12A.1

Lecture 12A — Op-Amp Circuits

An op-amp model. The ideal op-amp. The inverting amplifier. The noninverting
amplifier. The voltage follower. An adder circuit. Integrator circuits. A
precision half wave rectifier.

An Op-Amp M odel

A model of an op-amp is shown below:

Figure12A.1

Typica values for the op-amp model elements are as follows:
R=1MQ, R =75Q, A=2x10° (12A.1)

To analyze the circuit, we will make three assumptions:

* Since R isvery large, we will assumeit to beinfinite.
* Since R isvery small, we will assume it be zero.

* Since Aisvery large, we will assume it to be infinite.

These assumptions lead to the model for an ideal o-amp.
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The ideal op-amp’s
parameters

The virtual short
circuit is the key to
analysing op-amp
circuits

12A.2

The ldeal Op-Amp

Anideal op-amp has the following parameter values:

A= o0
R =
R =0 (12A.2)

If there is a negative feedback path (i.e. a connection between the output of the
amplifier and the inverting input terminal), then the op-amp will have a finite

output voltage. It follows that:

v, = AV, —vi,)
V V
Viz_\/il—_;\‘_o‘o (12A.3)
Therefore:
(12A.4)

Vit = Vi

The input to the op-amp looks like a short circuit for voltages, but due to the
input resistance being infinite, it looks like an open circuit for currents. The
input terminals can therefore be considered a virtual short circuit. We will use

the virtual short circuit concept frequently.
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Thelnverting Amplifier

The inverting amplifier circuit is shown below:

R,
4YAAY,
o
I,
Vi R, Vip
o NNV
-%
I,
o Ro
Ri§ Agz Via) AN o Vb

_I’_

Figure 12A.2

It is called inverting because the output will be inverted (which implies a

negative gain).

The virtual short circuit concept is very important because it allows us to
analyze acircuit very quickly. To see this, we will analyze the circuit using the
ideal op-amp model and the concept of a virtual short circuit, and then see how

things change with afinite value of A.

Fundamentals of Electrical Engineering 2010



12A 4

With avirtual short circuit, the inverting amplifier becomes:

Rz
MWN——o Vo
—
Vi Ry 12
o—MW
I
Figure 12A.3
Gain
Thereis only one current, so:
i =Vi-_Yo
1 R R, (12A.5)
The voltage gain is then:
A/ = ﬁ = —i (12A.6)
vi R

Input Resistance

With avirtual short circuit, the input resistance is obtained by inspection:

. |_<

Rn =

=R (12A.7)

I—‘_

Output Resistance

With a virtual short circuit as in Figure 12A.3, the output voltage is

independent of any load resistor. Thus, the output resistance of the amplifier is:

_ 12A.8
I%)ut =0 ( )
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Effect of Finite Open-Loop Gain

Firstly, we seek a representation of the circuit which corresponds to the
Thévenin equivalent:

Figure12A .4

With an assumed output current as shown in the figure (the load is not shown),

we can write KVL and get:
— _ : (12A.9)
Vo - A‘vovi Routlo

We now seek an expression for the output of the real circuit that isin a similar
form so that we can identify the open-circuit voltage gain and output resistance

by inspection.
To include the effect of afinite A, we first introduce the feedback factor:

_ R
F= R+R, (12A.10)

Note that:

_p=_R
1=/ R+R, (12A.11)

which is an expression that will be used later.
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With reference to Figure 12A.2, we now perform KCL at the inpuit:

Vip —V, +Vil_Vo -0

Rl R2 (12A.12)
Multiplying through by RR, and rearranging, we get:
Vie = i Vi + i Vo
Ri + RZ Ri + RZ (12A.13)
=(L- B + B,

KCL at the output gives:

oo L Vem(EAG) L g

R.L + R2 R> 0 (12A.14)

Substituting the expression for v,; from Eq. (12A.13) we get:

VooV, Vet AL-BN AR, o
|:\>1.|.|:\>2 |:\>) 0 (12A.15)

Rearranging we get:

Vo[ 1 +1+A,8J:[ 1 _A(1—ﬁ)jvi_io
R+R, R R+R, R (12A.16)

If we now let:

1 _ 1 [1+Ag)
Rue R*TR R, (12A.17)
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12A.7

then we can see that the output resistance is composed of two resistances in
paralel:

Ry = (R+R)II[R,/[+AB) (12418

This is usually a very small resistance. As an example, an inverting amplifier
with a nominal gain of —R,/R =-10 (8 =1/11) designed using an op-amp
with R, =100Q and A=10" will have R,, =11mQ.

We can now rewrite Eq. (12A.16) using our new definition of R, :

A
R+R R,

(0}
Thisis similar to Eqg. (12A.9). By comparison, we can easily identify the open-

jRoutVi ~Raulo (12A.19)

circuit voltage gain:

(1 _A(l—,B)j
As (lez R R
{RO—A(l—ﬂ)(RﬁRz)](R1+R2)Ro/(1+Aﬁ)
(R+R,)R, R +R, +R, /(1+AB)
_R-Al-B)R+R,)
(R +R, )1+ AB)+R,
__ R-AR
R+R,+AR +R,
____-R+R/A
R+(R+R,+R)/A

(12A.20)

With large open-loop gain A, the gain expression reducesto A, = -R,/R,.
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To obtain the input resistance, we do KCL at the inverting terminal:

Vii ~ V. V'l_A(O_Vil) Vil(1+ A)

0O — 1 —_

"R R, R,
v, R

Iy 1+ A (12A.21)

and so:

R,
1+ A

Ry =R+

(12A.22)

With large open-loop gain A, the input resistance reducesto R, = R, .
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Resistor R,

Why do we need to put resistor R, on the noninverting terminal of the op-amp,

if it isat common potential and carries no current?

The standard input stage of integrated circuit op-amps is a DC coupled
differential amplifier. Asthere are no input coupling capacitors, a proportion of
the DC bias currents circulate in the input and feedback circuits. To find the
DC output voltage of the closed-loop amplifier due to the input bias current, we

set the signal source to zero and obtain the circuit below:

R,
AN
<

2y

o Vo
Figure12A.5
With R, =0, the output DC voltageis given by:
— (12A.23)
Vo - Rzl Bl

which can be significant if R, islarge.

Fundamentals of Electrical Engineering 2010



12A.10

With R, # 0, the output DC voltageis given by:
- _ (12A.24)
Vo =~Rile; +Rolles ~Ri/R Ieo)
Forthecase I, =15, =15, weget:

V, =[R,-R,@+R,/R]]I; (12429

We may reduce V, by selecting R, such that:

Rz _ RzRi _ (12A.26)
1+R/R R+*R IR

Therefore, to reduce the effect of DC bias currents, we should select R, to be

R4:

equal to the parallel equivalent of R and R,. Having selected this value,
substitution into Eq. (12A.24) gives:

V, = Rz(l Tl Bz) (12A.21)

If we define the input offset current as the difference between the two input

bias currents:

= (12A.28)

Ioff Bl_IBZ

then:

_ 12A.29
Vo - Rzl off ( )

which is usually about an order of magnitude smaller than the value obtained

without R, .
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The Noninverting Amplifier

The noninverting circuit has the input signal connected to the noninverting
terminal of the op-amp in some way:

R,
M
—

I

R § A(V;,-V;,)

_I’_

Figure 12A.6

An analysis of this circuit follows. First the gain:

Vi =V
R, R
R+R, ' R+R °
v, _1+R/R
v, 1+Ry/R,

The input and output resistance are obtained in the same way as before:

Rn ~ R3 + R4 (12A.313)
Ry = 0 (12A.26b)

(12A.30)
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A buffer is used to
couple a high
impedance to a low
impedance

12A.12

The Voltage Follower

The voltage follower is used instead of the source or emitter follower where
precision isrequired. It is used for impedance matching.

Figure 12A.7

To analyze the circuit we note that:

R =R =0 R=R,=w (12A.329)
O0A =1 R, =00 R, =0 (12A.27h)

The voltage follower is used to provide isolation between two parts of a circuit
when it is required to join them without interaction. For example, to couple a
high resistance source to a low resistance load, without suffering a voltage

drop, we insert a buffer between source and load:

1000Q
ANV
- Vo=0.01V
Vi =
i=01 V@ 100Q
1000Q
) ]
‘%0 Volt
i = oltage -
. -~ Vo=0.1V
Vi=0.1 V@ 0IV[' Follower 100Q
L ] o—
Figure12A.8
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An Adder Circuit

An adder circuit performs the mathematical operation of addition on two (or
more) voltages (hence the name operational amplifier):

Figure12A.9

We can use superposition, and the concept of the virtual short circuit, to obtain

the gain of thiscircuit:

vV, =-R, i+i (12A.33)

o R{ F{'
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Integrator Circuits

Theideal integrator circuit is:

O

Figure 12A.10

We use the virtual short circuit concept to analyze the gain (it is essentialy the
same analysis as for the inverting amplifier). KCL at the inverting terminal
gives:

dv

f— 0

Vi
R dt

__ 1
Vo = _R—CJOV.dt +V0(O)

(12A.34)

Unfortunately, this circuit suffers from the fact that any DC at the input, such
as the inherent input offset voltages and currents of the op-amp, will be

integrated and eventually cause the output of the op-amp to saturate.
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A practical circuit that alleviates this problem is known as the Miller integrator,

shown below:
R:
C
I .
R "
Vio——AAN
V0
R.=R|IR:
Figure 12A.11

The Miller integrator provides a path for the DC offset currents Vog/R and

I o » With the result that the output has a DC component given by:

V, = (1+ R /R)vos + Rl s (124.39)

To keep the DC offset at the output of the integrator low, we should select a
small R: . Unfortunately, however, the lower the value of R-, the less ideal

the integrator becomes. Thus selecting a value for R- is a trade-off between

DC performance and integrator performance.
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A Precision Half Wave Rectifier

A precision haf wave rectifier gets around the problem of the forward bias
voltage drop with real diodes. We can rectify signals less than 0.7 V with this

circuit;

Vi o AAA, Dy

Figure 12A.12

To analyze this circuit, we firstly remember that the diode is a nonlinear
element so that linear circuit analysis does not apply. We assume that somehow

the op-amp isworking so that thereisavirtual short circuit at itsinput.

In the positive half cycle, with the op-amp working, the current is to the right
in resistor Ry. The current cannot enter the op-amp inverting terminal, due to
the infinite input resistance of the op-amp, so it must go up. Diode D2 isin the
right direction to conduct this current, so it will. Since the diode is conducting,
the voltage at the output terminal of the op-amp will be about -0.7 V. With D1
assumed off, the voltage across it is -0.7 V so our assumption is correct. The
resistor R, does not conduct any current, so the voltage drop across it is also

zero. The output of the circuit istherefore 0 V for apositive half cycle.
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In the negative half cycle, with the op-amp working, the current isto the left in
resistor R;. The current cannot be coming from the op-amp inverting terminal,
because it is like an open circuit, so it must be coming from the feedback
circuit. Diode D1 is in the right direction to conduct this current, so it will,

Since the diode is conducting, the voltage at the output of the circuit will be:

R

Vo = _ﬁ i (12A.36)

This is determined solely by the external resistors. The voltage at the output
terminal of the op-amp will be whatever it has to be to supply this current
through D1. For example, it may be 0.7 V above the output voltage for large
input signals, or it may be 0.5 V above the output voltage for small input

signas.

The voltage across D2 is such as to reverse bias it. The purpose of D2 isto let
the op-amp create a virtual short circuit for the positive half cycle. Otherwise

the op-amp would saturate, and the output would not be zero.
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