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Amplifier intended for mathematical operations

Inverting Open-Loop
Input Gain

V_\‘ /Output

Vin Vout
Vs
/ Vour = Ao (Vy —V_)
Non-Inverting Vour = AoLVin

Input
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Vg

Op Amp can be simplistically
modelled like this

V_ It has three main features:
Vin Vout
Near-infinite input impedance
v (Rin = 0 Q)
V+ Negligible output impedance

(Rout =0 Q)

J—  Open-loop gain is very high and
highly dependent on frequency
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—_—
04
— Vin Vout
* Near-infinite input impedance

v (Riy = 0 Q)

V.

Input current is always zero
iIrrespective of input voltage —



b University of : I
I Noitingan Operational Amplifier

UK | CHINA | MALAYSIA

Lout

Vout

« Negligible output impedance
(Rout = 0 Q)
Output voltage is always
Vour = Ao Vin irrespective of —
output current
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Ry =0
Device is designed to

V_ source/sink current
R, =
Does not Vout
draw any
current! .
=AoL(Vy —=V_)
v,

Ao = very high
-_— & frequency dependent

Open Loop gain is highly dependent on the frequency
of input voltage

Almost never you see signal processing of a single
frequency signal — operating the op-amp open-loop is
not a good idea

104

102

101

v

101

102

103
Frequency

10*

10°
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Vs
AOL A
Rout =0
Device is designed to 10°
V_ source/sink current 10*
Rin = V 103
Does not
draw any out 10
current! =Aor(V, —V_) 10!
V, 10! 102 103 10* 10° "
Ay, = very high Frequency
-_— & frequency dependent
ANEVA YA YA VAR
NV VAV V4
The other problem is the gain is so high (order of 1 '

million) that unless the input voltage is of the order of
microvolts, output voltage will get clipped

Op amps are low voltage devices —they would be
running of 5V most likely

v
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It is quite clear we cannot effectively
use the op amp in open loop
configuration

One smart way to deal with the issue
IS to offer up the output voltage (with
all its issues) as feedback into the

Inverting input — Vs

This way you can eliminate the effect Vin
of Ap; to a partial extent

If we directly feed back output to its
Inverting input, we have a

Voltage Follower



B University of
!.1 Nottingham —1\/g|tage Follower

Vour = 4oL (V+ — V—)
Vour = 4oL (Vin - Vout)
Vour(1+ Aor) = AoLVin

Vo = AoL v Vs
Safe to assume Ag; > 1
A A
AOL oL
Vour = A Vin 10°
OL 10*
103
Vout . A . 1 102
V. T CL T 101 ACL =1
in >
10! 102 103 10* 10°

Frequency
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Vour = Aor(Vy —V_) lf - _il
Vour = Ao (0 —V_)
Vout = _AOLV—

Vin—V_=i{Ry and V,,—-V_= ifRf

V_ - Vout
V. — V_ — R
in Rf 1

Vout

Vian — V_Rf =V_Rq — VourR1

1 VinRf + VoueR1 =V_Ry + V_Ry
Vian T VoutRl =V_ (R1+Rf)
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Vour = Aor(Vy —V_) lf - _il
Vour = Ao (0 —V_)
Vout = _AOLV—

v —_4 Vian + VoutRl
— V,ut out = OL R, + Rf

AoLR4 VinRy
Vour (1 + =—4
out( R1 + Rf) oL Rl + Rf
S Ao R1 + Ry + Ry Ry
-— Vout( R. + R ) = _AOLVinR R
1 f 1+ Ry
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( )=—Aor 55"
Vin R1 + Rf Rl + Rf
Vour _ Ry
Vin ot AoLR1 + Ry + Ry
Vout _ -1
Vin 1 R1 1 Rf
1+ V21, L NTF
— Vout ( T AOL) Rf + (AOL) Rf
Vout -1

Vin (14 0)2—; + (01

—— Vout

V;

=AcL = — 5~

=]
~~
p—
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Vout = AOL(V+ — V_) . Rl

V. =—V
Vour = AOL(Vin - V—) Ry + Rf e

R,
Vout - AOL <Vin - mvout)
R4
V,oue(1+Agy RlTRf) = AoiVin
Vout 1 R
Vin (AOL Ry + Rf) -

Vout

Vout R4
0+——)=1
V. ( R, + Rf) S —

vV R
V"“t_ACL_ 1+Rf
in 1




b University of : o
T Summing Amplifier

UK | CHINA | MALAYSIA

Vout

° V1 —-V_= ilRl
° Vz —-V_ = iZRZ
¢ Vout —V_ = lfRf

. . . e —AplV_=V
ll _I_ lZ — _lf oL out
ViV | VoV VYo
R4 R> Rf
v v v
v+ p,4-out _—out
ey n 2TAoL _ _4AgL ™
R4 R> Rf
V1+0 n Vo240 _ 0—Vour
R4 R- R¢
—Ry R
out — Vi+ Vs,

R4 R,
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AAAA | Remember superposition

principle — we discussed
this when we were solving
for the R-2R Ladder circuit

Each input branch is
effectively an individual
and independent Inverting

Ry V,=0 Amplifier circuit

Vout

— Output voltage is
essentially the sum of
V, V, ) each input branch



B University of .
I Nottingham || egrning Outcomes

* Applications of Digital Circuit

* Piezoelectric properties of Quartz
* Integrating Amplifier

« Differencing Amplifier



B University of . .
,i'.", Nottingham | Pjezoelectric effect of Quartz

Piezoelectricity is the electric charge
that gets accumulated in some
materials upon application of
mechanical stress

Words derived from Piezein (meaning
‘to squeeze’) and Elektron (electricity)

Q xF

This relation is of extreme importance!

Jacques & Pierre Curie, French This allows us to measure force in

physicist brothers discovered

piezoelectricity in 1880. Pierre is terms Of eIeCtriCity

the same guy who won the

Nobel prize with wife Marie et us see how we do this

Sklodowska-Curie for radiation
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A very well known

Quartz crystal mass suspended freely Let us find a relation between
(or any other acceleration and current
piezo device)
rigidly attached Qo F
on one face Q = k4F
Q — klMa

Other face of
quartz rigidly
attached to the
suspended
mass

Differentiating both sides with
respect to time
dqQ da
— = k.M —
dt ~ "1 dt

We know current is rate of
movement of charge

__kMda
e P
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How do we get Let us find a relation between
acceleration acceleration and current
' ?
signal” 0 F
We need to
: = k4F
integrate the Q =k
current signal Q =k{Ma

One way is to
convert this to a
digital signal and
processitin a
computer — but this
IS too much effort!

Differentiating both sides with
respect to time
dqQ da
— = k.M —
dt ~ "1 dt

We know current is rate of
movement of charge

__kMda
e P

Let us try an
analog way!
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Recall the Inverting Amplifier

What if we use an energy storing element (like

—— VVV\— capacitor/inductor) in place of the resistive

Ry element in feedback path?

We know that we need to integrate the current
Vin signal — this is done by a capacitor

Vout Recalling the Capacitor equation:
Q=CV

dQ aVv
out _ f Ir i=C I

Let us replace the V;, and R, at the inverting
input with the piezoelectric element, and Ry

with a capacitor:
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Let us solve the circuit again like we did for
inverting amplifier:

Vout = Aol (V+ - V)
Vour = AOL(O - V—)
Vour = —AgLV-

But we can calculate V_ from the current:

Vout V. = Vout — VC

As input resistance of op amp is oo:
lf — _ii‘n — —klMa
From the capacitor equation:

Y=%ar = T g
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Integrating Amplifier

Vout

Integrating both sides w/r/t time:

CfVC - _klMa
kM
c = C; a

Applying this relation to resolve for output

Vour = —AoL (Vout - VC)

(1+A4oL)
Ve =—"Vou A
OL
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" (1+A40.)
C out AOL
As Agp;, > 1.
(AoL)
VC — _Vout A
V OL
out
VC — _Vout
ke M
_C_f — out
ki M
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We can stack multiple integrators to get velocity and displacement

H C, “
2 |
C;

Vi
Acceleration V,

Velocity Vi
Displacement
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V_ —: :
V1 —_ > 2
Vout_ RZI:—gRg
+

t
Vou
—V.) =
V;

Agy,
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You have learnt how to do integration
AYYYYYY L operation using a capacitor in the feedback
circuit

What would happen if you replace the
capacitor with an inductor?

Recall that capacitor and inductor do exactly
Vour opposite things

Does this mean you can do derivative
operation using op amp in this configuration?

- Try solving this circuit on your own
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* Operational Amplifier (Op-Amp)
* Applications of Digital Circuit
* Voltage Follower
* Inverting Amplifier
* Non-Inverting Amplifier
« Summing Amplifier
* Piezoelectric properties of Quartz
* Integrating Amplifier

« Differencing Amplifier
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