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Abstract

The following document will outline the process of designing a temperature sensor for the given
parameters in the specification.

This will outline the steps taken to design the sensor, from voltage protection, filtering, gain, and

level shifting to achieve thg.dasired specification.
SK

Within this document, it will outline the various methodology for designing the various aspects of
the sensor, and will show the reason for getting the values for the design.

This document also showcases the circuit being simulated using Proteus, and will detail what those

simulations showed and why we can be confident tha.dasia ba circuit functions and is correct.
Abstract - results
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Introduction

The brief outlines the requirements of the temperature sensor.
Designing the circuit for the temperature sensor will require 4 sections. Those sections include:

Over Voltage Protection
Filtering

v v

Gain/Amplification
Level Shift

v v

Over Voltage Protection

Over voltage protection circuits are designed to prevent any potentially dangerous voltages from
creeping through the rest of the circuit, and potentially damaging components within the circuit.
This can be achieved through Zener diodes. Most power supplies will use an over voltage protection
circuit to prevent damage to other electrical components within the circuit being powered. A
threshold will be set by the values of the zener diodes, where if the supply voltage exceeds this
threshold, the zener didoes will ‘open’ allowing current to flow through.

Filtering

Filtering circuits are designed to filter out any unwanted noise in the circuit. A common type of filter

used in various applications is a low pass filter. This type of filter will allow frequencies on the low
through but will prevent higher frequencies from passing through. These types of filters are

commonly used in loudspeakers.

Butterworth Filter

The Butterworth low pass filter will provide a maximally flat response, with a moderate amount of
distortion. This filter will have a small amount of overshooting but should be relatively flat with an
almost critically damped effect on the output signal.

Chebyshev Filter

The Chebyshev filter will allow for more overshooting and ripples within the passband. This filter will
also have a steeper roll off at the frequency cut off that'll be designed into the filter parameters.
However, the downside to this filter compared to the Butterworth filter, is that it has a poor
transient response.

Bessel Filter

The Bessel filter will allow for less distortion compared to that of the Butterworth filter, however,
will have an increase in response time that will be determined by a certain time constant. The
output waveform will have some overshoot and ringing due to the component frequencies of the
square waves will shift in time with each other.

[1]Below, the general characteristics of each filter can be seen.




Ryan Stapleton Transducers and Signal Conditioning Assignment 1

Chebyshev——p Bessal

Cauer —j
—A

) Frequency
e

Figure 1- Different Low Pass Filter Characteristics [ROICIUCRNEEL()

T Output T Output

Amplitudg Amplitud
Time —p Time —
4th-order Butterworth 4th-order Bessel
Low Pass Filter Low Pass Filter

Citation Needed
Figure 2- Butterworth V5 Bessel

Amplification

Amplification circuit increase the signal voltage to a suitable level. For most systems, this will range
from 0-10V, depending on the requirements of the system. In most cases, amplification will take
place before level shifting, to provide more accuracy for level shifting to take place.

Level Shifting

Level shift circuits are used to bring the signal voltage into the correct range for the processor. To
achieve this, a DC voltage signal will be applied to bring the signal voltage into the required range for
the system. [2]However, by doing this, it may introducy into the system, which can
affect the response time of the circuit. This is something tha ave to be taken into consideration
when designing the circuit. Direction is important when level shifting. By applying the incorrect
direction when applying the DC voltage, it will cause the level shift to occur in the wrong direction. If
level shifting is required from 3.3V to 5V and the wrong direction is applied, it will instead level shift
down to 1.6V. This is also something that’ll need to be considered when designing the circuit.
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Circuit Design

Various circuits have been designed to achieve the requirements of the temperature sensor. These
various circuits are as follows:

Over Voltage Protection Circuit

4™ Order Butterworth Low Pass Filter

Level Shift Circuit — Difference Amplifier
Op-Amp Gain Circuit — Non-Inverting Amplifier

YV V¥V VY

Input Voltage Signals

A pulse generator was used to supply the circuit with an initial voltage. This was calculated by
multiplying the sensitivity of the sensor by the range of the temperature sensor. As the range of the
temperature sensor is -50 degrees Celsius to 100 degrees Celsius, the initial voltage was calculated

by the following equation.
v = e8uv x —50 = —3.4m/ (Eonieney

The pulsed (high) voltage was calculated by the following equation.

HV = 68uV x 100 = 6.8m

A sine generator was also used to apply the frequency of our input signal, which was outline in the
brief of being 50Hz of interference. This will add 50Hz of noise to the input signal, that’ll need to be
filtered out of the signal before amplifying.

Qver Voltage Protection

To prevent dangerous voltages from entering into the system, two Zendes will be used as the
over voltage protection circuit. This will be used to cut off the supply voltage to the circuit if it
exceeds the voltage set by the over voltage protection circuit. In this circuit, the over voltage
protection is set to 5.1V as our circuit doesn’t require any more than 5V. If the supply voltage
exceeds 5.1V, the Zener diodes will ‘open’ and allow current to flow through.

4™ Order Butterworth Low Pass Filter

This low pass filter is used to filter out any of the higher frequencies that aren’t wanted in our signal.
The 4" order low pass filter will provide a steeper drop off than what a standard 1* order low pass
filter. With an acceptance of 0.5°C, the accepted level of noise was 34uV. To go lower and more
accurate than this, it would require a 6'" order filter, however, with the application of this sensor, it
isn’t feasible or needed to go any more accurate than this. With a frequency cut off of 5Hz, the
maximum amount of attenuation we can achieve with a 4" order filter is -72.9db but would roughly
require -75db of attenuation to reduce the noise in the system.

The level of attenuation required can be calculated by the following equation.

-6
20 x logso NGt ) R O TP Ten Caiion required

(120 x 10-3)
A frequency cut off of S5Hz was selected as to allow for a low enough drop off at 50Hz.

Calculating the value of the capacitor required for the circuit, the following equation needed to be
calculated:

1

Xc =
© T ZmrC
Caption required
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The capacitive resistance was determined as 15KQ, which was design choice of this circuit. This can
then be used to calculate the capacitor value.

This calculation gave a capacitor value of 2.12pF. The closest retail capacitor is 2.2pF.

The gain resistors of the filter also need to be calculated. To calculate this, the table shown below
will need to be followed to determine the values of the resistors. [3]

) Chebyshev  Chebyshev
Bvain Bessel (0.50B) (2dB)

K Cn K N K - K
1.586 1.272 1.268 1.231 1.842 05907 2114

n | Poles

4 1152 1432 1.084 0597 1.582 0471 1.924
2235 1806 1.759 1.031 2.660 0964 2.782

6 1.068 1.607 1.040 0.396 1.537 0316 1.891
1.586 1.692 1.364 0.768 2.448 0.730 2648
2,483 1908 2.023 1.011 2.846 0983 2.904

8 1.038 1.781 1.024 0297 1.522 0238 1.879
1.337 1835 1.213 0.599 2379 0572 2,605
1.889 1,956 1.583 0.861 2.711 0842 2.821
2610 2192 2.184 1.006 2.813 0990 2.946

-\ Citation Needed!

4 .
rigure 3- Gain Resistor Table

The table shows the gain values of each stage of the filter, from which we can calculate the resistor
values.

R1 ) )
1.152 =1 sl Caption required
+ R2

With R1 equalling 10KQ (design choice), when put into the equation above, the value for R2 came
out as 15200Q. The closest retail resistor value to this is 1.5KQ.

The same is done for the second stage of the filter. Using the value given from the table above, the
following equation will calculate the gain resistor values.

Again, with R1 equalling 10KQ (design choice), when put into the equation above, the value for the
R2 came out as 123500, with the closest retail resistor value being 12KQ.

Op-Amp Gain Circuit

The op-amp gain circuit will amplify the input signal voltage to achieve the desired output. This is
done before level shifting as it is more accurate after amplification has taken place. The gain of the
circuit is determined by the resistors, which is determined by the following equation:

et =1+ 1R

By altering R1 and R2 will determine the gain. This is required when the amplified output signal
needs to be in phase with the input signal. To calculate the values of R1 and R2 we need to know
how much gainis required to achieve the desired output. This can be determined by dividing the
range of the input voltages by the range of the output voltage. This equation is shown below.
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= 490.1961

This value was calculated using an Excel spreadsheet, to determine all values within this circuit.

Gain = 55702

Vout
10447 = —— = 193.807
Vin

This value can then be used to calculate the resistor value of R2 for the gain circuit.

193.807 = 1 + Rl
' N R2

Where R1 equals 1000, R2 equals 192.807 x 100 = 19280(). The closest retail resistor would be
19.5K0Q.

Level Shift Circuit

The level shift circuit will amplify the difference between the input voltages. By changing one of the
input voltages, will alter the output voltage which will shift the output to the required direction. This
circuit can also be used to solve equations if the difference between two input voltages needs to be
known.

To calculate the level shift voltage required for the system, the circuit was simulated with no level
shift voltage applied to the circuit. From reading the graph simulated, it identified the required
voltage to shift the output to its desired range.

Graph not clear

Figure 4- Level Shift Graph

From the graph above, the red line is showcasing the voltage signal before level shifting has taken
place. From pointing at the start point of the graph, we can see that -2.13V needs to be applied to
the signal so the signal will start at OV and peak at 5V. This can be seen by the green line, which is
showcasing the output signal once level shifting has occurred.
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Simulation Setups
Qverall Circuit Diagram

Figure 5- Qverall Circuit Diagram
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Figure 6- Over Voltage Protection Circuit
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Filtering Circuit
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Figure 7- 4th Order Butterworth Filter

Amplifying Circuit
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Figure 8- Amplifying Circuit
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Figure 10- Frequency Response Graph
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Figure 11- Analogue Graph Showing Noise
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Discussion
From simulating the circuit on proteus, we can see from various graphs exactly what our circuit is
doing, which will validate our workings.

Figure 10- Frequency Response Graph shows the frequency cut off of our signal. From the graph, we
can see that the frequency cuts off at 5Hz, which is what we designed it to do. This graph shows the
filtered input signal, and also the filtered amplified signal. This also confirms our workings within the
excel spreadsheet used to calculate the gain required in the circuit. From this graph we can also see
that the signal is maximally flat with a fairly steep drop off at the 5Hz frequency cut off. This drop off
could’ve been made steeper with a 6™ order filter, or a Chebyshev filter, but would have an
increased response time with more oscillations and overshooting as a result. The graph also shows
the two signals being completely in phase with each other.

Figure 11- Analogue Graph Showing Noise is showcasing tmlt signal with noise, our unfiltered
input signal with no noise and our filtered signal. This shoWeases that the filter has been effective, as
nearly all of the noise has been filtered out of our signal before being amplified.

Figure 12- Analogue Graph with Level Shift is showcasing the unfiltered input signal, the filtered
amplified signal and the filtered amplified signal with level shifting taking place. From this graph, we
can determine the response time of our circuit. From this graph, we can determine that the
response time is roughly 500ms, which is more than sufficient for a temperature sensor, as
temperature gradually increases and doesn’t tend to spike. This graph also shows us there is some
over shooting from our output signal and takes roughly 375ms from it over shooting to settle. This
could be imgrgye i ing : hete tircuit. However, by doing so, the

$aue is solved, but the response time of the system is increased as there is more
resistance in the circuit. The response time from 5V to OV is virtually the same the response time
from 0OV to 5V of around 500ms.

This graph also showcases and proves the level shifting has taken place. We can see that the output
signal ranges from 0-5V, as described in the brief. Therefore, at -50°C, the output voltage is OV and at
100°C, the output voltage is 5V.

Sourced Temperature Sensor
After confirming the circuit designed functions as intended, a

temperature sensor fitting the parameters of the circuit
designed was found. The sensor sourced is a type E -
thermocouple, meaning that it has a sensitivity of 68uV/'° ’

same as the circuit designed above. This particular sensor'
meets the temperature range required, with a range from -50°C
to 200°C. The datasheet for this sensor can be found below in
the reference list. [4]
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Conclusion
To conclude, there are a few point we can take away from this experiment. The first point to take
away is that the design of the circuit functions as intended. The output voltage of the circuit has

been shifted so that at -50°C, the g voltage is 0V and 3 voitage is 5V.

From simulating the circuit, the response time can be determined. From looking at the simulation
graphs, the response time of the circuit was roughly 500ms. This is more than fast enough for
measuring temperature as temperature tends to not ‘spike’ and is more of agradual increase.

Finally, a temperature sensor that meets the parameters of our circuit was found. Therefore, if this
circuit was required in a real world application, then the sensor sourced would be most likely be
used.
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