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Lecture 37 — Summary

Learning Objectives
1. Applications of Operational Amplifiers
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Number of students
Mean score
Standard deviation
Median score
Minimum score
Maximum score
Number of 0%

Number of 100%
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Voyager 1 probe

~ 15 billion miles

amVATAVAVATA

radio wave

~ 22.5 hours

September 5, 1977

April 2024

Went silent in November 2023 due to failure of one memory chip
NASA engineers have rerouted the code to another memory chips

This week communications have been reestablished

The onboard computer memory is 70 Kbytes
The digital tape recorder can store 67 Mbytes of data 5



Example 1 +15V

V, =1V Ay = 10°
V__r P Vout
—15V

Vour = Ay X (V. —V_)=10°1-0) = 10°V

Saturation occurs at +15 Volts. I::> Vour = 15V

A
Vout

15V




Example 2 +15V

—15V

Vout = Ay XV, —V_)=10°0-1) =

Saturation occurs at -15 Volts.

A
Vout

—

VOllt — _15V

—15V

—10°V




Example 3 +15V

=1V Ay = 10°

~Q b

/AN AN

v

Vourt

15V

—15V-



Ideal Inverting Amplifier

v, Ly Ay - oo
o +

Rp -

- Voltage-shunt feedback

The voltage gain with feedback is

Vout _ R F
Vs Rg

Ayp =



Ideal Non-inverting Amplifier

* Vout
N Rp .
Gain is positive AVF — 1 4+ — | Input and output in phase
R¢
Amplifier operates in 1 + & < VCC
linear region when RG VS .




Example 4

* Viout

4+
V_ R = oo (open circuit)
R Ry = 0 (short circuit)
V V R: + R RE/
AVF: out_ out G F_1+
Ve V. RG G

> Vour =

Unity amplifier (buffer) also called “Voltage Follower”
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AL_@_..:_
o |/ ¢
. + ou

- i,=0
B
- \ POSITIVE FEEDBACK to
T non-inverting input
I |

Be very careful
The configuration above is NOT a voltage follower, because
the feedback loop connects to the non-inverting input

This Op Amp tends to saturate quickly to +V .- depending on
polarity and magnitude of V¢ (bistable circuit). This circuit DOES

NOT OPERATE IN THE LINEAR RANGE AND DOES NOT DUPLICATE
THE INPUT TO THE OUTPUT.

12



Example 5 . 12V

v, W !
+o — +\\
V_ / e +
1 — | Vout
— 5V 5.6kQ l_ _15‘, _T_ —
VNW—
- 10kQ
Vout . RF

13



Example 5 . 12V

v, W !
—— +\\
V_ / o -
1 — | Vout
= &y 5.6kQ | Q_ /—ﬁv -
VAVAVem =
- 10kQ
Vour __ Rp
Vg Rg¢
10Kk
—> |V, = —5 ok = —8.93V

14

Since |V,,:| < |[Vccl, the result obtained is valid.



Example 6 . 12V

v, W !
+o — +\\
V_ / o -
L — 7 Vout
= 3V 1kQ | —1§V K
MW— =
= 4. 7K
Vout . RF

15



Example 6 . 12V

—=>

S
S
g

1

w
|l
I

e

o

e

<

N\

I

S

=p

Since |Vyyuel > [Vccl, the output voltage saturates at —12V.



Example 7 . 12V
®

v, U+
+o — +\\
V_ // o -
1 — | _ Vout
- VS 1kQ l_ _15‘, _T_ —_
M— =
- 2. 7K

17



Example 7 . 12V
®

l
V+o _+> +\\
V_ 7/ ® V+
- — out
- VS 1kQ l_ _15‘, _T_ —_
M— =
- 2.7kQ
V¢ =V, cos(wt) V,, =3V
Vo Rr

v, — R, Vout = Vino COS(wt)

18



Example 7 ; 12V
®

v, U+
—— +\\
V_ 7/ ® V+
. — out
- VS 1kQ l_ —1EV _T_ —_
VVN — -
— 2. 7Kk
V¢ =V, cos(wt) V,, =3V
V R
;:t = — R_z Vout = Vino COS(wt)
2.7k
|::> Vm0:_3T2_8'1V>_Vb

Since |V, < |Vccl, the result obtained is valid. 10






Example 8

o 1%V
+\>
i_=0 7,
—12V
—A\/\/

* Vout

21




Example 8 5V 12V

— + i,=0
f@_.:+\> v
®* Vout
= i__:O)/.
~12V
=
10kQ
V_ %5.6kﬂ Vout — 1+ ﬁ
'— Vs Rg

Since |V, | > [V ccl, the op-amp saturates at 12V. In Example 5,
with the same resistors the inverting op-amp did not saturate.
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Example 5 Again . 12V

v, W !
—— +\\
V_ / o -
1 — | Vout
= &y 5.6kQ | Q_ /—ﬁv -
VAVAVem =
- 10kQ
Vour __ Rp
Vg Rg¢
10Kk
—> |V, = —5 ok = —8.93V

23

Since |V,,:| < |[Vccl, the result obtained is valid.



We have seen earlier

The response of a passive filter is affected by the load connected
directly to it. For example, consider a high-pass RC filter:

RC constant ,_IC‘ . toan
¢
T=RC v i
i R <V, R
with load ’ w :
T = (R//Ry)C ° !

The parallel Rq.¢f = R//R; yields an equivalent resistance lower
than either R or R;. In particular, if connected to a small resistor
R;, the resulting cutoff frequency w; = (R.;C) ™! may change
considerably with respect to the original w. = (RC)™1.




Isolation of filter from load

Very high input Low output
impedance R;;, impedance R,,;
| |

¢ s
s e =
Vin R : I_ i R
| Unity amplifier | L
° —1— : (buffer) :
Vour = V1

T =(R//Rin) C > (R//©)C=RC=T1

25




Adder OP AMP

Vout

V+ l+ \
—+
1 —1-
— R]_ l_ RF
Vi —— AN —
RZ V_ feedback




Adder OP AMP

v, 4

Vout

~|
7

- R1
V,=V_=0 Vi—/V\V07 —_—
RZ — eeapac
LE=0 y — A
NodeV_ O
Vi—=V_ Vo=V_ Vouue—V_

27



Adder OP AMP

Vout

NG
— 1+
— R1 l_ RF
V,=V_=0 Vi—/V\V07 \/\/\/—Jk
RZ — eeapac

|f R1 — RZ — RF
::> Voutr = _[Vl + VZ]

28



V,=V_=0
i, =1i_=0
For N inputs
|f Rk — RF

resistors all equal

Adder OP AMP

Ly

—=>

-]
%

Vout

feedback

29



Adder OP AMP

v,

Vout

-]
%

V_ feedback

But one needs to verify that the output voltage

does not exceed the rail bias
Vout! < [Vecl

30



Example — Four equal resistors in input

V,=V_=0

i,=i_=0

R = 1kQ

max




Example — Four equal resistors in input

Ve=V-=0 R = 1kQ V| =1v
i,=i_=0 max
®12V
v, U+
+‘ +\ Vout
I
- R L_ ®—12V lp
Vi —/VNV—9 VVV
V_
R R; !
V, ——/\V\ 1
2 V_ = 0 virtual ground. Each input resistor
R carries a maximum current iy |pnax = 1mMA
V; —/\V\—1
R
Vy—/\V/\—*



Example — Four equal resistors in input

i,=i_=0 e
V. i 912V
° — +\> VOI.lt
— R T_) /0—1211 T lF
Vi—/VV CV VVV
R | R !

V_ = 0 virtual ground. Each input resistor
carries a maximum current iy |pnax = 1mMA

The output voltageis V,,,; = R X ir|max

R
— A\

R Ir|max = 4mMA independent of Ry.
— A



Example — Equal input resistors

i,=i_=0 max
V_|_ L @12V
o — +\> Vm:t
- R T_> é‘—lZV T iF
Vi—/VV CV VVV
R _

% If Rr = R = 1k, then V,,,; = 4V at most.
2= VVV?

R The maximum value allowed for Ry is when
v AA & |[IVour| =Vp =12V (remember, the input
3 R current does not change with Rp)
Rpmax = Vp/ir| =12V/4mA = 3kQ
V4 ——\/\/\/—‘ ’ max 34




Ideal Current Source

* Vout

ZONEIEL

1

The current generated should be constant,
independently of the load R,



OP AMP Current Source
V,

Vout

V.=V_=0 F —— :“\ X
— —){
I



OP AMP Current Source

V
. _ o+ N Vout
V.=V_=0 | :

37



OP AMP Current Source

V.,

=0

Vout

I:i_+IL:IL

Example:

—=>

Vs = 1V; Rg = 1kQ

I; =

- 1-0

1kQ

= 1mA

Independent of R;

38



Differential OP AMP

R v, U+
SEaVAVAY —— N Vm.zt
L
1 2

— VZ‘\/\/\/T\/\/\/_
_ feedback

R4_ — V — V
V, =V_=V + -

* 'R; + R,

i,=i_=0

39



Differential OP AMP

R3 i i+ \ v
Vi—\V\ . + out
e [T
1 2
— V —\/\/\T/\/ \/

“‘C’;je - 2 V_ feedback

VaV_ Vou—V-_ = V., =V_
Ry R i,=i_=0




Differential OP AMP

R v, U+
SEaVAVAY —— N VOl.lt
R4_ T’ /
R4 - Ry

node - VZ V_ feedback

o |
Va=Vo Vouw=V- _ = V.=V

Ry R i,=i_=0
Vour . Va—V_ -V
R, R4 R,




Differential OP AMP

R v, U+
| SEnVAVAY +‘_>N Vm.zt
Re o [T
1 2

— v,
- V_ feedback

R, R,
V_|_ :V_:V1R3-|—R4_ Vout:R_l(V__VZ)-I_V_

42




Differential OP AMP

R; v, Ly
| SEnVAVAY +‘_>N Vm.zt
Re o [T
1 2

— v,
- V_ feedback

Substitute V_ in the second equation -

R, R, X —
V+:V—:V1R3_I_R4 Vout:R_l(V—_VZ)‘l'V

vy R, R V, | +V R
out_R1 1R3+R4 2 1

43




Differential OP AMP

R v, U+
| SEnVAVAY +‘_>N Vm.zt
Re o [T
1 2

— v,
- V_ feedback

Rl 44




Differential OP AMP

R3 V_|_ l_|_
Vi—=\VV * T V‘n,‘t
R, = -
R, - Ry
— V
- : V_ feedback
v, I_ S .
A - ame V ,,,; obtained
r \ by superposition of
V -V R4‘ 1 4 RZ vV & results with inverting
out — "1 R- + R ' R 2 R and non-inverting
\ 3 4 1 )\ 1} amplifier formulas
Y

V1 contribution

f Ry=R,=R3=R,=R >

V, contribution

Vour = [Vl - VZ]

45



Differential OP AMP

R3 v, L+ \ .
Vlﬂ/\/\/ ® + out
R4 i /

R4 R,

— v,
- V_ feedback
It may not be optimal for the design to have

all identical resistors, but we may consider -
pairs of resistors with identical ratio

M1 _Ks Vo = Re (B2, 4 Vl—&v2
If: =
R, R,

R R, +TR. R R,
VO:IQ;IL’Q( 3>V1——2Vz = | Vo=-W1—-V3)




OP AMP Integrator




OP AMP Integrator

V.
® -+ Vout
K3 i_ =0 > .
) i
—  —
Vin(t) I Lc
1 (*, . Vip(t)
Vout(t) — _Ej Ic dt + Vout(O) lc = “;2
0

48




OP AMP Integrator

V,=V_=0 v,
® -+ Vout
I =i K3 i =0 > .
A
—> ——
= Vin(0) . L
1 . Vin(0)
Vout(t) — _Ej lc dt + Vout(O) lc = l‘l;z
0

—=>

1
Vout(t) — _R_C
0

t

Vin(t) dt + Vout(O)

49




OP AMP differentiator




OP AMP differentiator

51



OP AMP differentiator

V
— _ ‘+ N Vout
V,=V_=90 _*_ i =0 o

::> This basic circuit is typically sensitive to fluctuations
and may not be very stable due to noise amplification. 2



Recall the basic Op Amp results

Inverting Amplifier Non-inverting Amplifier
i — _+ i,=0
Ve =5 I @ _}N
V_ _ —V out _*_ /
4+ — 7 - [__:0}
- i RS l_ RF -
R
= v.<R¢ F
Ao — Rp Aon — Rp
VF — R VF — R
S G

53



Similar relationships are established in
the OP AMP when simple resistors are

replaced with impedances

* Inverting amplifier

o _Vour __Zr
VF VS ZS
* Non-inverting amplifier
V Lo+ 7
AVF _ out _ G F

Vg VA

Z
=1+
Zg

54



OP AMP with impedances

V,=V_=0 Vs %
® -4 out
i.—i -0 L — > '
+ — - = - —
Z Z,
f@ v
—_— V_ —_—
= v, I I,

Now, voltages and currents are phasors

55



OP AMP with impedances

V,=V_=0 Vs V..
i,=1_=0 —i— = > :
 Z Z;

f@ A
—_— V_ —_—
— V. I,

Now, voltages and currents are phasors

V,,—V_

Zg

V_ — Vout

Z

—>

Hw) =

Vout Z L
Vin Z S




RC circuit — Inverting Op Amp

Rg v Rp
—>
= Vin Is | |
C
ZS:RS
7 =R /) = | Xy c__l— Ry
L= L//iwC__RL Jo |  1+jwR.C




Vi, = sinusoidal

ZSZRS
— R 1 — +ijwC R
L//]wC R jw 1+ jwR,C
YA R;/R
H(w)———L L./ S
ZS 1+]0)RLC

|H(w)| =

R;/Rg

\/1 + w?R%C?

58



| H(w)| ,

RL/RS N

0.707(R;/Rs) -

J1 + w?R% C?

w

1/(R.C)



