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SIGNAL CONDITIONING

Transducers and signal conditioning - ACDA5006

Tomos Hall




Abstract

A temperature sensor output was contaminated by an AC interference. The sensor output
required filtering, amplifying and level shifting to produce a readable output measuring 5V for
100°C and QV for -50°C. The designed circuit also required overvoltage protection.

A circuit was designed to meet all the requirements, using a Zener diode-based overvoltage
protection circuit, a 4 pole VCVS Bessel filter, a non-inverting amplifier and a ‘level shifting’
difference amplifier. Carrying out calculations, the filter was tuned to attenuate the noise
leaving a measurable sensor output.

1
A gain of 53.7dB was achieved along with a fittenuation of -97.08dB and a +/- 0.005V
ripple.
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Introduction

In this project, multiple circuits are utilised to achieve required results. These circuits feature
operational amplifiers in different configurations, allowing them to carry out different
functions. The main circuit used is a low pass filter. There are two main categories of low
pass filters, passive and active [1]. Passive filters consist of simple RC circuits (figure 1),
they can be used to remove noise from a signal. As these circuits are simply resistors and
capacitors, they load the circuit drawing current from the signal. When carrying out signal
conditioning this may corrupt the input signal beyond usability. Active filters solve this
problem by utilising operational amplifiers which, powered by their own supply, only draw
minimal current from the signal [2]. A combination of the RC circuits and the Op-amp forms a
filter. Different RC configurations allow the filter to operate in different ways. The filter used
in this project uses a Sallen-key architecture (figure 2), also known as a voltage-controlled
voltage-source (VCVS) filter [1] [3] [4]-

These filtering circuits are often used in industry where signals are corrupted due to mains
supply cables being run adjacent to measuring instruments. Mains supply’s frequency of
50Hz causes signal ‘noise’ which requires filtering. Noise can also occur due to mechanical
disruption such as vibration [2, p. 51] .

R2
A V\j +
c1 Vo

R1
‘_/W\/\_ VI =W

Figure 1 - Passive low pass filter (2] Figure 2 - Sallen-Key Low pass filter [4]

When designing a filter there are many options to consider, like whether a low or high pass
filter is required. Low pass filters attenuate high frequencies, allowing low frequencies to
‘pass’. High pass filters conduct the opposite function [5). Considering the specification, the
next choice would be what filter to use. Standard filter types are Butterworth, Bessel, and
Chebyshev (figure 3). Each type offers different benefits.
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Figure 3 - Frequency response graph for standard filter types. [6]

As in figure 3, each filter type has a unique frequency response curve; each individually
advantageous. A Butterworth filter is considered the best overall as it offers a very flat
passband with a reasonable roll off to the stopband. This means that the passed frequency
is at a steady gain before the cut-off frequency (fc). Bessel is like Butterworth only the
passband isn't as flat, creating a steady curve through the fc. A Chebyshev response
provides the sharpest roll off into the stopband allowing for better attenuation however the
pass band suffers increased distortion towards the fc [1] [6]. The area considered the
passband, skirt and stopband is displayed in figure 4.
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Figure 4 - Frequency response curve explanation [1, p. 400]
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In addition to frequency response, these filters are analysed using a time domain graph. This
plots the output voltage against time producing a waveform. Each filter exhibits
imperfections, displayed in the waveform, such as overshoot, ringing and ripple. These
characteristics can be observed in figure 5. A bessel filter would have little to no overshoot or
ringing, producing a near square waveform. A Butterworth would ehibit some overshoot with
its ringing settling out quicky, where as a Chebyshev would exhibit large overshoot with a

longer settling perod [1].

s =
90% +

v settle to +5%
+15%
overshoot —,*_—_____‘_
————

1 =

|+fr* ringing

ta ts (5%)
Time—s

Figure 5 - Explanation of waveform errors [1, p. 401]

In this report a circuit will be designed capable of filtering out a 120mVpk-pk 50Hz
interference. The circuit design will include over voltage protection, filtering, gain and level
shifting. Each section of the circuit will detail the calculations used. Simulations of the circuit
will be conducted using Proteus and graphs produced. The results of the circuits will be
discussed, concluding on the findings.

Tomos Hall (2219188)
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Circuit Design

The input signal and noise voltages must be calculated. The task brief specified the use of a
68uV/°C temperature sensor with 0V=0°C, where -50°C produced 0V and 100°C produced
5V. The range of voltages for the temperature sensor are calculated:

@100°C
V=68uV x 100 =6.8mV
@-50°C
As this is a range of 150°C the difference in voltage calculated:
6.8mV --3.4mV =10.2mV
Using this input voltage range the gain was calculated:
Gain = Vout/Vin
= (5-0) V/10.2mV
=490.196
Required gain for the circuit was converted to decibels:
Gain (dB)= 20xlog10(490.196)
=53.8074 dB
Circuit sensitivity = range of output voltage/range of temperature:
Sensitivity= (5-0) / (100 - -50)
=5/150
=0.03333

These results were plotted in a graph showing the range of output voltages from the sensor.
The Equation for range was calculated following the straight-line equation y=mx+c:

M=sensitivity
C = output voltage @ 0°C.
Using the calculated gain and sensor parameters:
@-50°C, Vin = -3.4mV
Multiplied by gain of circuit
= 490.196 x -3.4mV
=-1.66667
As -50°C=0V output, we can use this to calculate the output voltage at 0°C, As 0V=0°C
Vout @ 0°C = 1.66667
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Graph to show the range of voltages from -50°C
to 100°C
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Figure 6 - Graph depicting the range of voltages for the temperature sensor
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QOver voltage protection

Electrical components require specified voltages, if exceeded the component fails. Zener
diodes are commonly used for overvoltage protection, preventing other components from
damage. Zener diodes work by only allowing current to flow forward. Each diode has a
voltage rating to which it will block the flow of current in its reverse direction [7]. The diode is
connected from ground to the supply, this means that it will not affect the circuit until its
rating is reached. When the rating is exceeded, it will no longer block the current, creating a
short to ground. This protects the circuit as current flows directly to ground. A resistor is
required to protect the Zener [8]. The circuit is low voltage so 5.1V Zener (1n4733A) will
protect the circuit with a small resistor of 10Q [8]. Two opposing Zener diodes will be used
tor AC (figure 7).

R1{1) R1 ﬁ? D2iK)

28 D2

ANATIZA

SZ D1

@ Al . 1M4T334
VEINI

Vl('IQ n

Figure 7 - Over voltage protection
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Filter Calculations

Allowing for 0.25°C of noise, the required attenuation be calculated.
As 0V=0°C
Accepted noise = 0.25 x 68uV
=17uV
Converted to decibels for noise signal:
20 x log1o(Vout/Vin)
20 x log1o(17V/120mV)
=-76.97dB attenuation

The signal resembles a square waveform, so 4 pole Bessel is most suited [6]. Using values
from figure 8, calculations were completed [1](For labelling, figure 9).

Table 6.2 VCVS Lowpass Filters

- _ Chebyshev Chebyshev
2 worth Bessel (0.5dB) (2dB)

g K ¢, K e K cn K
2 1586 1272 1268 1231 1.842 0907 2.114

4 1152 1.432 1.084 0597 1.582 0471 1.924
2235 1606 1.759 1.031 2660 0964 2.782

6 10688 1607 1.040 039 1537 0.316 1.89
1.586 1.692 1.364 0.768 2.448 0.730 2.648
24B3 1908 2.023 1.011 2846 0.983 2.904

8 1.038 1.781 1.024 0297 1.522 0.238 1.879
1.337 1.835 1.213 0.599 2379 0.572 2.605
1.889 1.956 1.583 0.861 2.711 0.842 2.821
2610 2182 2.184 1.006 2913 0.990 2.946

Figure & -guiiigiss filter calculation table (1, p. 408]
53

Figure 9 - Labelling guide for calculations [1, p. 407]
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For Bessel filter

R1=R2=R and C1=C2=C [1, p. 408]
RC = 1/ (21 x Cn x fc)

Let Frequency cut-off (fc) = 2Hz

Let C =8y F

Stage 1
Value for Cn (figure 8) = 1.432 [1]

RC =1/(2m xCn x fc)
R=1/ (2m xCn x fc x C)
R=1/ (2 x 1.432 x 2 x 8})
R=6946.3575
R=6.8kQ) Nearest standard resistor [9]
For resistor (K-1) R
K= 1+(R2/R1)
K=1.084[1]
(K-1) R=
(1.084-1)6.8k0Q=571.2Q
560Q Nearest standard resistor value [9]

The first stage of the filter circuit is built using a standard LM 741 op-amp as recommended
in [2, p. 143]. The LM 741 is areliable, well performing op-amp which will be more than
capable of completing this operation [10]. Figure 10 is first filter stage, added to the over
voltage circuit.

For stage 1
Q=sharpness of transition [1]
As R1=R2=R and C1=C2=C
Q=1/3-K [1, p. 410] [4]
Q=1/3-1.084
=0.5219
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Figure 10 - First filter stage (second order VCVS)
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Cascading another second order filter creates a fourth order, RC values must be
recalculated using the corresponding values for Cn and K [1].

Stage 2

As before,

RC = 1/ (21 x Cn x fc)

Let Frequency cut-off (fc) = 2Hz

Let C = 8uF

Value for Cn from figure 8 = 1.606 [1]

For resistor (K-1) R
K= 1+(R2/R1)
K=1.759 [1]

As before:

Tomos Hall (2219188)

RC =1/(2m xCn x fc)
R=1/ (2w x Cn x fc x C)
R=1/ (21 x 1.606 x 2 x 8y)
R=6193.7634Q

Nearest standard resistor value= 6.2kQ [9]

(K-1) R=
(1.759-1)6.2kQ=4705.8Q
4.7kQ Nearest standard resistor value [9]

Q=1/3-K [1, p. 410] [4]
Q=1/3-1.759
=0.8058
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Figure 11 - Updated circuit with completed 4 pole low pass active filter (Bessel design)
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Although each filter stage amplifies the signal, it requires further amplification to produce the
5V. To calculate the required gain, a gain measurement was taken from the frequency
response (figure 12) with the value in figure 13.

20.0

a.00

-60.0
-80.0
-100

-120
1@@mM .08 1

| @&

Figure 12 - Frequency response for 4 pole Bessel filter

. =6

Figure 13 - Zoomed in gain value (dB) from figure 12

The required amplification was calculated by subtracting 5.58 from the calcuated required
gain.

53.8074 - 5.58 = 48.2274dB

Gain Db = 20]oa.q(Vout/Vin)
Caption required

10(48.2274/20) =257.8517 gain

converted from decibels:
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To achieve this amplification a non-inverting op-amp circuit was used (figure 14 from [1, p.
226]).

in
out
A R
2
G=1+—
R1
RQ Zin= oo

R4

Figure 14 - non-inverting amplifier [1, p. 226]

As given in figure 14:
Gain= 1 + (R2/R1)
Let R1=20Q as a low R1 will require a lower R2.
257.8517=1+(R2/R1)
256.8517 x 20Q =R2
R2=5137.034Q

Nearest standard resistor = 5.1kQ

=1}
=1

b
[
4
EIE

Yihg
ciisaasd

Figure 15 - Addition of non-inverting amplifier
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The final stage of the signal conditioning is level shifting. As the input signal ranges from
-3.4mV to 6.8mV, the conditioned signal still starts below Ov. The sensor must produce 5V
tor 100°C and 0V for -50°C so the signal must be shifted to Ov. This was achieved with a

difference amplifer (figure 16) using a voltage input equal to the unshifted signal’s starting
voltage.

R2
[—AN\,—

V; ——AAA-
A T
AAA-

Ra
Ra L Vou= R (Va=Vq)

Figure 16 - Difference amplifier (1, p. 227]

Difference amps gain= R2/R1

Using the same value for each resistor eliminates the gain. The output becomes V2-V1 [1, p.

227]. The output can be measured graphically (figures 17 and 18). An R value of 10kQ was
chosen.

2 .00

-2.00
.00 200m 400m 600m 800m 1.00

Figure 17 - Conditioned circuit before level shifting

U4(ORY

Figure 18 - Signal starting voltage from graph
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Using the equation Vout = V2 - V1:
Ovolts=V2--1.12

ovV=V2+1.12

V2=-1.12

Figure 19 - Level shifting circuit

2

rL

R1 i

Figure 20 - Completed circuit
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Simulation setups

signal and noise input

Signal voltage range: -3.2mV to 6.8mV

Using a pulse generator (figure 21)
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Figure 21 - input signal

Noise input: 120mV pk-pk 50Hz

Using a sine generator (figure 22).

R1(1) R1
R
e

« D2(K)

Vi M

Figure 22 - Input noise
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D2(K) (figure 22) is a voltage probe used to measure the signal after the voltage protection
(figure 7).
The combination of the two inputs (signal and noise)

Signal armd nmnoise waveform

15@mF Vo TEage| (mV)
Reqg1

180M

S0 . 0M

=50 .0m -

-100m

Time (MS)

300m 400 S08m B@BM 700m 80@m 900m 1.00

-15|3M: AT
0.00 100m 200m

Figure 24 - Signal and noise waveform

Signa and Nnoise wavetform

158mt Vo ltage| (mU)
1RR ¢
108m |-

58.8mH

2.0a

-58.8m "

100"

Tipme (mS)

700m 800m @om  1.00

0.00 100m 208 308m 400m SEA@m 608Mm

Figure 23 - Combined waveform compared to original signal.

The sinusoidal wave (figure 23) shows the ac noise contamination and the step down at
around 500ms shows the presence of the signal voltage as compared in figure 24.
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Voltage probes were used to measure various parts of the circuit. As seen in figure 20, after
every stage of design voltage probes were added to evaluate the changes to the signal.

pltages were used to create analogue analysis graphs (figure 17), or frequency response
=2 anhs. (figure 13). When creating a frequency response, graph parameters must be set as
in figure 25.

Edit Frequency Graph

Graph fitle Frequency rasponse for 4 pole User defined properties

Reference: V[
Slart frequancy: 100m
Stop frequency: 100
Internval DECADES
No. Stepsiintervat 1000
Oplions
¥ Scalein dBs: '

Aoays simuiate: B
Log nellist{sy

SPICE Optiong
Setv-Scales

Cancal

Figure 25 - Frequency response parameters

The voltage reference is set to V1(-), the signal input. The start frequency is set to 100m and
the stop to 100Hz, the frequency range of the x axis for the curve.
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Voltage (mV)

Results

Voltage probes were positioned throughout the circuit to record graphical responses. Graphs
were created after the first filtering stage. Figure 26 is the analogue analysis comparing the
original input signal to the filtered combination.

8.00m

RE1

6 .00mM
4 ,@080m

2 .00m

~Z .08m

WY

2.0 20Bm 400m EB@M 80Bm 1.08

Time (ms)

Figure 26 - Comparison between signal input (green) and filtered signal and noise waveform (red).

The attenuation can be measured from the frequency response (figure 27) to compare with
the calculated required value of -76.97dB.
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Figure 27 - frequency response for 1st stage filter

The gain before the fc point measures 675 mdB. At the stopband (50Hz) the gain measures
-48.7.
-48.7 - 675m =-49.375dB

This is not enough attenutation.
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A.06 200m 4@0m E50@M 80PM 1.900
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Figure 28 - Comparison between input signal (green) and 4 pole filtered output (red)

Figure 26 shows noise present. This was removed in figure 28 and there was a gain from the
second filter. The waveform has clearly begun to shift to the right. The frequency response
at this stage (figure 29) exhibits the required attenuation.
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Figure 29 - Frequency response for second stage (green) compared to first stage (red)

The slope after fc has become steeper causing increased attenuation.

@ passband = 5.58dB @ 50Hz =-91.5
-91.5 - 5.58 =-97.08dB

This is greater than our calculated value of -76.97dB meaning the filter preforms well.
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Figure 30 has the same waveform as previous, only amplified to the required voltage range.

4.00 10 .0m
2.00 J . 00M

8
x
(N
|
8
a

Voltage (V)

V1(-)

-2.00 =9.00m
B.020 20Bm 1.00

Time (ms)

Figure 30 - Amplified waveform (green) compared to input signal (red, separate axis)

The frequency response at this stage allows the measurement of gain. From figure 31 the
gain after amplification is 53.7dB, this matches the calculated requirement of 53.8074 dB.
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Figure 31 - Amplified frequency response {green) compared to filtered response (red)
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The level shifted final waveform in figure 32 compared to the input (separate axis) highlights

the shift of the waveform. The output signal exhibits the correct voltage range. From this
graph the response time can be calculated.
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Figure 32 - Level shifted signal {green) compared to input signal (red separate axis)
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Discussion

Each stage of the circuit produced results requiring analysis. Figure 26 shows the output of
the first filter stage with the presence of noise still visible. As calculated from figure 27, the
required level of attenuation had not yet been achieved meaning some of the noise was still
allowed to pass. The addition of the second stage removed that noiseaph in figure
28 shows the time domain characteristics of the new waveform. A slighisz2%shoot is
observed at the peak of the waveform however there is minimal ringing or ripple. According
to [1, p. 406], for a 4 pole Bessel filter a 0.8% overshoot is expected using fc=1Hz. The
overshoot exhibited in figure 28 may be larger due as the designed circuit uses fc=2Hz.
Another contribution may be component rounding when calculating the filter requirements.
As temperature is slow moving variable, this overshoot is more than acceptable for the
circuit's purpose.

Figure 29 shows the second stage of the filter to have improved the roll off. This shows
improved attenuation from the circuit, surpassing the calculated requirements.

Reviewing figure 31, the measured gain was 53.7dB, the calculated required gain was
53.8dB, this small discrepancy would go unnoticeable in the circuit's application and was
likely caused by rounding errors in the resistor ratio.

Figure 32 exhibits the time delay in comparison to the input signal. The input signal is a
perfect square wave with instant risetime, this can't be replicated using a filter and so an
increase in rise time is expected. According to [1], for a 4 pole Bessel filter (fc=1Hz) a step
risetime of 0.5s is expected. This is the time between 0 and 90% of the rise. At 90% of figure
32, the rise time is 212ms. This is faster than the values given in [1], making the circuit more
than acceptable. For recording temperature, a fast rise time such as the original square
wave is not required as temperature is a slow-moving variable. Due to the overshoot and
settle time present in the output waveform, an accurate response time can be measured at
the halfway point, 2.5V. At 2.5v th M is 127ms, the response time would be 254ms
(double the halfway value). The signal overshoots to 5.06V and rings to 4.95V (measured
from time domain graph) producing a mean of 5.005V. From figure 5, a settle output of +/-
5% is expected. 5% of 5V is 0.25V meaning 0.005v is well within the textbook prediction.
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Components and efficiency

resistor (Q) |quantity |price quantitiy purcahsed |cost
10 1 0.107 20 £2.14
20 1 0.101 10 £1.01
6.8k 3 0.0488 5 £0.24
560 1 0.012 10 £0.12
6.2k 3| 0.0977 1 £0.10
4.7k 1 0.651 1 £0.65
5.1k 1 0.59 1 £0.59
10k 1 0.387 1 £0.39
total price £5.24

capacitor |quantity |price quantitiy purcahsed |cost
8uF 4 3.72 1 £14.88
total price £14.88

op-amp quantity |price quantitiy purcahsed |cost
741 4 0.756 1 £3.02
total price £3.20

zener diode |quantity |price quantitiy purcahsed |cost
1n4733a 2 0.281 5 £1.41
total price £1.41

Figure 33 - Components price list [12] [15] [16]

For lower costs, a quad op-amp chip like LM324 could be used instead of four 741’s [11].
The RC ratio could be adjusted using more of the same resistors and smaller capacitors [1]

[12].
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Sourcing a suitable temperature sensor

Sensor requirements: 68u\V/°C, -50°C to 150°C.

A type E thermocouple, Chromel-constantan, produces the desired output and range [13] [2,
pp. 357,358]. The SA2C-E-72 thermocouple meets the requirements [14]. See datasheet

(figure 34).
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Self-Adhesive Thermocouples
Molded Silicone Design for Curved and Flat Surfaces

SA2 Series
SAZF-K ’
lhnll: - For fiat surfaces.
w Ultra-Slim Silicone peimrpheey
R fol

ubber for

Maximum Flexibility

= Self-Adhesive Foil
Backing for Faster
Response Time

= 2 Styles Available for
Flat or Curved Surfaces

+ Resistant to a Variety of
Chemicals and Oils

= Temperature Range
50 to 200°C (-58 to 392°F)

+ Available in J, K, T and
E—Color Coded for
Instant Thermocouple
Recognition

= 24 AWG Stranded

SAZC-K shown
smaller than
actual sizs.

For curved
surfaces.

Now Available!

M8/M12
CONNECTORS

Specifications

Ther
Lead Wire

= Stripped Leads Standard

(A Variety of Connector

SA2C: 15 x50 x 2.5 mm
(058 x 1.97 x 0.0987)
SAZF: 35 x 12 x 25 mm
(138 x 0.47 x 0.0987)

Wire: 24 AWG stranded thermocouple
wire. 1 m (407) and 2 m (807) lengths:
custom lengths available

Options are )
These sensors are available in
2 different mounting styles for flat
or curved surfaces. The integral
thermocouple sensor is bonded
anto the inner surface of the self
adhesive aluminum foil strip,
which is provided for faster
response limes.

B e
s B

SMPW-CC ultimate
connector.

‘
osTw.ce

omnscioe. 6

To Order
Model No.
SAZC-(*) 15 x 50 mm (0.58 x 1.97°) curved surface sensor, 1 m (40°) lead wire, stripped ends
SA2C{")}-72 15 x 50 mm (0.59 x 1.97") curved surface sensor, 2 m (807) lead wire, stripped ends.
SAZC-(*)-120 15 x 50 mm (0.58 x 1.97") curved surface sansor, 3 m (120%) lead wire, strippad ands
SAZC-(")-SMPW-CC 15 x 50 mm (0.58 x 1.97") curved surface sensor, 1 m (407) lead wire,

ultimate mini male connector
SA2F-{*) 35 x 12 mm (1.38 x 0.47") flat surlace sensor, 1 m (40°) lead wire, stripped ends
SAF-("»72 35 x 12 mm (1.38 x 0.47") fiat surface fensor, 2 m (80") lead wire, stripped ends
SAZF-{")-120 35 x 12 mm (1.38 x 0.47°) flat surface sensor, 3 m (120°) lead wire, stripped ends
SAZF-("}-SMPW-CC 95 x 12 mm (1.38 x 0.47") fiat surface sensor, 1 m (40°) lead wire,

ultimate mini male connector
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af numter for Avditional cos!.

Ordering Example: SA2C-K-] ﬁmﬂadbﬁlwmmlm curved surfaces, Type K, 2 m (807 laad wire wilh ultimale min

males cabie clamp connactor.

A-25

Figure 34 - Data sheet for selected temperature sensor. [14]
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Conclusion

In this project it was determined that for a square wave input signal, a Bessel filter was the
best choice. The transient responses for Butterworth or Chebyshev exhibit excessive
overshoot and ringing before settling causing a distorted waveform. The Bessel response
much more closely resembles a square wave meaning the 5V output is not heavily
exceeded, limiting false readings from the temperature sensor.

The importance of the RC ratio became clear. Slightly adjusting the values of either Ror C
led to substantial changes and distortions to the measured waveforms. Values of Rand C
must be proportional to produce an operational filter.

- The attenuation for the designed filter was -97.08dB
- The gain of the designed circuit was 53.7dB El12
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