Operational amplifiers (Op amps) -

V. O

Recall the basic two-port model for an ! : :
amplifier. It has three components:

] P : P ! R 2wV, AV
Input resistance, R;, output resistance, : : 7
R,, and the open-loop voltage gain, A,. o - ;

It is essential to specify all three parts of the model — when we attach
an input source and an output load, the voltage developed across the
load depends very much on R; and R,, as well as A,.
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To minimize the effects of the input and output voltage dividers, we
might try to make the input resistance be as big as possible — in the
limit it would be open circuit — and the output resistance be as small as
possible — in the limit it would be a short circuit.

Rl RL RZ%OO,RO'—)O
v, = A V » v, = AV,

° |R+Ry R, +R,| °

Operational amplifiers (op amps, for short) are a class of amps that
come close to meeting these input and output resistance extremes. We
can define an ideal op amp as one having truly infinite input resistance
and zero output resistance. No real op amp meets these specifications,

but typical devices come close enough that we can use the ideal as
reasonable starting point.
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Op amps have a third distinguishing feature — a very large value for A,.
In the ideal case, the open-loop gain is assumed to be infinitely large!
This would seem to cause some conceptual (and practical) difficulties,
since then if va = vs had any finite value, the output would go to infinity.
The only way to keep the output from “blowing up” would be to have
vs= 0. This all seems a little odd.

R 1=0

+
14 (_> v i AV -V R, If A, — oo thenv, - 0.

Before we see how to handle the business of infinite gain, let’s list the
properties of an ideal op amp.

1. Infinite input resistance, R; = . (An open circuit.)
2. Zero output resistance, R, = 0. (A short circuit.)

3. Infinite open-loop gain, A, = .
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Ground in electronic circuits

EE 201

In contrast to earlier circuits that we have analyzed, electronic circuits always
have a specified node defined to be ground. Before now, the only time we
invoked a ground node was when using the node-voltage analysis. Then we
would choose a node to be ground (v = 0) in order to reduce the number of
unknowns. An electronic circuit always requires one or more DC power
supplies in order to energize the circuits in the chips. The presence of the
power supply allows us to define one connection of the supply to be the
ground for the entire circuit. We will discuss the role of the power supplies
later, but the idea of a single, pre-defined ground does have an immediate
effect our op amp model. The output voltage of most (but not all) op amps is
defined with respect to the ground node rather than as the difference
between two isolated output leads.

Most op amps have this T P .
“differential input, single-ended e (L - n

output” configuration, although % <+> - i
there are some differential output T Av,

versions. Using the defined 28 i +

ground changes the output side of

the model as shown. Single-ended output.
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Feedback - non-inverting i

EE 201

<O

Now we are ready to tame i En
+

the infinite-gain issue. Of s

course, the trick is to use <—> Vd AT
feedback. In fact, we have
already done it — refer back
to the feedback notes. In the R
circuit at right, known as a ¢ AN
non-inverting amplifier, we
have used a standard v ZR,
voltage-divider feedback =

loop together with the
“almost ideal” op amp.

Q< + 10

Q<
—O |

In drawing the circuit, we have made use of two bits of standard schematic
nomenclature — the triangle symbol for the amplifier and the copious use
of ground symbols. All the points with ground symbols form a single
node. We could have connected all the ground points with wires, but the
resulting schematic would have been almost un-intelligible. And this is a
very simple electronic circuit. In more involved applications (EE 230), the
schematics will have ground symbols all over the place.
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Finally, we can get to the R
circuit analysis. First we note ! VVV 2 1
that Rs and Ry are essentially i +
irrelevant. Since no current <_> d R
flows into the positive input v ? .
terminal, there is no voltage v i
drop across Rs and v = vy. R
Since Ry is connected ¢ ANV
directly to the dependent
source, v, = A,vq, NO Matter Vi 1
what value R; may have. =

BoSEEC ShRe

VO == AOVd
uusmser - VO A Vf = Vf aprmEn Rl
ieemely R, R, LRI R

(Duh. It’s a
voltage divider.)

Vo

Vd=V+—Vf=VS—Vf

Put it all together to write v, in terms of v;.

A

o

e 1% It looks like a classic feedback result.

(0] Rl S
144, (5 )-
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(0 Rl S
I +A0(R1+R2>_

Re-arranging slightly.

| Ry + R .
Paen: Rl A B . :
Voim 1Rk =G,v; G, is the closed-loop gain.
1 + Ao < Rl >_
If A, is really big ( approaching infinity)
Ry + R R
Ao e 1 ©. S % GO > = : = 11 —2
R, R,

Even though A, is huge, it has essentially disappeared from the final
result. This is just a repeat of the feedback results seen earlier.
We note again a key aspect of feedback by calculating v_:

R, < R, > <R1+R2>
V.=V = v, = Ve =V, =V,
R, + R, R, +R, R,

The feedback forces the difference signal to be zero: v = v, —v_= 0.
The negative feedback has forced the negative input to have the same
c£ 201 VOltage as the positive input. N aae




Feedback - inverting ANA,

Here is another amplifier circuit
using feedback. The feedback R,
network is less obvious, but it is V

negative feedback since the <+>
-

output is tied back to the
negative input. A bit of circuit o
analysis leads to the closed- .
loop gain.

on

—0+ _= | o

<
<
d—o =40

v, =Av,;=—AyV_

1702 4 B 1 b 1 R R
Ig] = lgy — s = - = Vo=__2Vs+ i V_
R, K, R K

g R, .

v =Gy G, is the closed-loop gain.
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| R, .

R,

A 0 G

R,

We can calculate v_:
R2
V0'+'ﬁ§l%
e — — 0

e
R,

Once again, we see that the feedback forces the inputs to have the same
voltage. In this case, v = v, = 0. This is interesting — even though v_ is
not directly connected to ground, the perfect feedback has caused it to

have the same value as v;, which is connected to ground. This is known
as a virtual ground.
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The op-amp “rules”.

Our observation that v_ = v, in these two examples suggests a more
efficient means for analyzing op amp circuits. Instead of using the two-
port model with a gain of A,, finding an expression for closed-loop gain
that includes Ao, and then letting A, = %, we can “skip the middleman”
and assume at the outset that negative feedback will force v_ = v.. Then
we can calculate the ideal gain expression directly. Now we have two
simple rules to use for analyzing ideal op amps:

1 : i+ — i_ — O
2. v_ = v, when there is a negative feedback loop.

Each “rule” derives from one aspect of the ideal op amp

1. R = o: no Input currents.
2. A, = oo: perfect feedback, v_ = v,

The third aspect of the ideal op amp, R, =0, will come into play when we
connect a load to the output or made make a cascaded arrangement
where one op amp circuit follows another.

EE 201 op amps — 10



Non-inverting amp — redux

Now let’s re-examine the non-inverting
and inverting feedback amplifier
configurations using the op amp rules.

Note that v+ = vs. Write a node-voltage

equation at the inverting input terminal.

ANE-BivAHESSERYN

R, R,

Apply the op amp rules:
E=0ahay—vr =

o \) :_S
R, R,
R
v, = <1 +—2) v,
R,
Vo 132 .
G,=—=1+— Sosimple!

Q
+

O [ -

VA

Since we are not explicitly
including A, in the analysis,
we can use a more compact
symbol for the op amp. This
is the standard — i.e. most
typical — amp symbol.
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Inverting amp — redux R

Same basic approach. Note that v, = 0. R
1
Write a node-voltage equation at the = .
inverting input terminal. i +
Vo,—V_  V_V i <_> o XO
— — = —— +i_ @
R, R, £

Apply the op amp rules: i =0 and v_ = v, =0 (virtual ground)

v, =V,
R R,
K,
2= (5)»
e SeaseL (I R The negative sign is what make
K R, this “inverting”.
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General approach for solving circuits with ideal op amps
In principle, any of the 201 circuit analysis techniques are viable when
solving op-amps.

* Because of the ground defined by the power supplies, the node-
voltage technique is almost always useful.

* Mesh currents might be applicable, but the fact that no current flows
in the input leads can making finding useful meshes tricky. (Save
mesh current for EE 303.)

« With multiple inputs, superposition may be useful.

* Voltage dividers are always useful. Because no current flows in the
input leads, we can apply voltage dividers directly to the inputs.

 Usually, writing a node-voltage equation at the output is not useful,
because we can’t know the output current.

* Be careful with the idea of the virtual short (or virtual ground). It is
NOT a true short circuit in regards to currents.

* Generally, write some NV equations at the inputs, set v. = v_ and see
what happens.
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Example 1 - non-inverting =

a Vi
Hmmm. Try writing node-voltage T VMY S b B
equations at each of the inputs. g5 =
Py % NG Ity R, 18
sttt E i_
- ! A\ A\ R,
vo,—V, v
LT T4
}Qz I‘b
First, apply iy = i_ = O:
Vo=Vt Vit Rz : !
= o EE i B En e 1DV Non-inverting amp result.
R, R, !
Vo= by R, : i
— > = v, A simple voltage divider.
R, R, R, + R,

Next vy = v_:

R, R, R, R,
v,=({1+—)v.=(14+—)v, = L+ =]V
R, R, R,+ R, R,

The product of two simple results.
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Example 2 - inverting

How about this? Will it be Kot
the product of a voltage T VMY euyEs .
divider and an inverting I i -
. v
gain? We should proceed 2N R, \V/ -
carefully — write two node @
voltage equations. \%
R TR e iSRS ERA R B ELOSROR L et L
RRELERE e R, R,
Apply the op amp rules: i =0 and v_ = v, =0 (virtual ground)
Vo= vy v
==+~ > w=- - |Avoltage divider lof sofis
id3RRESRED (PEREE R
Rb Rl
Vx BBl R2 :
— = — v, =—\|—]v, Inverting amp.
R, R R,
el Not difficult, but not
R !
Put the two results together: v, = ———[v,  what we might have
1o — = guessed at the outset.
b 1 op amps — 15
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: . R, v« R
Example 3 - inverting 2 4
Wow — messing with the feedback R
path. Maybe this is impossible to :
solve? Nope. It's quite easy — just
! R
apply the rules. Start with two ANA & \
node-voltage equations: V- / &0 +
+
V v
Vo—V_  V_—V, S<_> 0
SR e R +i_ \% i_
1 2 v
Vo=V, V., V. —V,
=

BRSO R

Same rules as the previous example : i =0 and v_ = v4 = 0.

Vs T Bb
—_— T Vx =T s VS
R R R,

—Vx Vy Yo Ve }Ql -Eq
== h vl
By R R

. Ry Ry R, :
Put it together: v,=—|1+—+ = Piece of cake.
Ry, R3 ) \R
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Example 4 - non-inverting

Non-inverting amp with 3 ("‘)
. SNED
something attached to the

" i j v
output. Find vgy in team of vs. &
A couple of node-voltage R,
equations gives: B 2 B it =
b=
: -R% IQZ
Yo Vo .+ and Yoli'Rp Vip This NV equation is not
R, S ERamE R, R, useful! We don’t know 1.
Apply the op amp rules to the left equation: i =0 and v_ = v, = v,.
Vo Vg Vs 132 ! :
== iy =l Usual on-inverting amp.
R, 1 R,

y —y y K,
prm R YRl Vi, = ( )vo A simple voltage divider.

R, R, R,+R,
R, R, Again, the product of two
i — Iy : '
0 R iR < R1) 5 ?c,lmpI.e results. Result is
identical to Example 1!
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Summing amp S N
Something new — a summing ¥ ., -
i 3 1t
amp. It looks a bit like an P R,
inverting amp, but with some v VoM Ve i
extra inputs. Since there are <"‘> - L t s
multiple inputs, we cannot Ve A \V T
calculate a single gain for the Vo = @
circuit, be we can calculate v, as . <_> 2
a function of the various inputs. it L
Node voltage at inverting input:
Vg — V. Vo —V. Va—V_. V.-V,
gy + gy +igy = i+ i - = bIEid it = difech
R, R, R, R,
Apply the op amp rules: i =0 and v_ = v, =0 (virtual ground)
m+VSZ+VSS—_VO AR :
RoR R R, The circuit scales (weights) the

EE 201

inputs and sums them. Math! The
i By Ky inverting input is a “summing node”.
Vo =it s eio - R hl : ieRe
R, R, R; Useful in many applications.
op amps — 18



Difference amp

If we can add, perhaps we can R,
also subtract. Find v, as - -
function of the two inputs. L <+> .
b 0
Write NV equations at v_ and v. 5 <"‘ i_
a i
Vv, —V 1% A\
a S ::'—i'4-i+
R R v
Vv V=V
L = ZREES
R, R,

Apply the op amp rules: i =i, =0 and vy = v_.

R,
V+ £ Va
Ry + Ry
R R R R R
v0=<1+—2>v_—<—2>vb=<1+—2> i va—<—2>vb
R, R, R, Ry + Ry R,

Input v, is scaled, input vy is scaled, and then the output is the

difference between those two quantities.
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Difference amp (con't)

it R, R, R,
v, = | 1+— vo= ==l
R, R; + Ry R,

This is an interesting result, but it becomes even more interesting if we
play around with the resistors a bit. Start by re-arranging:

< R2 R4/R3 Rz
v.= 11— | | Bl 1
Rl 1 + R4/R3 Rl

If we choose the resistors (R ) (

such that R4/R3; = R>/Ri then Yo =
the expression reduces to:

The circuit takes the difference between the two inputs and amplifies it. It
suppresses common voltages and enhances difference voltages. For
example, suppose v, =10.05V =10V + 0.05 V and

=995V =10V -0.05V. The two inputs have a common voltage of 10V
and the difference is 0.1 V. If we apply these signals to a difference amp
with R4/R3 = R>/R1 = 10, the output will be 1 V. The large common voltage
has no effect — only the difference is amplified. Diff amps are useful in

sensor applications.
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Short-hand notation for voltage sources.
Because electronic circuits always have a pre-defined ground, it really
isn’t necessary to draw all the sources. Instead, we use as a short-hand
notation and simply label source or supply voltages at a particular node
assuming that the indicated voltage is with respect to ground. The
simplifies drawing and reading electronic circuit schematics.
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Power supplies

EE 201

As mentioned previously, an op amp needs DC power supplies in order
to function. In a sense, an op-amp is a power conversion device — it
takes power from the DC and converts it to extra power added to the
signal as it flows from input to output. Without DC supplies, the amp is
just a dead element squatting in the middle of the circuit.

There are two typical supply configurations for op amps: 1) two supplies
— one positive and one negative, usually matched — with ground
defined as the common point between them, or 2) a single positive
supply with ground. The op amp will have pins for connecting to the
supplies. Op amp (usually) do not have a pin that connects to ground,
but in the single-supply case, the negative supply pin will be connected
to ground. The single supply case could be viewed as having Vs_ = 0.

—{+
T >v0 <+>VS+>O
iEsgs e -

op amps — 22




Including power supplies in the schematic become unwieldy, especially
in circuits with multiple amps. Usually, the amps will share the same
power supplies. If we want to show power supply connections
explicitly, we can use the short-hand notation introduced earlier, where

we simply label the voltages at the nodes.

Ve, >0 Ve, >0
v, + - v, i
(0] VO
V. = V]
V. <0

pishes

More typically, the power supply connections are not shown at all, as
we did in all of the earlier examples. It is assumed that if the op amps
are working, there must be power supplies available to make that

happen.
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Combinations of op amps

There are four basic op-amp configurations: non-inverting, inverting,
summing, difference. (The other examples are variations on these.)

R,
Vo O——+
v R,
- i s
Rl R2 -+ VO
\4 \Y4
: : 2 ! : R,
non-inverting, G = 1 + — inverting, G = — —
s R,
R »
R ANA N
1
—o— — v,
V
N AVAVAY, + 0
R, \V/ difference, if balanced
Rf Rf (Ra/R3 = R2/R)), then
StEne W = -y - -p R,
& Vo R, 1T e v, =2 (v, — )
1
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We can mix and match the basic configurations to achieve all sorts of
circuit functions. The combining of op amp circuits works well because
of the third feature of an ideal op amp: zero output resistance. With no
output resistance, we can (in principle) connect anything to the output
and not have to worry about mismatched input and output resistors
affecting the voltage. If R, = O, the voltage divider ratio is always 1.

Consider the simple cascaded pair of amp circuits shown below.

& B

\ d o
( v o v R 6.8 kQ Inverting R,
-O— VO = _vx
i ]Ql
,R,l, ,R,z, R,
VvV 1kQ 12 kQ 100 €2
S8 25,
| . R,
non-inverting v.=(14+—=]v,
Rl

Because of the ideal output resistance, the voltage gains can considered

iecemeal.
= s (_&)(14_&)‘} niarsyoer e The load resistor

R; R, is irrelevant.
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Swapping the order of the two amps doesn’t change anything.

e B
6.8 kQ2
R
2.2:kE / ¢ 2

R,
100 €2

Still irrelevant.
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Example 5

Find v, in terms of vx and v,. The circuit looks scary, but if we recognize
the pieces and take them one at a time, it’s not so bad.

R
4 R, \inverting vb———zv = =373V,

5.6 k it
R .
o hAl, LT R
1.5 k€2
:,/// 12 KQ
\ v B —OVO
+
(
V n balanced
B 12 k€2 difference amp
R, R, R
) V0=R_(Va_vb)
v 1kQ 68kQ 5
\ J =X E9) (Va i Vb)
non-inverting v, = (1 +—4> =
R;
[78 b= (=373 )] —03.6-v,+44.8- v,
EE 201 op amps — 27



Example 6

For the circuit below, calculate the total gain, G = v, /vs.

At first glance this looks like an inverting amp followed by a non-
inverting. But what is going on with R»? On further consideration, we
realize that the left amp is actually a summing amp with feedback

resistor R3, and two input, vs (through R1) and v, (!!) through R>. Once
we see that, the analysis is easy.

—\VV\
5.6 k€C2
R,
- R J0kQ | |~ = N
- kO o -
+ ov,
summing \_ v 17 R, R. non-inverting
R R R
vaz__3.vs__3.vo Q le 471(9) V0:<1+_4>Va
Rl R2 R3
= -y =170y = 57 iy

.
v,=57(-10-v,—1.79 -v,) > = = —5.09

Vg op amps — 28
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Example 7

Devise a circuit with ideal op-amps and resistors that will take three
inputs, vq, vs, ve and combine them to produce an output voltage
according to the function, v, = —6.67-v4 + 12-v; — 3-v..

There are many possible solutions. It looks like a three-input summing
amp would come close, except for the positive middle term. A way to
handle that would be to invert v;, first before feeding it to the summing
amp. The circuit below should work.

-k VCO_/\/\C/\/_ \V/

LAYy Re\ (R, Ry
1= e e = ) B s PR b4 1 e e 110
Ra Rb Rl Rc

After some trial-and-error in choosing resistors, the following set seems
to work: Rk=10kQ, R, =1.5kQ, R.=3.3kQ, R, =12k, R; =1k, and

EE 201 Rb =il kQ op amps — 29



