SECTION 4:
OPERATIONAL AMPLIFIERS

- ENGR 201 — Electrical Fundamentals |
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Amplification

Amplification
o0 Multiplication of electrical signals

Voltage or current
Scaling factor: gain

o Performed by amplifiers

/\./\/
Low-level

input signal Amplifier
(e.g. sensor output)

Amplified
output signal
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Amplification — Why?
e
Often want to increase the amplitude of small

electrical signals

O Sensor outputs, e.g.:
Strain gauges
Pressure sensors
Flow meters
Temperature sensors
Photo-detectors, etc.

o Wireless communication signals
o Audio signals

Larger signals are easier to measure

o Utilize the full dynamic range of the measurement system
Higher accuracy
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Amplification — Why?
-~
Amplifiers are also useful for impedance conversion
o Make a high-resistance source look like a low resistance
o Make a low-resistance load look like a high resistance

O Buffering a high- resistance source from a low-
resistance load

A single amplifier circuit can provide amplification
and impedance conversion
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- Amplifier Fundamentals
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Amplifier Characteristics
-

Key amplifier characteristics:

o Gain
May be designed for voltage, current, or power gain

o Input resistance
o Output resistance

;,S/w i(t) lolt)
° +
Vi(t) @ vity ., | Amplifier | . Vi(t) 2R
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Amplifier Characteristics - Gain

—_—
M +

Vift) vi(t) |_) Amplifier <_| Va(t) R.
:

Voltage gain
o Ratio of output to input voltage
vO
Ay = —
14 v,
Current gain
o Ratio of output to input current
[
Ai == _0
Li
Power gain
o Ratio of output to input power
b
P
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Amplifier Characteristics — Input Resistance
I

R i(t) io(t)

— R

+

:
vi(t) I_) Amplifier <_| Volt) %RL
L. :

Vs(t) @

Input resistance, R;
o Equivalent resistance seen looking into the amplifier

Amplifier loads the source
O Source appears to be connected to a resistance of R;

o Possible voltage division between source resistance
and input resistance
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Amplifier Characteristics — Output Resistance
-

R i(t) io(t)

— R

+

5
vi(t) r Amplifier T Vol(t) ERL
| !

Vs(t) @

Output resistance, R,
o Thévenin equivalent resistance of the amplifier output

From the perspective of the load, amplifier output
is the source

o Modeled as Thévenin equivalent circuit, with
resistance, R,

O Possible voltage division between R, and the load
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Amplifier Characteristics — Cascaded Amplifiers

Consider two amplifiers connected in cascade
Rs

+ + +
vs(t) Vi(t) Avi Vor(t) Avz velt) SR

Input to the second amplifier is the output from the first
Vo1 (t) = Ay - v;(t)

Output of the second amplifier is the output of the cascade
Vo (t) = Apg V51 () = Apy - Apz - v;(8)

Overall gain is the product of the individual gains

Ay, = Ay - Ay hy

vs(t) vity | Al=Av-Ae | Vel R
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Amplifier — Equivalent Circuit
.
Amplifier equivalent circuit:

+
Avoc'Vi

Vi 2 R <j> Va Vo

R;: input resistance

R,: output resistance

A, .: open-circuit voltage gain

o Note that, in general, due to loading:

Uy Vo
Apoe =— #F Ay = —
(%] Vs
Rs Ro
VAVA ° VAVA
+ Avoc'Vi + +

w(® 2R O w 2R
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- Opamp Fundamentals

K. Webb ENGR 201



Operational Amplifiers - Opamps

How do we get the amplification we need?

Different requirements for different applications

o High gain/low gain — Inverting/non-inverting gain

O Accuracy

o Adjustability

Building amplifiers out of transistors is difficult, inconvenient

Chip makers could make unique integrated circuits (ICs) for
all possible applications
o Impractical, not economical

Instead: operational amplifiers (opamps)
O General-purpose amplifier ICs
O Gain set by a few external components
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Operational Amplifiers - Opamps
e

High-gain amplifiers built from many transistors,
resistors, and capacitors

Integrated circuits (ICs)

o All components fabricated on a single semiconductor (e.g.
Si) chip
Gain set by a few external resistors
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ldeal Opamps

Schematic symbol:

non-inverting input

inverting input

Equivalent circuit:

+
\"
O—
+
Vi oV
_'d AvorVig °
O—
v 2

Open-loop voltage gain, A,,;

o Gain of the opamp without
feedback

K. Webb

output

Differential input, v;,

o Difference between the two
input voltages

Vig=vT—v~
Common-mode input, v; .,

T +v)

Viem = 2
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ldeal Opamp Characteristics
-
ldeal opamp characteristics:

Infinite input resistances — at vt and v~

No current flows into either input terminal
Infinite open-loop gain

Any differential input will result in an infinite output

Zero output resistance

Immune to the effect of loading
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Infinite Gain
e

Ideal opamps have infinite gain
o How do we get a gain of 2 or 9 or -37

Negative feedback

By enclosing the opamp in a feedback loop we can
create an amplifier with useable gain

Before applying feedback to opamp circuits, we’ll
first introduce the concept of feedback
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- Introduction to Feedback
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Feedback

Feedback

o A process in which a portion of the output of some system is
fed back to the input of that system

Positive feedback
o The addition of a portion of the output to the input
o Generally has a destabilizing effect

Negative feedback
o The subtraction of portion of the output from the input
o Generally has a stabilizing effect

o All opamp amplifiers we will encounter in this course
employ negative feedback
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Feedback
-

Feedback is everywhere:

o HVAC o Toilets

o Cruise control o Ovens

o Robotics o Autonomous vehicles
o Amplifiers o Etc.

A very important concept in many engineering
fields, particularly controls and electronics
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Signal Flow Diagrams

Signal flow diagrams

o Block diagrams

o Show the flow of signals — energy, information, etc. — through a system
o Used for all types of engineering systems: electrical, mechanical, etc.

Amplifier, with open-loop gain A,,,;, enclosed in a feedback loop:

.. . Amplifier
Summing junction / Amplifier is in a closed-loop
v-\ v v configuration
I @ e Aol 3 1 1
A Feedback gain [, determines

Indicates /’ how much output is fed back
negative B Difference between input and
feedback /’ feedback is amplifier input

Feedback network [ determines overall gain

with a gain of 8 o Closed-loop gain
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Closed-Loop Gain

Open-loop gain

o Gain of amplifier without feedback V. V, V,
v : m - Avol >
A _ 0
| = — _
vo vid
Closed-loop gain 5
o Gain of the closed-loop amplifier
vO
Ayep = —
vcl v;

Calculating the closed-loop gain:
Vo = Vig " Apor = (V; — BV6)Ayo
Vo + B Vo Apor = V; - Apor

vo(l + B 'Avol) = U; * Ayor

Vo _ Ayor
vp 14+p6-Ay

Ayl =
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Closed-Loop Gain

A . Vo . Avol v v
- = Vi i o
vel vl 1 + ﬁ ) AUOl @ - Avol >
Consider the case of infinite ‘
open-loop gain B
o E.g., anideal opamp
Avol
lim A,; = Ilim
Ayol—>® vel Ayor—oo 1 + ,8 : Avol
Avol 1
lim A,; = Ilim = —
Ayl ® vel Ayol—® ,8 ) Avol ,B

Feedback gain, alone, determines the closed-loop gain

o For example, to get a gain of four, feed back one quarter of the
output signal
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Summing Point Constraint

T
For A,,; = 00, the differential input is

1
Vig = V; — B, =vi—ﬁE’Ui

Vig =V —v; =0
A very important result, the summing-point constraint:

The input to an infinite-gain amplifier, enclosed in a negative
feedback loop, is zero!

Any non-zero input would yield infinite output

Along with the properties of ideal opamps, the summing-
point constraint will be essential for analyzing opamp
circuits
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Opamps as Feedback Systems

Any amplifier enclosed in a negative feedback loop:

o Output scaled by f and fed back V, = Vo A Vo

o Feedback signal subtracted from 2 vol gt
the input at a summing junction -

o IfA,y, = o, thenv;y =0 5

Ideal opamp enclosed in a negative feedback loop:

o Output scaled by f and fed back v

o Differential input is a built-in ' > Vo

summing junction
ovy=0s0vt=v"

o A virtual short between input
terminals

N

N
/
&

K. Webb ENGR 201



Example Problems
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An amplifier with a gain of 4 is used to amplify the output of a sensor.
The amplifier has an input resistance of 1 k{) and an output resistance
of 100 (). The sensor has an open-circuit voltage of 1 V, and an output
resistance of 50 (). The amplifier drives a 5 k() load. What is the
amplifier’s output voltage?
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An amplifier is enclosed in a negative feedback loop with a feedback gain of 0.5.
Determine the closed-loop gain for an amplifier with an open-loop gain of:

10
100E3
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A 1 V input is applied to an opamp enclosed in a negative feedback loop with a
feedback gain of 0.2. Determine the differential input voltage for an opamp with an
open-loop gain of:

10
100E3
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- Opamp Amplifiers
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Analysis of Ideal Opamp Circuits
-

Key properties for analysis of opamp circuits:
Infinite input resistance — no input current

Virtual short between inverting and non-inverting
input terminals (as long as there is negative feedback)

Infinite open-loop gain

If there is negative feedback, 1 and 2 are sufficient
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Opamp Amplifiers

Two basic opamp amplifier configurations:

Non-inverting amplifier: Inverting amplifier:
VI + R2

A% Vi—W - Y
R2 Jj"‘ °
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Non-lnverting Amplifier — Gain
-
Non-inverting amplifier gain: v, R
/
VAYA

e
R:

Negative feedback, so the
summing-point constraint

applies RS i

I2

N
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Non-lnverting Amplifier — Gain
e

Vo — Vi Vi Vi

\ ve
R; R4 -
VAYA

Solving for the amplifier output

Ry °

1 1 R I
v0=vi(—+—>R2 1%li2

Ri R,

N

Dividing both sides by v; gives the non-inverting amplifier gain:

vO_R1+R2

A =
v (% R4

Note that this is the inverse of the feedback path gain
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Non-lnverting Amplifier — Gain

" v, R{+R,
R A= TR
R1%J/i2 1 l 1

Gain determined entirely by the relative value of two external
resistors

O Any gain value is possible
o Resistor tolerance sets amplifier gain tolerance

Gain is positive (non-inverting)
O As input goes up, output goes up

Gain can never be less than one
O Unity gain for R, = 0 ()
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Non-lnverting Amplifier — R; and R,
e

Input resistance, R;:

Vi 4 .
> Vo o Input connected directly to
" input terminal of ideal
Rz ", opamp
R1% liz I
\% Ri — O

Output resistance, R, :
o Output is the output from an ideal opamp

R,=00Q
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n Inverting Amplifier
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Inverting Amplifier — Gain

Inverting amplifier gain: R,
A
Negative feedback, so the R, i
summing-point constraint applies Vi AN >i y
_ — Vo

v-=vt = L ‘

Zero opamp input current, so KCL at the inverting terminal gives:

1 =i
Vi —Vo
R; R,

K. Webb ENGR 201



Inverting Amplifier — Gain

i > A =— = ——
V u_\/:/l J>—V° . Ry

Again, gain determined entirely by external resistor
values

Gain is negative (inverting)
o As input goes up, output goes down

Gain can be any value
nA,<1forR;y >R,
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Inverting Amplifier — R;

Input resistance, R;: R,
o Inverting terminal is a virtual

ground, so Vi An >_‘
— — VO
. Ui r I Jj*

i; =
"Ry R

By definition, input resistance is

Ri=—=v;-

R; = R,

o Input is a resistance, R4, to (virtual) ground
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Inverting Amplifier— R,

Output resistance, R,: R:
o Output is the output of an

ideal opamp, so —\ }_ Ve
[ |

R, =0Q Ro

Consider a non-ideal opamp

with non-zero output Wi
1 . R4
resistance: Vi ; B |,
o R; is driven by a dependent N T
source R,

Determining R, is a bit trickier
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Inverting Amplifier— R,
R
To determine a terminal

resistance in the presence R
of dependent sources: LR o
o Set all independent sources I& / AP Vo
to zero 1 j ? !
Here, ground the input, v;

o Apply a test current, i;, to
the terminal of interest

o Analyze the circuit to determine the voltage at that
terminal

o Resistance at that terminal is given by

v

R, = —
Lt
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Inverting Amplifier — R,
e

Still a virtual ground at the R:
inverting terminal, so AN
R; I
Vi oV i AN = Rs Ve
=, =—=—=() . N A%
11 59) Rl R1 l 7 Jj/ it
. vO _ O
ly = R1 .
Vo =

o The output is zero, independent of i; (and independent of R3), so
R,=0Q
Feedback around an infinite gain amplifier forces the

closed-loop output resistance to zero, even if the output
resistance of the amplifier itself is non-zero
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“ Example Problems
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50

Determine the gain of the following circuits.

5kQ v
i +
VA ' oVo

10 kQ

Vio \/\/\ >;_° Vo \/\/\
f-'- 5kQ

1ok0§
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Determine the output

voltage, V.. . % >_o

— 4V
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Determine the gain of th
following circuit.

Vi o

10 kQ

10 kQ 10 kQ

VY VA
%mkn

ﬁ
v

K. Webb
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Vi o

10 kQ

10 kQ 10 kQ
VY VI
10 kQ
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voltage, V..

Determine the output 4"%) mowé) >
A%

! 10k9§
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4V
100mv (7
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Determine the LED bias
current, |_.
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Unity-Gain Buffer



Unity-Gain Buffer

Start with a non-inverting amplifier, and let the feedback path gain
g0 to unity

Vi
e
‘ kN

' 2

A4

Inverting terminal is connected directly to the output

v =1,
Virtual short at the input terminals
v-=vt =v; =,

Closed-loop gain is unity
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Unity-Gain Buffer — Buffering

What good is an amplifier with unity gain?
o Impedance conversion

o A buffer between a high-resistance source and a lower-resistance
load

o Eliminates loading effects

Consider the following scenario:
o Sensor with Ry, = 10 k() drives a load of R; = 1 k()

Signal measured at the load is

o " attenuated
10 KQ R 1 kQ
w () R 1Ko v, =V oy ——
L7 SR,4+R, ~11kQ
A4 ~ 1
V) = —— Vg

11
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Unity-Gain Buffer — Buffering

To prevent signal attenuation due to loading:
o Add a unity-gain buffer between the source and the load

Buffer input is the load for the source

O Ri = OO

Buffer output is the source for the load

oR,=00Q

Now, full sensor signal
R, - . appears across the
W% o—+ load
10 KQ R,
“©® B gt oy,
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Summing & Difference Amplifiers
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Summing Amplifier

KCL at the inverting node:
iA + iB + iC —_ lf
Vg

+
Ry

VUp
Rp

Ve Vo

Rc  Rp

VB

Output is the (inverted) weighted sum of all of the inputs

UO — _RF(

Vg

Up

Ry

_|_

Rp

_|_

Ve
R¢

)

For the special case of Ry = Rg = R = R;:

Rp
R;

Vo

(vy + v + v¢)

K. Webb
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Difference Amplifier

This looks a bit like a combination of

5 R1 RZ
a non-inverting and an inverting T 4
amplifier
> vo
Analyze by applying superposition i R %
First, set v, =0 .
o A non-inverting amplifier with a E
voltage divider at the input
R, +R,
v,| =v" .
w R b R
. i
v =v 4 Rs - Vo
1 R3 + R4 " VA +
R, R,+R, EF%
v, | =

K. Webb
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Difference Amplifier

-~
Next, setv; =0

o No current through R; and R, v Ry o
v =0V Ry > Vo
YAVA +
o An inverting amplifier >

(%) Rl
Summing the contributions from each output:

%=%v+%v
1 2

R, R{+R, R,
V, =7V — VUVyp —
" "R, +R, R °R,
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Difference Amplifier

Restricting resistor values:
(m] R3 =RlandR4 =R2

Vo R'I R2
VA VAYA
_ R RitR R
° 1 Rl + R2 Rl 2 Rl R \ Vo
V1 \/\}\ /
Ry R,
Vo =1 R, [ R, ERz
R,
Vo = R_l (v1 — v3)

Inverting and non-inverting amplifiers are special cases of the
difference amplifier

o Inverting amplifier: v4 is grounded
o Non-inverting amplifier: v, is grounded
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- Example Problems
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. 5kQ 20 kQ
Determine the output A Y
— 1V A%
VOltagE, Vo' T 20 kO
g 3V \/\/\ }_OVO
4 __—__ZV JJF
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Determine the output voltage, V..

12V

10 kQ +100 Q

10 kQ +100 Q 10 kQ B Vo
+
1kQ
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12V

10 kQ + 100 Q

10 kQ + 100 Q 10 kQ

1kQ 50 kQ

VA A%
> Vo
+

1kQ

A%
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Design an opamp circuit to perform the following
mathematical operation:

I/O —_ 3V1 _5V2
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Design an opamp circuit to perform the following
mathematical operation:

I/O —_ 5V1 _3V2

_l\,_ .
.
V. > |
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Comparators
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Open-Loop Opamp Behavior
R

So far, we've looked at opamp amplifier circuits

o Closed-loop configuration

o Negative feedback

o Output remains within the opamp’s linear output range

We'll now consider using an opamp open-loop —
without feedback — or with positive feedback

O For ideal opamp, 4,5 = @
O For any non-zero input, v, = o

o But, v, limits, or saturates, somewhere near the supply
voltages, V,, max

o In practice, the output of an open-loop opamp is always
saturated at £V, ;ax
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Comparators

Open-loop opamp’s output determined by relative
values of the two inputs, differential input

*+Vsupply L
+ = +

Vid Vo v+ > v_

vt <wv”
'VSUPply

An open-loop opamp acts as a comparator
o Compares the two input voltages
O Sets the output based on which input is higher
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Comparators

Comparator Inputs

K. Webb

+Vsupp|y

+_+

'Vsupply

~ Comparator Output

1NN,
-
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Comparators — Applications

Simple comparator application: thermostat
O Inverting input connected to a temperature sensor

o Non-inverting input connected to a variable reference voltage determined by
the temperature setpoint

If Troom < Tset
N Vtemp < Vref

Temp. | Viemp > To heating o Outputis high

Sensor Vet >_) system O Heat turns on
controller

If Troom > Tset

/__éSetpoint O Viemp > Vrer

o Outputis low

A4
o Heat is off

Another example application: motion-sensing light

o One input from a motion sensor — variable analog voltage

o Otherinput is a threshold voltage set by sensitivity setting
Want light to turn on for people and cars, not birds or insects
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Comparators and Noise

Consider the following _ +12v
. . \'%
comparator CIrcult: i Vo
o Inverting input driven by =1,
sinusoidal voltage Vet

. . . . 5V-cos(21m-1KHz 1)
O Non-inverting input is

threshold voltage — connected
to ground (0 V)

o Output switches cleanly at each input threshold crossing

Comparator Inputs and Qutput Comparator Inputs and Output
20 T T o5k ' ........ " ........ ' ........ | T
: : : [ | A
-I -yt
L - v
E 0 -4-I*I---I--E-I--l-I;-I---I-'--I- . ---VD
" -
- : : , i ; |:|5_I ........ | ......... || ........ : ........ b e e F
“n 0.5 1 15 2 a5 3 074 0742 0744 0746 0748 075 0752 0754 0756 0758 076
time [msec] time [mszec]
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Comparators and Noise

Now, the sinusoidal input is

i noise
corrupted by noise .
+
o Multiple input threshold 5 VA Vo
crossings each time v, (t) goes v,
through O V Ve(t) LY
o Multiple, unwanted, output
transitions
Comparator Inputs and Output Comparator Inputs and Output
20 ; : . - a5 BN mr T
IR
: i l. |
= ] T
_ A HIE
: : | : : 05 _I ........ ! ..... |=; : i |
-EDD 0.5 1 1.4 2 24 3 074 0742 0744 0746 0748 075 0752 0754 0786 0758 076
time [mszec] time  [msec]

Would like to be able to reject this noise at the input:
o Schmitt trigger

K. Webb ENGR 201



Blvseresis
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Hysteresis — Schmitt Trigger

Schmitt trigger employs hysteresis

o Characteristics of the circuit are v H12v
dependent on its previous state = } Vo
Looks like a non-inverting amplifier, p
but it is not vilt) (V) av
O Positive feedback v AN
A comparator with a threshold . Ri
voltage that depends on the output ? %
A4
vt =, i = B,
R, + R,

Threshold voltage switches between two values as the output
switches between V; 1,4

v = i,Bvo,max
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Schmitt Trigger — Hysteresis voltage

Consider the case where the input is low

Vi < U+ 2 ~ v
o Output will be high v’ ;}

Vo = +Vomax vi(t) @ A2V

The input then increases and exceeds v VAN

the threshold voltage . Ry
v; > vt

o The output will then switch low
Vo = _Vo,max
o The threshold voltage will switch low

U+ - _.Bvo,max

o Threshold voltage switches away from the rising input
Similar thing is true for falling input
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Schmitt Trigger — Hysteresis voltage

Output, and threshold voltage,

always switches away from the A
input signal at the first threshold r } Vo
crossing e T
Hysteresis voltage: T "
o Magnitude of the threshold voltage Ri

change Ry

Vhyst = 2,BVo,max

Hysteresis voltage set for the amount of noise that is
present

o Threshold must switch far enough away from the noisy input that
it will not be crossed multiple times by noise alone

O Vhyse set greater than peak-to-peak noise on the input signal
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Comparators and Noise — Hysteresis

Feedback gain, 5, set to provide

adequate hysteresis to reject noise
the input noise 5 v 12y
> Vo

o Noisy input crosses threshold v* ;]A%
o Threshold voltage switches away v () A2V

from the input by the hysteresis VA

voltage Ri

RQE
Vhyst > Vn,pp

Comparator Inputs and Output
T T T

0ar

[+]

: : : I

i i i ; 05 i . | . i : : . ! i

05 1 15 2 25 3 074 0742 0744 0746 0743 075 0752 0784 0756 0758 076
time  [msec] time  [msec]
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Hysteresis Voltage
R

0.4
0.4
0.3
0.2

[*/]

074 0742 IIIF"JM 0.7 4k DHB IIIF"E 0.752 D?Efl 0.75b D?EB 0.76

Comparator Inputs and Output

...................................................

Hysteresis voltage

o Full peak-to-peak
swing of the
threshold voltage

-P-'l'-:'l'-“'-El-P-'lg-'l'-“'.-l-‘f-:'l ———————————————————————— A————

time [msec]

K. Webb

o Twice the magnitude
of the feedback
signal

Vhyst = 2p Vo,max
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Hysteresis Voltage

-
Can also measure Vyy: by performing a bidirectional DC

sweep of the input
o Low-to-high, then high-to-low

Comparator Qutput vs. DC Input
15 T T T

T T T ! |
b <— ................ - I SN b, - i
5 ............... OD .................. ................. .v < ....... .........
k= : 5 5
%) : — :
> 8 A - : : g :
:}D |:| ............... b . Vhyst — 400 mV \, B ....... .......
3 € ?Te
S :
5 ............. E/\ .................................. AN e HE
> oa :
: : : : : v : ;
T S Fee SITERIT RETPI Lo SRR RS TRETRIN ERRTRRE R
: : : : : —>
-15 1 | | 1 1 |
0.5 0.4 0.3 02 01 a 0.1 0.2 0.3 0.4 0.5
Vi IV
K. Webb

Output traces a
different path
depending on
direction of v;,

o Vertical lines indicate
threshold voltages

O Vhyst given by
difference between
upper and lower
thresholds
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Adjustable Hysteresis

If noise level is not known ahead of time
o Use a potentiometer to get adjustable hysteresis

R, adjustable from 0 Q to R; ;4%

Hysteresis varies as R, varies Vv ‘\K v
R e
Vhyst = 2 Ve
hyst R, + R, o,max V(1) @ -12V
Max hysteresis at R, = Ry jmax v \/\F/;
R2
Rz,max g
Vhystmax = 2 Ry + Ry max o,max J

Minimum hysteresis for R, = 0 ()

0Q
Vhyst,min =2 R, +0 QVo,max =0V
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Schmitt Trigger — Example

-
Consider the following scenario:
o Test engine instrumented and running on a dynamometer
o Want an engine temperature warning light (LED)

o RTD (resistive temperature detector or resistive thermal device) installed
to measure coolant temperature.

o RTD is biased such that a 0 IV output corresponds to Ty, 4
o Noise: I, pp = 100 mV
o Opamp available for use as a comparator:

Vsupply = £5V

Vomax = £|Vsuppty — 500 mV|

Iy max = £10mA

(m] ILED — 9mA
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Schmitt Trigger — Example

When T > T4y

0 RTD output exceeds 0 V

o Schmitt trigger output goes low: v, - —4.5V

o LED turnson: I;gp = 9mA

o Opamp output sinks LED current and feedback network current
o Feedback network current must not exceed 1 mA

+5V

Determine R4 and o mA when
RZ to: +5V Rs% l Vois low
o Set required RTD — v \Q
hysteresis voltage —it 1
o Limit feedback path o Jﬂ o
current VAN
Ry

I

K. Webb ENGR 201



Schmitt Trigger — Example
R

Required hysteresis is at least the peak-to-peak noise voltage,
Vapp = 100 mV

o Design for Vs = 150 mV
o The opamp saturates at +4.5V, so

R;
R+ R,

Vst =2 - 45V = 150 mV

R,  150mV
R,+R, 9V

= 16.67 x 1073

This specifies the ratio between the feedback resistors
RZ — 1695 X 10_3 . Rl

Absolute values will be selected to limit feedback path current

K. Webb ENGR 201



Schmitt Trigger — Example
R

When the LED is on, the feedback path current flowing into the opamp

output is
45V

I = < 1mA
I 7R, +R,

So, the total feedback path resistance is

R, +R, > 45kQ

Select a standard value for the larger resistor

R, = 5.1kQ

Calculate R, using the previously derived ratio

RTD

Vo

+5V

9 mA when
Rs l Vo is low
N

+5V
v’ >
+
5V
VA
R

R:

R, =16.95%x1073-5.1 kO = 86.4 0

Select the next larger standard value: R, = 91 Q)

o Larger, so as not to decrease Vj,,q;

K. Webb
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Schmitt Trigger — Example
-

The resulting circuit: 5y
Rs J(QmAwhen
+5V Vo is low
RTD v — \'r:
—
_SV J +867 LA
Verifying hysteresis: A
91Q
91 O ?L

Vive, =9V
hyst 5.1 kQ + 91 Q
Viyst = 157 mV

Feedback path current:

o 45V
' 751910

= 867 uA

K. Webb ENGR 201
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