads.



Agenda

Basic Amplifier Concepts

The Op-Amp Model

How to solve using KCL/KVL
Standard Op-Amp Circuit Patterns
Cascaded Op-Amp Circuits



CircuitLab Modetef an Op-Amp
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Non-ideal (realistic) Op-Amp model — use this
on Assignment 6 prob5

e Typically:
— Riis very large 1IM-ohm
— Ro is small
— Ais 10° - 10°

— model applies to

+0

linear range only
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/ A(vt—-vu)



The Operational Amplifier

\’ -
e
+V_. (positive supply)

oW~

(inverting input) v 5
Vv -0 U, (output)
(noninverting input) v* - ‘{'___ NASRY -)
Ve ¥ Vo = A( -
A -
—? o -V_. (negative supply)x

j_: (common ground) '

* v+ and v- are node voltages relative to ground
sometimes we use vp and_vn

—]
——

* vo = A(v+-v-), ie. A times voltage across the input
* \cc, -Vcc are power supply inputs, usually +/-15V
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Op Amps can be used "open loop"

outside linear range, v+ # v-
* |deal Comparator and Transfer Characteristic
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2 Ways of Using Op-Amps

* “Open Loop”: very high gain amplifier
— Useful for comparing 2 voltages

R E .
(wonlv)— Fixed gain, always at MAX OUTPUT!! y M

* “Closed Loop” with negative feedback

(\M—MB — Useful for amplifying, adding, subtracting,
differentiation and integration (using capacitors)

— Variable gain, controlled by resistor selection




Linear Operation —
vd = Vp-Vn is from -Vcc/A to +Vec/A

vﬂﬁ

Viowl tiear CS«M#L;»S

¢
slope=A = o

> Uy= vt-uU

>I§ -

S atvvedina

= Vcr
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ldeal Op Amp Model -- Closed Loop

r iy
s D g et Feedbac
Ri = infinity % T
* Ro=0
* A=infinity v
* i+=1i- =0 ,,.
* V+ =V-

A(\)D Vo 15 wdrha \‘\va =
O —kpot YanuL
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Standard Form 1: Inverting Ampllfler

NCS Ceol back

/ C liwmck we¥ 3109“)
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Example Inverting Op-Amp Problem

a) Calculate Vo for
Vs=0.4, 2, 3.5, -0.6, -1.6, -2.4

Vo= —Rfug = -8 vug=-5Vs D
_(L—\ \6
Ns | Vo
0.4 | — = ,
o /N
3.5 | =L+S —1S lisit L .
— 3 \|/
— 16| +§ o
—24lH12—  + 10 hmit _
b) Specify the range of Vs required to avoid saturation v
+l0 = =5 Vs | Vg = — 2V
— s = — % Vs ) Ve = + 3V
ll
/ > =< Vg = 3

[T +s
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1) Problem 1 INVERTING OP AMP

find the voltage vo across the 1kQ resistor. [-5V] f
15 kQ

. 5 /) =Y
Vi 5 (> &\

T, I\ = —<V 3kQ
\}0‘ ' —; _

2V
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http://www.rose-hulman.edu/CLEO/browse/?path=1/2/79/95/96/30

How to Approach Op-Amp probs

1. Check for negative feedback

All of our Op-Amp ccts will be “Closed Loop” with negative feedback
2. Assume current flowing into Vp/Vn terminals of op-amp =0
Assume Op-Amp in linear range

This means Vp must = Vn
otherwise A(Vp-Vn) takes us to saturation

Determine value of Vp

SetVn=Vp

Set up nodal equation at Vn node and solve for Vo

Check that Vo does not exceed power supply voltages +/- Vcc (if given)

If so, then assumptions 3 and 5 do not hold
Set Vo to the power supply voltage and recalculate

w

N o vk

If you recognize common forms you can use formulas related to them
— Very helpful in cascaded Op-Amp problems
— Best not to depend too much on these
— You should always be able to go back to KCL/KVL



Standard Form 2: Summing Amplifier

Vin = VP =0 R —ll>
V] O—\VWWN—
kCL node A :
y Vv R, 2
Vi=0 3 Ve Vs 070y o
fi e R3 R

i3
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C'QP Vio+ 5F (“a Vo t QFV;) V3 O—AM——
2 R,

> — O
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Summing Amplifier Example

Calculate v, and i, in the op amp circuit shown below.

Us& —ppv\vw\u y ov” li‘—-

s 2.8 l6
- z + L\ =
Vo = to({ 2.5
Y, = Vo + Y."_ =
— 2
o)

5 kQ

Ans: -8V, -4.8mA

17



2) Problem 2) Summing Op-Amp
Find Vo in the circuit shown if Va=0.1V and Vb= 0.25V [-7.5] R

_ _ /R¢ vV, + Rf V, Z\ 250 k()
Vo= (R, & e
, 2 Ill—""ﬁ"'r'n‘u"f\x
250 2 sY Va :
Vo= —(FVet T V) CP
= -—~<$’ + ZS) Ve

= -7.5 \/
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Standard Form 3: Non-Inverting Amplifier

Vi =Ve = V'3 _12> R
K CL ak Vi
O—V. + Vo =V, =0

i, e

VU = RGCiﬁ. P
Ry RE

o
()

= 5}

Gain> | V. =
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Find Vo for the Non-Inv Op-Amp

Uy = \)§(‘Z_"'. +l>
o
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3) Problem 3) Non-Inverting
Find the output Voltage when Rx is set to 60k

What Rx will cause saturation? [4.8V, 75k ] L
a)y Pow - nv:v-evl:';') 63 kil
Vo H—ay divide, ow f‘"("'k Q'
4.5 k2
ANN—
( > = ,%a 4 NN
|5+ 60 /[ 15 ki)
ors 6 se. Covwwl& 400 mV{

R .
\fo:"(’(“’""l> v v

= 31(_~ +l3= 3V

(93 To vl Frmola for Vo
— 4y lS‘ = +¢& it <toctan
\)O : (\S‘-Q-Rx\(

Solve £or Bn Re (6)= =(\s+Rx) , Rx=7s =
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Difference Amplifier

OOMB’M UOV\‘ 4 (ww FDVMU{@;‘, -
= (1+ 22 ) R4 Nv, — Zv R S
P\‘;-I-Qq R 7 0
] Va | —»
"F' we sc,Qec-l' R, ., 0
/
Ry = k=2 \-l’Lev\ i l

- R . R R
A balanced ALFQ/}%Q awmp { VO ZEZ(VZ —Vl) : |f Rl —_3
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Find the%output voltage v, [.g; o™
. leoo _ 3
MO‘{ 200 l 2\
200 Q2
o Vo< G_z_ (\/z ‘V\>: % 2“"’) -
R, .
= - QoV \f e 1 kQ

— 12v<+>2v 8 kQ




4) Problem 4 Difference Amplifier

If Vb=4.0V, what values of Va will keep linear operation? [2<=va <=6]

., 50 =Zo 2.
ASA!MI _l_o_ 4_1 Ql j\?/\?\ﬁ
10 ki
ANN— ¢
< \’7" - &(Vz‘v\> vi
iy 0
\)o = $’(V1° -Vw> 0.
= 20 k)
- 5—(4_\/0» _
\4
Solee o
a‘.B \6 = §(‘)—me — Va & Lzo—;iO) = 2
1y = S (4 — va = C2etl0) = 6
\95 lo &! > o~ e
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Cascaded Op Amps

* A head-to-tail arrangement of two or more op amp
circuits such that the output to one is the input of
the next.

+ - +
Stage 1 Stage 2 Stage 3
Vo = Al"l Vy = /’-‘,)\r7
Al & Az : S A3

\'l

* Total Gain is the product of all stages
Y

Gain=-2=AAA,

V

\-’“ = A 3 \’3
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Another way to make a Difference Amp

Find the formula for Vo in the circuit below. fuMW\;uj Op - A

3R /\/\/_\
; 5R,

—\\V\NVN—

_LV_\,Vf OP _ Aw{)- i VAVAYAY:
5R
= — = -3V 1
\/ A 3 23 \/Z. 3 < _/\/_\/\/\’ ; <.
*3 a o OV,
So ' (0] Awn
ity Op-Avp R,
(5" R, Q | V> lV\V OP'A“'P % | o—A A\ NN \—
- )
S Rj R\ L
—_— — <,.3 \/-2_ + S V\B
Ans:
Vo = S wv, -3V Vv, =-5v,+3v,
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Find the output voltage v, 1900 V]

JkQ JkQ 100 kQ

SUW\WL_“M?J kwu—e\rt"\v—')
V, = (—5 (S_)"' T ) 7
b= oy, = 900V (assumiy net Sebreled
o —

‘ —
Tobkl Gaw. = Voo (Voo +2VL)
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Find v, and i in the circuit shown below.

Now- lwv A
Pon- v A
No = (l-f'z—fi‘BZOMV
Rla AWM —
12 kQ
B ST S S
3 kQ
No\tv)m/ [> Q\Os
v, = ( 1+ % Bvu o
Qll-p ==
CSS—>C n) .'SS'V
. REL 3.5) = L.
Tobt Gaw = (H- -ﬁ—l\(hL mL} Cg)( 2
F-\V\é,\bxc) ‘)0
— 35S =
oL .= Yo = o, =

\'-\)L
Ans: 350mV, 25pA 28



If v, =1V and v, =2V, find v, in the op amp circuit shown below.

e v
/W0y ¢ Oy )
Vo - < % Y ° |
| 2kQ c Som
A ; a :
Na > INV B
| 8 kQ
° — % Vv : Vi 4m . Vi, 15 kQ

Ans: 8.667 V 29



5.5 Application

* Digital-to Analog Converter (DAC) : a device which

transforms digital signals into analog form.

Four-bit DAC: (a) block diagram (b) binary
weighted ladder type

W W iy
Digital © ]
O ur-bi Analog : S : :
mput & FLDll/I\(t‘)ll - O I lc R, | R, R, R4 o e
AL outpu ; I
(0000—1111) & ‘ [ ] I
MSB LSB ‘D

(a)

(b)

where
V,; - MSB, V, - LSB
V; toV, are eitherOor 1V
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5.5 DAC Example

For the circuit shown below, calculate v, if v;= 0V,v,=1V and v, =

1V.
10 kQ 10 kQ

§ov\nml\r5 OO P‘W‘P Vl O——— NV\NVN— —A\NNN—

vo-=-—(ll% /) 20 kQ

Vo 0— ANV

z-(*“‘zf) 40 kQ
V3 0 AMA——

Ans:-0.75V 31



Handouts



1) Problem 1 INVERTING OP AMP

find the voltage vo across the 1kQ resistor. [-5V]
15 kQ

| k2
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2) SUMMING OP-AMP
Find Vo in the circuit shown if Va=0.1V and Vb= 0.25V [-7.5]

5 ki)
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3) NON INVERTING Find the output Voltage when Rx is set to 60k
What Rx will cause saturation? [4.8V, 75k ]

63 kil

AAN
' Vv "n/ V

4.5 k) 5V
AAN ’— .

vVYV
3 *—9
AN e % +
15 kil 5V
. § ¥
R

400 mv {f |
v A4
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4) Problem 4 Difference Amplifier

If Vb=4.0V, what values of Va will keep linear operation? [2<=va <=6]

50 k{}

V'JQ 20 k(1
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5. Another way to make a Difference Amp

Find the formula for Vo in the circuit below.

.

Ans:

Vv, = -5v;+3v,
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6. Find the output voltage v, 1900 V]

3kQ JkQ 100 kQ
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7.Find v, and i  in the circuit shown below.

Ans: 350mV, 25pA 39



How to Approach Op-Amp probs

1. Check for negative feedback

All of our Op-Amp ccts will be “Closed Loop” with negative feedback
2. Assume current flowing into Vp/Vn terminals of op-amp =0
Assume Op-Amp in linear range

This means Vp must = Vn
otherwise A(Vp-Vn) takes us to saturation

Determine value of Vp

SetVn=Vp

Set up nodal equation at Vn node and solve for Vo

Check that Vo does not exceed power supply voltages +/- Vcc (if given)

If so, then assumptions 3 and 5 do not hold
Set Vo to the power supply voltage and recalculate

w

N o vk

If you recognize common forms you can use formulas related to them
— Very helpful in cascaded Op-Amp problems
— Best not to depend too much on these
— You should always be able to go back to KCL/KVL



