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Abstract

This report details specification, design, and testing of a signal conditioning system
to be used with a thermocouple, the main objective of the circuit is to reduce a 50Hz
noise signal from nearby mains equipment to an acceptable level, the circuit also
includes level shifting, amplification, and overvoltage protection.

The proposed circuit consists of a diode clamping circuit to protect from
up to 34V, for reducing the noise a 4" order Sallen & Key low pass
filter was used, making use of a custom filter response to achieve an attenuation of

64.1dB at 50Hz, this was then able to surpass the design requirement of keeping the
noise below 16.67mV p-p, this ensures a temperature accuracy of +0.25°C.

Signal amplification was then achieved via a non-inve @ 1. amp, with a calculated
gain of 218.91, amplifying the transducers signal of -3.4mV to 6.8mV to the correct
5V range, however due to the transducer outputting a negative voltage below 0°C a
difference amplifier is used to offset the signal by a fixed amount, adjusting the
voltage to 0-5v, the offset voltage is derived from resistive divider.

Several alternative circuits were considered for use, such as multiple feedback
filters, crowbar over voltage protection and instrumentation amplifiers, however, were
not implemented due to complexity or cost considerations.

The design takes cost efficiency into account by utilizing E24 preferred resistor and
capacitor values, and general-purpose components. Trimmer potentiometers have
been included for fine adjustments of both the circuit gain and offset allowing for
compensation of manufacturing tolerances and for making up for errors introduced
by using E24 resistors.

Testing was conducted via simulations and showed a linear response of the circuits
output to temperature change, little ripple, and a response time of 78ms comparable
to commercially available products. =2

proposed design offers a standard 24v power supply input for use within industrial
control systems.
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Introduction

The problem covered in this report is that an input signal from an external
temperature transducer is affected by electrical interference from nearby mains
equipment, in this case 50hz 120mV peak to peak has been added to the
temperature signal, the circuit proposed will be required to attenuate this noise to an
appropriate level then scale and level shift the signal to the required 0-5V range,
over voltage protection should be added to ensure the system is capable of
withstanding unintended inputs.

Level Shift

Sallen & Key

Figure 1 — Circuit Block Diagram.

As shown in figure 1 the first section of the circuit will be over voltage protection. This
will be used to limit the maximum voltage allowed further into the circuit preventing
distortion due to the op-amps clipping, or in extreme conditions damage to them.

The second section will be filtering. For this role, a Sallen & Key Filter was chosen,
this will be in a low pass configuration, it has been decided that an accuracy of
+0.25°C should be targeted meaning the noise at the output should be below
0.0167V p-p.

| Temperature Range (°C) ‘ ouput Hangetv” desierd fluence (£°C) | v/°C | output noise p-p (V) |
[ 150 | 5 [ 0.25 | 0033333333 | 0.016666667

Table. 1 - m’camulaﬁons.
The third s e amplification. The expected input signal from the

temperature transducer is approximately 68uV/°C and from the specified
temperature range of -50 to 100°C this gives an expected voltage of -3.4mV to
6.8mV the chosen filter will provide some amplification; however further amplification
will be required to reach the necessary 0-5V range this will be done using a non-
inverting op-amp.

The fourth and final section will be to add the offset voltage. The used temperature
transducer produces negative voltages for temperatures below 0°C and the desired
output is 0-5V a fixed offset voltage will be added, this will be done using a difference
amplifier and feeding one of the inputs with a fixed negative reference voltage.

The amplification and offset voltage should also be slightly adjustable to allow for
correction of errors in differences between manufactured circuits, this will be done by
adding trimmer potentiometers.

Page 419




Background information

Need for signal conditioning

The circuit discussed in this report is an example of signal conditioning. Signal
conditioning is the process of preparing a signal for further processing [1] specifically
in this case filtering, amplification and level shifting will be used to prepare the signal.

The need from filtering is due to a large noise signal compared to the transducers
output signal, any further circuitry will be unable to decern the intended signal from
noise.

Passive sensors such as the thermocouple used in this application produce very
small outputs which later circuity will be unable to use. As an example, a common
ADC such as the one used within the Atmega 328p has a resolution of ~20mV [2],
meaning the unconditioned signal would be unusable and amplification will be
required.

Other technologies available

During the design of the proposed circuit there were several technologies that Ire
considered for use, such as:

- Muliiple feedback filter, this has better high frequency response than the used
Sallen & key filter however the filter is more complicated [3] and due to this
the Sallen and key filter was chosen.

- Over voltage protection, an alternative to the used diode clamping circuit
would be a crowbar circuit, this makes use of a Zener diode and thyristor to
provide a low impedance path to ground, protecting the circuit [4, P. 690-691]

- An alternative for the used differential op-amp for adding the offset voltage
would be an instrumentation amplifier, the benefits of which are that it is
configured with a single resistor and provides a high input impedance and a
low output impedance, however these benefits are outweighed by the
additional cost as the benefits are unnecessary in this application [5].
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Method

There were several factors considered whilst designing this circuit such as cutoff

frequency (F¢), number of filter stages, filter response, gain required to reach desired
output voltage, voltage offset and OVP Level.

Cutoff Frequency

The first parameter to be chosen was cutoff frequency. The cutoff frequency of a
circuit is the point at which it attenuates the input signal by 3dB [6], as the intended
input signal will be a slow changing temperature a safe value for cutoff frequency will
be 5Hz, this will ensure a high level of attenuation of the 50Hz noise signal.

Filter

Determining the number of filter orders was done by experimentation, from testing
2, 41 and 6', it was identified that the 4™ order would provide the necessary
amount of attention whilst keeping components to a minimum, which is desirable if
the circuit was to be produced at scale.

Deciding on the filter response was next in the design process, there are several
typical filter responses such as Butterworth, Bessel and Chebyshev [4, P. 407-409],
simulations where performed and attenuation recorded for all 3 (figure 2Jto
determine which was most suitable for this application.

Filter Attenuation at 50Hz
response (dB)

Chebyshev 75
Butterworth 71.6
Custom 64
Bessel 59.9

Table 2 — Filter response testing results.

The custom values were decided upon to ensure no oscillations, which were
introduced from the Chebyshev and Butterworth, whilst keeping the attenuation to
the required level, this was the response ultimately chosen for this application.

Custom Response values Stage 1 | Stage2
Cn 1.216 1.303
K 1.118 1.997

Table 3 — Custom filter response values.
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Amplification

At this stage in the circuit the noise signal has been greatly attenuated and the
transducer signal has been partially amplified from the filtering stage, however
further amplification is still required to reach the desired 5v output range.

Taking measurements of the voltage after the filtering stage, the amount of gain
required can be calculated.

Input (V) Desired Output (V) Required Gain
High 1.60E-02 5 21891
Low -6.84E-03 0

Not In Text
Range 2.28E-02 5 -

Table 4 — Gain calculations.

The lowest voltage measured was -6.84mV and the highest was 16mV. This gave a
voltage range of 28.8mV dividing this by the intended output range the required gain
of 218.91 can be calculated. {5

Level shifting

Having achieved the correct voltage range for the output signal, the only alterations
required to the signal are level shifting so the voltage begins from 0V, measuring the
signal from the amplification range the amount of offset voltage can be determined.

Measured Output Desired Output Required Offset
(v) (v) (v)
High 3.745 5 1.245
Not In Text
Low -1.245 0 Range Error (V) -
Range 4.99 5 0.01
Table 5 — Offset voltage calculations.

ovpP

Over voltage protection will be done using a diode clamping circuit, this consists of a
resistor and diode pair used for clamping both positive and negative voltages,
Silicone diodes will be used for this role as the higher voltages of Zener diodes is
unnecessary.
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Figure 3 — Complete circuit overview.

To reduce manufacturing cost, it was decided to make use of the E24 preferred
resistor & capacitor values laid out in IEC 60063 [7], these values are not always exact
to what is needed from the calculations however upon testing with the closest values
the circuit still performs to an acceptable level and where exact values are needed
trimmer pots will be added.

Section 1:

INPUT
VA1

V1(+) _l’_\_ VA(+) VA(-)
VSINE

Figure 4 — Input circuit

This section simulates the specified input parameters, the pulse generator is used as
the thermocouple providing a square wave signal of -3.4mV to 6.8mV (-50 to 100°C),
the “VSINE” generator which adds the 120mV, 50Hz noise signal.

In reality the specified input signal would be from a temperature transducer and a
length of cable placed near mains powered equipment causing the unintended EMF
on the cable [4, P. 478].

The specific temperature transducer is a type E thermocouple,there are several
types e.g. J, K, E, N, etc.... the type specifies the combination of materials used, the
type E consists of chromel—constantan [8] and outputs the specified 68uV/°C
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Section 2:

As previously discussed, this part of the circuit will be used to
ensure that excess voltages are stopped from traveling further
into the circuity. R9 was chosen to not introduce too large of
an impedance into the circuit path whilst still reducing the
current flow to protect the circuit. D1 and D2 are standard
silicone diodes with a forward voltage of 1.1v [9]. These

components allow for . (Figure - 5 OVP
Calculations) &8

Figure 6 — Over voltage protection circuity

Section 3:

Filtering

Figure 7 — Filtering

The value of C was first to be determined this was done by using the formula
C= ZH;XC , Ideally it is desirable for Xc to equal ~10,000 at our cutoff frequency, this

calculation gave 3.1 nF and the nearest preferred capacitor value is 3.3nf [3].
E 9

1
2 fCCp
Where Cn is from the previously determined filter response values.

The filter resistor values were determined by R =

R1 and R5 where then calculated using R = (K — 1) - R2, K is the previously
determined gain value for the filter stage and R2 is 10000 to give reasonable values
for R1.
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Section 4:

|
|
}
} oy
|
I
|

Fixed resistor Used
instead of potentiometer
due to simukation imitations

Section 5:

Level Shift

A A A A A |

|
|
|
|
| Bry
|
|
|

Fimad resistor Used
mstead of polentiometes
dug to simulation limifations

As previously calculated the required gain to reach a 5V
range is 218.91, making use of the non-inverting gain
formula (R1 = (Gain-1) * R2), taking R2 to be 1k* the
required value for R1 is 217.9k. (figure 8 — Scaling
Calculations) S 10

Using preferred values this can pe approximated with a
180k, 33k and 10k potentiometer.

The potentiometer will allow for fine adjustments over the
gain to compensate for component tolerance [10].

*R2 chosen to be 1K to produce reasonable values for R1

Figure 9— Scaling Circuitry

The difference in amp will be configured with no gain,
this is done by using the same value resistors.

To produce the offset voltage a resistive divider was
used, values for which were calculated using
R1 = (R2/ Vout) * Vin - R2 where R2 is again 1k

7 LH4(OF)|

(Figure 10 — Offset Calculatlon

Vin for this will be the negative supply rail (-12V), this
is because the difference amp will subtract the
voltage on its negative terminal, thus a negative
reference is necessary.

R2 can be approximated by a 6.8k and a 5k
potentiometer, which is again used to fine adjust the
offset voltage.

Figure 11 — Scaling Circuitry
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Results

Time domain Results:

' Graph not clear

T R R R R R R R R R

B E b b e v B DB R R ¥ PR ¥R R R R P B

wm - ] ] ) s = = m

Figure 12 — Time Domain Result graph

Figure 15 is the simulated signal from the transducer, which shows the correct -
3.4mV to 6.8mV, also shown is the filtered, scaled, and amplified signal, using the
scale on the right-hand side, a 0 - 5v range is shown.

The interference is also seen to be significantly reduced.

The input delay of the circuit has been measured as 78mS.

Frequency domain Results:

Shown in figure 13 is the filter
response of the Sallen & key

active filter using custom gain
values determined earlier.

At 50Hz an attenuation of 64.1
dB is observed

Figure 13 — Frequency domain Results Graph
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Discussion

Output:

Reviewing the output from the circuit the correct voltage range is present, measured
tobe0-5V.

Temperature vs Output Voltage

6

Voltage V

0.

o

-50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100

Temperature °C

Figure 14 — Circuit output over complete temperature range

The circuit responds linearly to the increase in temperature from the simulated

1hermocouple, beneficial as any non-linearity introduced will directly affect any
later circuity a SZlise deviations from the correct value.

From Analyzing the circuits output, it can also be noted that there is little to no ripple
introduced by the filtering stage, this is as expected as it was a key consideration
whilst designing the filter.

Filtering:

Taking several readings of the output voltage with the thermocouple input steady,
the variation caused by the noise at the output was measured on average as
12.67mV p-p this is better than the required 16.67mV p-p meaning the system can
exceed the desired £0.25°C accuracy. Depending on the exact application this will
likely be ok, however, some systems may have the requirement for better accuracy,
a 6" order Sallen & key filter would help improve this, but more components would
be necessary and would also increase the systems response time.
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Delay:

As previously mentioned, the response delay of the circuit is 78mS. This is adequate
for the intended use case of the circuit as temperature is a slow-moving property and
a control system will be able to deal with this level of input delay.

This circuit has comparable response delays to commercially available products
such as the “PR Electronics 5437 Temperature Transmitter” which claims a 70mS
response time [11]

OVP:

The OVP circuit proposed is capable of up to 34V, however any event greater than
this will cause the current limiting resistor to exceed its power limit and ultimately fail.
A possible solution to this could be to replace it with a PTCC (Poly Fuse), which will
allow for a low impedance path under normal conditions, and an extremely high
impedance under fault conditions [12].

Power Supply:
Virtual Ground Supply

il b o el e o o sl o o oo ™ S S S S

|

| i |
: R16 J— C6 I
aKT 220uF I

ﬁ V2 | - |
C) | 1
AN 5 |
R17 =1 |

4K7 I

|

|

Figure 15 — Power supply

For the correct operation of this circuit a dual rail supply is necessary, =12V will be
more than adequate to power the op-amps. These supply rails can be created easily
from a 24V supply as this is a commonly available voltage in industrial control
system [13] to create these voltages a split rail supply circuit will be used.

Page 13|19




Adjustability:

As previously mentioned, it was desired to be able to adjust both the offset voltage
and the gain, this was done by adding trimmer potentiometer.

In the gain stage this allowed for a range of 214 — 224, this allows for compensating
for component tolerances.

However, in the offset stage introducing the resistive divider as the offset reference
source caused issues as the differential amp loaded the output of the divider. The fix
to this was to add a unity gain follower, which provided a lower impedance source of
the reference voltage and fixed the issue imroduce. 407].

13

+12v

3

2
-
Y
=

Fixed resistor Used
instead of potentiometer
due to simulation limitations

Figure 16 - Offset reference generator circuit.

Thermocouple Issues:

As previously disused the circuit is intended to work with a transducer input of
-3.4mV to 6.8mV calculated using the specified 68uV/°C, however due to the
non-linearity of thermocouples, the real input voltage would be -2.7mV to 6.3mV. The
proposed circuit can be made to work with range by adjusting the gain
potentiometer.
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Conclusion

The circuit designed in this report successfully demonstrates a signal conditioning
system for use with a thermocouple temperature transducer. The key features of the
circuit are overvoltage protection (OVP), filtering, amplification, and level shifting.
The circuits and components were decided upon through calculating required values
and considerations of circuit cost and complexity.

The used 4" order Sallen & key filter provided an effective attenuation of 64.1dB
reducing the influence of the 50Hz noise signal to below the desired maximum of
16.67mV p-p and allowed for an accuracy +0.25°C.

The filter made use of a custom response which was determined through testing
Bessel, Chebyshev, and Butterworth to ensure maximum attenuation without
introducing ripple into the output signal.

Further stages then amplified the signal to the correct O - 5 v range from the original -
3.4mV to 6.8mV transducer signal making uses of a non-inverting op amp, level
shifting was then provided by a differential amp with adjustability from a trimmer
potentiometer.

Over voltage protection was implemented with a simple diode clamping circuit which
ensured protection for fault conditions up to 34V.

Alternative circuits for OVP, filtering and level shifting were reviewed and considered
for use, such as making use of a PPTC resistor in the OVP circuit to allow for greater
fault tolerance.

The circuit also showed good linearity with low ripple and a response time of 78mS,
comparable to commercially available products, the circuit has also been designed to
work with 24v for easy use with industrial automation systems where 24v is common.

Page 15|19




References

[1] “Basics of Signal Conditioning,” Monolithicpower.com, 2024.
https://www.monolithicpower.com/en/learning/mpscholar/sensors/basics-of-sensor-
operation/basics-of-conditioning ?srsltid=AfmBOooWbImkOUahY twnREmjaU6x5-
FhewpilVG8|UINydifOIr0Fyz (accessed Nov. 10, 2024).

[2] page: 414 - 415 “ATmega328PB AVR® Microcontroller with Core Independent
Peripherals and PicoPower® Technology.” Accessed: Nov. 10, 2024. [Online].
Available: https://www.mouser.co.uk/datasheet/2/268/40001906C-3323958.pdf

[3] J. Karki, “Active Low-Pass Filter Design.” Accessed: Nov. 20, 2024. [Online].
Available:

https://www.ti.com/lit/an/sloa049d/sloa049d.pdf?ts=1731994246655&ref url=https%
253A%252F%252Fwww.google.com%252F

[4] P. Horowitz, W. Hill, and Oxford University Press, The art of electronics, 3rd ed.
New York: Cambridge University Press, 2015.

[5] “SSZT428 Technical article | Tl.com,” www.ti.com. hitps://www.li.com/document-
viewer/litthtm|/SSZT428

[6] “What is Cutoff Frequency? - Keysight Oscilloscope Glossary - Keysight
Technologies,” Keysight.com, 2024.
https://www.keysight.com/used/us/en/knowledge/glossary/oscilloscopes/cutoff-
frequency (accessed Nov. 10, 2024).

[7] “IEC 60063 - Preferred number series for resistors and capacitor” — IEC INTERNATIONAL
STANDARD — IEC, |EC 60063 2015.pdf (accessed Dec. 2, 2024).

[8] “Type E Thermocouple - TC Ltd,” www.fc.co.uk.
https://www.tc.co.uk/thermocouples/type-e-thermocouple.html (accessed Nov. 10,
2024).

[9] Vishay, “Vishay General Semiconductor General Purpose Plastic Rectifier,” Apr.
2020. Available: hitps:/www.vishay.com/docs/88503/1n4001.pdf (accessed Nov. 25,
2024)

[10] “Potentiometers - A Complete Guide,” uk.rs-online.com. https://uk.rs-
online.com/web/content/discovery/ideas-and-advice/potentiometers-guide (accessed
Nov. 25, 2024)

[11] “2-wire HART 7 temperature transmitter 5437A." Accessed: Nov. 28, 2024.
[Online]. Available: https:/docs.rs-online.com/5057/0900766b81659b68.pdf

Page 16|19




[12] D. Li, “Circuit for protecting ADC with TVS diode and PTC fuse.” Accessed:
Nov. 26, 2024. [Online]. Available:
https://www.ti.com/lit/an/sbaad62/sbaad62.pdf?ts=1732622526422&ref url=htt
ps%253A%252F%252Fwww.google.com%252F

[13] V. Vaidya, “The Industrial Automation Power Dilemma: Part 1 - Industrial
Control Architecture,” Analog.com, Mar. 21, 2014. (accessed Nov. 25, 2024)
https://www.analog.com/en/resources/technical-articles/the-industrial-

automation-power-dilemma-part-1--industrial-control-architecture.html

Page 17|19




Appendix

Chebyshev

Buterworth

Figure 2 —filter res

ponse testing.

|Maximum Fault Voltage (V)

| 34.27

Maximum Fault Current (A)|

0.015

Input resistor
Resistance (Ohm) 2200
power Rating (W) 0.5
Clamping Diode
Current Rating (A) 0.8
Forward Voltage (V) 1.1

Figure 5 — OVP Calculations.
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Scaling

Input (V) Desierd Output (V) Requierd Gain
High 1.60E-02 5 218.91
Low -6.84E-03 0
Range 2.28E-02 5
Resistor| Resistor Values (Ohm)| E24 Fixed Resistor Values| Additional Resistor
R1 217914 180k + 33K =213k + 10k Pot
R2 1000 1000
Potentiometer (10K) Gain Range
High 213000 214.00
Low 223000 224.00

(Figure 8 — Scaling Calculations)

Offset
Measured Output (V) Desierd Output (V) Requierd Offset (V)
High 3.745 5 1.245
Low -1.245 0 Range Error (V)
range 4.99 5 0.01
Resistor Values (Ohm)| E24 Fixed Resistor Values| Additional Resistor
R1 8639 6800 + 5k Pot
R2 1000 1000
Supply Voltage
-12
Potentiometer (5k) | Offset Voltage Range (V)
High 11800 -0.94
Low 6800 -1.54

(Figure 10 — Offset Calculations)
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