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Purpose of the exercise
The aim of the tasks is to get to know more about the different applications of the operational amplifier.

This will result in a better understanding of how they work, as well as an increase in knowledge of their
various applications.

1 The inverting amplifier

The inverting amplifier. Copy the transfer characteristics and the time waveforms to the lab report.
Based on measurements, find the voltage gain, the phase shift and the saturation voltage of the op
amp. Discuss the experiment and compare the obtained results with theoretical predictions. Estimate
the frequency range in which the output signal is undistorted and explain this phenomenon.

1.1 Static Transfer Characteristics

The static transfer characteristic (see Fig. has been calculated on the basis of the constructed scheme
(see Fig. . The circut has been set to:
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Figure 1: Static Transfer Characteristic Figure 2: Circuit used for calculations



1.2 Transfer Characteristic

In this circuit the voltage source has been changed to a sinusoidal source.
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Figure 3: The circuit used for the following calculations.

From the above arrangement we obtain the following graph showing the input and output voltage.
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Figure 4: Graph showing the input and output voltage

1.2.1 Phase Shift

The diagram (see Fig. [4) shows very well that the phase shift is 180 degrees - which is not surprising for
inverting amplifiers.

1.2.2 Saturation

We can also see immediately the saturation voltage, which is in the graph -14 V and 14 V. We conclude it
on the basis of some "flattening" of the sinus - this is the moment when the operational amplifier would
like to, but is not able to deliver more voltage to the circuit.

Of course, in a purely theoretical case, where we would have a non-existent ideal operational ampli-
fier, this would not happen. The ideal operational amplifier would not be limited by saturation, as its
Uyco— = —o0, and Uy cc+ = 0. So in this example there would be no problem and it would be able to
power up to this 16V (8 x 2).



1.2.3 Voltage Gain

To obtain the voltage gain I will take the output voltage and divide it by the input voltage. In the graph
I also select a point at time t = 2.0092915 ms to calculate the voltage gain. The results are shown in the
pictures below.

Win002) WVin003)
Horz:| 2.0092915ms Vert:| -0.2734367V Horz:| 2.0092915ms Vert:|  4.6323006V
Point selected at the input Point selected at the output

—9.2734367V
4.63223096 V

Of course, it is easier to calculate Voltage Gain directly from the circuit, where it would be here:

Voltage Gain =

_ Yout _ I
Uin Ry

We can use this as some sort of check where it actually is:

ku _ Uout o R2 - 20 kQ) o

= =_32
Uin R1 10 k€

We are therefore sure that the result is as correct as possible.

1.2.4 Frequency range in which the output signal is undistorted

For this task, I use the circuit below. I will only gradually increase the frequency in it.
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Figure 5: The circuit used for the following calculations.

For example from the above circuit (Fig. |5) (200 Hz) we get the following diagram:
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Figure 6: The diagram of the Fig. |5| (200Hz)



Let’s consider some additional graphs for given frequencies: 5000 Hz, 20 000 Hz, 30 000 Hz, 35 000 Hz
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There is an animated gif how frequency affects the output
https://drive.google.com/uc?export=view&id =1T-jV65-GQqSaoZ55kBRNn5e65H5rz9Uy|

However, we can see that the graph is behaving quite strangely. Over time it seems to get closer together
and then it becomes "triangular". Why is this happening? A real amplifier always has some limitations to
the ideal one. The distortion shown in the pictures is directly related to the SR (slew rate) parameter.

the change of output voltage _ AUout

Slew Rate = =
W time at the output when this change occurred AT



https://drive.google.com/uc?export=view&id=1T-jV65-GQqSaoZ55kBRNn5e65H5rz9Uy

Let’s do this with an example:
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Figure 7: Obtained diagram Figure 8: Circuit used for this measure-
ment

Info: In order to better explain this phenomenon, a slightly different circuit is presented. Setting
the source to Pulse allows to get a rectangle that has a period of 1ms (1khz) and filling of 1/2. The
settings are supposed to resemble the ideal source. To do that the rising slope and falling slope is set
to onepicosecond.

What we see in the diagram (Fig. |7) is a rapidly changing input and an output that cannot catch up
with this change. This parameter means — in this example given in the picture (see Fig. |7) — that in 15 ms
the voltage is not able to change more than 4V.

This leads to a "triangular appearance” of our function. The operational amplifier does not keep up with
the change, which is greatest where sine values are equal to zero — where the delta is greatest. Because
the operational amplifier can’t keep up with the change, due to delay it has to turn back and run down
before it reaches the peak that the sine function has.

1.2.5 The change of amplitude

In the next exercise at frequency of 200 Hz, I change the amplitude value.
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The specific thing that can occur if the amplitude is too high is the saturation, which has already been

explained in[1.2.2] [Saturation|




2 The noninverting amplifier

Since most of these subjects have been explained in quite some detail in section [T} [The inverting amplifier]
(see page [2)), let me shorten this section a little bit without repeating the descriptions, but rather with
simple solutions.

The noninverting amplifier. Copy the transfer characteristics and the time waveforms to the lab report.
Based on measurements, find the voltage gain, the phase shift and the saturation voltage of the op
amp. Discuss the experiment and compare the obtained results with theoretical predictions.

2.1 Static Transfer Characteristics

The static transfer characteristic (see Fig. [10) has been calculated on the basis of the constructed scheme
(see Fig. [9). The circut has been set to:

e Ugpr from -10 V to 10V
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Figure 9: Static Transfer Characteristic Figure 10: Circuit used for calculations

This space has been intentionally left blank.



2.2 Time waveforms

A (almost) new circuit was built for the calculations below. The voltage source has been changed to a
sinusoidal source.
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Figure 11: The circuit used for the following calculations.

From the above arrangement we obtain the following graph showing the input and output voltage.
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Figure 12: Graph showing the input and output voltage

2.2.1 Phase Shift

The diagram (see Fig. shows very well that there is no phase shift (is in phase) - which is not surprising
for noninverting amplifiers.

2.2.2 Saturation

We can also see immediately the saturation voltage, which is -14 V and 14 V. We conclude it on the basis
of some "flattening" of the sinus - this is the moment when the operational amplifier would like to, but is
not able to deliver more voltage to the circuit.

Of course, in a purely theoretical case, where we would have a non-existent ideal operational ampli-
fier, this would not happen. The ideal operational amplifier would not be limited by saturation, as its
Uycc- = —o0, and Uy ccoy = oo. It would be able to power up to 18V (8 x 3) if only it would be an ideal
component.



2.2.3 Voltage Gain

To obtain the voltage gain I will take the output voltage and divide it by the input voltage. In the graph
I also select a point at time t = 5.4239257 ms to calculate the voltage gain. The results are shown in the
pictures below.

Cursor 1 | Cursor 1 |
Vin003) Vin002)
Horz:| 5.4239257ms Vet:|  3.0513979V Horz:| 5.4239257ms  Ver:| 9.1457461V
Point selected at the input Point selected at the output

9.1457461 V

Voltage Gain — ——o2 201 ¥
oage ball = 513079 v

Of course, it is easier to calculate Voltage Gain directly from the system, where it would be here:

We can use this as some sort of check where it actually is:

o _ R 20 Q)

— =3

We are therefore sure that the result is as correct as possible.

2.2.4 Other measurements

There were also exercises connected with increasing the amplitude and frequency. In the first exercise for
1 V amplitude I change the frequency value.
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Here, however, no surprise. We see how, at some point, the changes at the input happen too quickly
for the operational amplifier to keep up with them. However, I see no reason to discuss this phenomenon
again, as it has already been discussed on page El in section[1.2.4] [Frequency range in which the output]
|signal is undistorted|




In the next exercise at frequency of 200 Hz, I change the amplitude value.
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Here, as before, when we increase the amplitude at the input of the circuit, at some point the oper-
ational amplifier wants to amplify the signal far too much beyond its capabilities. Therefore, we see the
sinus gradually flattening out. This was also discussed on page [3]in section [1.2.2]} [Saturation]

This space has been intentionally left blank.
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3 The differential amplifier

The differential amplifier. Copy the transfer characteristics to the lab report. Based on characteristics,
determine the differential mode voltage gain and the common-mode voltage gain. Calculate the
CMRR. Discuss the obtained results

3.1 Transfer Characteristics for Differential Mode
For both diagrams this circuit was used. The only difference is the . value. Here it is 0 V, but it was

changed to 5V in further calculations. Let me not duplicate pictures of this circuit twice.
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Figure 13: The circuit used for the following calculations.

3.1.1 Transfer Characteristics for u, = OV

The transfer characteristic (see Fig. has been calculated on the basis of the constructed scheme (see
Fig. [13). The circut has been set to:

* u. =0V

e uy from-10Vto 10V

* 2Vstep
Vc Vout
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Figure 14: The obtained transfer characteristic for u. = 0V

It is immediately apparent that the value is not only enhanced, but also reversed. We will calculate the
voltage gain in[3.1.3] [Differential Mode Voltage Gain|
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3.1.2 Transfer Characteristics for v, = 5V
The circut has been set to:
* u. =5V

e uy from-10Vto 10OV

* 2Vstep
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Figure 15: The obtained transfer characteristic for u, = 5V

As we can see, compared to the results for u. = 0V (section [3.1.1), they are even identical. This means
that the interference... maybe not that they do not affect the signal at all, more like it hardly affects the

output signal (as we are not dealing with an ideal component).

3.1.3 Differential Mode Voltage Gain

It should not make much difference which of the two charts we take the data from. We choose two points

— one for the Vg, 7y and the other for the V;,,, chart. Both should be on the same point of V; axis.

Cursor 1 Cursor 1
W(dif) VinD02)
Harz: | -6V Vert: | -6V Horz: | 6V Vet:|  11.299951V
Cursar 2 Cursaor 2
Point selected at the V¢ Point selected at the V,,;

Vout 11.999951 V'

Voltage Gain = = ~ =2
& Vairs 6V
Of course, it is easier to calculate Voltage Gain directly from the circuit, where it would be here:
Ry
ky = —==
u Rl

We can use this as some sort of check where it actually is:

poo _f2_ 20k
““" Ry 10kQ

We are therefore sure that the result is as correct as possible.
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3.2 Transfer Characteristics for Common-Mode

The circuit is the same, although we will now increase the noise value u., and the Vg is now turned off.
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Figure 16: The circuit used for the following calculations.

The circut has been set to:
c u; =0V
e y.from-10Vto1l0V

e 2Vstep
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Figure 17: The obtained transfer characteristic for u. = 0V

It would seem that our differential amplifier does not amplify the noise signal at all and the output is
pure zero. Unfortunately, it is not! Our differential amplifier is not perfect and amplifies the noise signal,
although it is close to zero. We will see this on the selected points to calculate the Voltage Gain in the
section [3.2.1] [Common-Mode Voltage Gain|
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3.2.1 Common-Mode Voltage Gain

It should not make much difference which of the two charts we take the data from. We choose two points
— one for the V, and the other for the V,,,; chart. Both should be on the same point of V, axis.

Cursar 1 Cursor 1 )
WVin005) VinD02)

Horz: | 4v Vert: | 4y Horz: | 4y Vert:| 17.956991nV

Point selected at the V, Point selected at the V,,;

Vour 17956991 nV
Ve 4V
The result obtained is so small that it is irrelevant. We can say that the reinforcement is close to zero.

Another way to calculate this, of course, was to take two points on the V,,,; and examine their slope. The
result would be the same.

Voltage Gain = = 4.489248 x 107° ~ 0 2)

3.3 CMRR

Using the calculated Differential Voltage Gain (equation |1/ on page and Common-Mode Voltage Gain
(equation [2] on page[12)) we have:

lkp| 2

N ~ 4.4 108
lkca|  4.489248 x 109 55089 x 10

CMRR =

This space has been intentionally left blank.
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4 The summing amplifier

The summing amplifier. Determine the function U,,; = f(Usgr,ey) (the values of the resistors are
given in section 5.4). Copy the output waveforms to the lab report. Based on obtained waveforms,
find the analytical expression for U,,; and compare with theoretical relation.

4.1 The diagram of function U,,, = f(Usgr, €,)

The first task was to build a circuit whose Ug g would be zero. Generator e, should produce sinus function
with frequency 200Hz and with amplitude 3 V.

Warning: This circuit will also be used for different Uggr values. However, I won’t paste it more
times for this reason. Please take this into account.

+
R1 20k R3 §
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USE o o
o -5 15
V%
R2 S V2
~Z.u1 o
; :'0P07 15
(@]
[¥] (@)
> >

SINE(O 3 200Y

.tran 10m

Figure 18: The circuit used for the following calculations.

From the above circuit (see Fig. we get the diagram below (see Fig. [19). We can see that the
output amplitude has been properly amplified twice (and its phase shift is 180 degrees) - so the amplifier
itself works properly.

User
V. V(n001)
SV-
L R S I AR WRSEE
B L S S s & R S \EES
2V-
1V-
oV-
v}
-2V
-3V
-4v-
BV
-6V- :
Oms 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms

Figure 19: The circuit used for the following calculations.

Nothing special is happening at this point, so let’s move forward and start changing Usgr.
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4.1.1 Diagrams for different values of Uspr
True magic starts to happen with a Uggr value change.

Uin(e,) User UIN (eg) User

V(n003) V(n001) . V(n003) V(n001)
o \ 7
. A\ /
n 7 \ / \
\ o / \
! 7 \ / \ v / /
2 7 \ / X a 7 /
] / b\ / I\ / X /
o / \ / ovd -\ \ /1
7 / / V-
8 \ 7/ -2V-
Oms 1ms 2ms 3ms 4ms 5ms 6r:|s 7ms 8ms 9ms 10ms Ooms 1ms 2ms 3ms 4ms 5ms 6ms 7n‘15 8ms 9ms 10ms
Diagram for Usgr = 4V Diagram for Usgr = -4V

What we can already see is that changing the Ug g value shifts our sinus function up or down. What
does this mean? It means that it is a circuit that sums up signals from two sources. In this case it is the
sum of our Uspr and our eg.

UiN(eg) User Uin (eg) User
V(n003) V(n001) V(n003) V(n001)
8V- 14v
6V 12V
av- : 10v-
2v+ : : 8V \
v
-2V- 4V ~/
n v
o v
10V -4V
12V 6V-
14V 8V
Ooms 1ms 2ms 3ms 4ms S5ms 6ms 7ms 8ms 9ms 10ms Oms 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms
Diagram for Uspr = 10V Diagram for Usgr = -10V

One might ask: Ahaa! If this digital circuit only sums up what it has done to me with this graph for
Usgr = 10 Vand -10 V? It doesn’t look like a sum to me at all!

But it is still the sum, except that we don’t operate on ideal components, so we are limited by Vsar
and Vgar— of our summation amplifier. Here we see that it will not work miracles and will not bypass its

own limitations, so in this case it cannot amplify this value to more than the 14V and -14V shown in the
given charts.

4.1.2 Analytical expression for U,,;

Using the superposition principle we first calculate U,,,; for the Uggr turned off:

And then for the e, off.
Uoutg = Uspr X <_>

The superposition rule gives an expression:

Then for our circuit:

16



5 The voltage comparator

The voltage comparator. Copy the transfer characteristics to the lab report. Compare obtained char-
acteristics with a theoretical predictions

5.1 Transfer Characteristic

.tran 10m

Figure 20: The circuit used for the following calculations.

For the above voltage comparator we obtain the following characteristics:

eg USET

15V- V(n001) : : V(n003)
12V-

9v+
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v N N
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oV-
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Figure 21: Diagram for the Uspr = 0

What we can see is that at the output comparator gives its V47 when the value of e, is greater than
the value of Uggy. If the value of ¢, is less than the value of Uggy then at the output we get the value of
Vsar— of the voltage comparator.

eg > Uspr — Uout = Vsar+
eg < Uspr — Uour = Vsar-
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Now let’s change the Usgr a little.

Vout eg UseT Vout eg UsEeT
e V(n002) V(n001) V(n003) 15v V(n002) V(n001) V(n003)
12v- | f ] f 12v- B
l l l \
o — ‘ ' TN ¢
3V- i 3V )
o AN | . | f
v N AN l
s I
\ . I
-12V+ ' -12V+ ) /
T -1 T T
Oms 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms Oms 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms

Diagram for Usgr = -2

As we can see, the circuit is behaving in accordance with our assumptions.

6 The voltage comparator with hysteresis

REMOVED... sorry ;w;

7 Conclusions

Diagram for Uspr = 2

10ms

Operating amplifiers are not as simple components as they might seem. It may not be as difficult to use
them, but it is probably not easy to fully understand them. Tasks with them are easy to complicate. Just
as they didn’t seem difficult during the lectures, it wasn’t easy to get into contact with them for the first

time. This has taught me a lot and I will probably learn even more from my mistakes.
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