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1.0.0 Introduction:

As an Electronic Engineer my task is to produce a signal conditioning circuit which will effectively
convert signal ranges from that of a temperature sensor transducer to a given required range.
Additionally, due to Electromagnetic Interference (EMI) —also called Radio-Frequency Interference
(RFI), the signal happens to be contaminated with noise that must be properly filtered, or attenuated
to an acceptable range. Lastly, the circuitry must be protected from any unwanted voltage levels
that could damage both itself and the output device.

1.0.1 Details:

The input signal specs are:

- Temperature sensor output: 120uV/°C
with OV =-80°C
- Noise contamination: 120mV(pk-pk) @ 50Hz

The output signal requirements are:

- Output range:
0V =-20°C
5V =100°C

The final circuit must include sections for:

- Filtering circuit

- Level Shifting

- Gain

- Over voltage protection

1.1.0 Filtering circuits

Signal filtering works by combining Potential Divider with Capacitive Reactance.

R“‘“?(\r\u 1.1.1 Potential Divider:
. 2
Potential Divider, given by equation: V,,; = %, states the potential
] !“\;:9 voltage difference between two electric components based on their
resistivity. For example, if R; and R, are the same (Ratio 1:1), each R will then

Vout
,_/d receive half of total V;,,. Using R, as a variable resistor allows modulation of
Vyue in real time.

] R18 Unlike DC, an AC signal source with such divider happens to be gently
attenuated, this might be caused by constantly varying AC current.

Attenuation is measured in decibels (dB), A(dB) = VV"—“' with constant

out(mid)
= Vi, at any frequency.
; . 1V#10+10% 10+103 1
Through above equation | can easily calculate V,,,; = - 7 = -V =-V =05V
10+103+10+10% 204102 2

However, the simulation below has shown that the output voltage is = 0.499V and signal is now at
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-6.02dB Gain. On the side fact, cut-off frequency is usually given at -3dB Gain because of each having
their own attenuation and therefore the design should consider its ability to stack itself per each RC
Potential Divider.

1.1.2 Capacitive Reactance:

Capacitive Reactance, given by formula: X.(Q) = = , describes the effective resistance of a

2afC
capacitor. That resistivity is based on frequency and is caused by the actual time capacitor requires

to charge and discharge itself. In single capacitor circuit an Ohms Laws’ [ = g, requires R to be
replaced with equation for impedance, and in RC circuits / is given by equation: [ = g, where Z is

the total impedance of the circuit with formula: Z(Q) = /R2 + XZ.

X

And so Vot = Viy-—== Vin—

\||R2+X§
1.1.3 RC filter circuit:

A typical passive filter works by combining the Potential Divider with Reactance to utilize the
impedance effect of the capacitor creating a formula of V,,,; = @ , to create a variable divider

which is meant to attenuate frequencies outside of chosen passband. Depending on the order of the
components, the filter can be either high pass or low pass.

Example of a High Pass filter:

V""2)<\\’“LJ

== C7
100uF

Vout
R18
1k
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Example of a Low Pass filter:

Vnu1)<3\j.\‘)

R19

1k

Vout
1J

—— C6
100uF

For the Cut-off frequency formulais: f, = , and based on experiment above with Potential

X
2nRC
Divider — it should be placed at around -3.01dB because of the passive effect of a resistor.

Fun Fact: the Time Constant (t) also plays a role in this circuit because it is effectively related to cut-

1 . 1 1
off frequency as: T = RC = p orin: f. = e = I

1.1.4 Gain and Level Shifting — Op-Amps Configurations

With the use of 741 Op-Amp the signal will be properly amplified with the use of Non-Inverting
configuration and then shifted using Difference configuration which works as subtractor for
analogue currents.

= The formula for Gain configuration is:

Vin(AC) OP-AMP R,
PAPRE AL Vout = Vin (1 + R_)
1
] R20
10K
VA9l q ~, R21 R20
10k
R21
10k out

The formula for Level Shifting configuration is:

RZ
Vour = F(Vz -vh
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1.1.5 Over Voltage Protection

RO ¢ Protection against excess voltage is done using two diodes which only
—T——F—+———1 conducts electricity in one direction and only if amplitude high enough to

100 1

switch diode on. When that happens — the diode will short all the excess

current to the ground.

D2 D1

1N52218 1N52218

2.0.0 Method

Entire circuit is going to be designed in Proteus supported by Excel spreadsheet for required
calculations.

2.0.1 Design Stages:

- Decision-making for the f;, and filling R and C

- Analyse frequency response graph

- Calculate requirements of noise attenuation

- Move single RC filter design to a Higher Order filter

- Analysis of cascading Passive filters limitations and ways of overcoming them
- Amplifying filtered signal output

- Shifting the output to a required range

- Applying voltage and current protection

- Approve final design

3.0.0 Design
3.0.1 The f, C, and R calculations

Since task is dealing with the temperature sensor — the cut-off frequency for the Low Pass filter will
be at 2Hz as it is very unlikely for a temperature to change twice within same second. The R
however, it's best to keep relatively large in order to prevent any open loops in.the circuit and so for
this case scenario R = 10kf).

With the fc and R determined, time to choose a suitable capacitor using rearranged version of:

. ,toC = S , Therefore C = 7.95pF - This gives a minimum capacitance required.
2nRC 2nfeR

fo =

Since resistors have more values and are more flexible to purchase and work, the capacitance should

be at more findable value such as: C = 10pF. To get new R, the f. formula must be rearranged
1

znf.c

againinto: R =

Since f. = 2Hz and C = 10pF then the requiredis R = 795801
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Now when these values will be plotted into the Proteus in a single pole RC arrangement, the

frequency response graph should show -3.01dB gain at frequency of 2Hz. With output Vs = Vip, *
70.7%

Caption required

Simulation has successful and the graph has returned the expected values. The proteus also
returned that the current is out of phase by -45 at the f.. After f; point, the signal will slowly

—20dB —6dB “roll-off”

attenuate at a slope of /Decade or( xOthwe) roll-off”.

Decade means moving to a next power of 10 and Octave means moving to the next power of 2.
3.1.0 Is this level of attenuation suitable?

In order to decide if this level of noise attenuation is suitable, calculations for the minimal dB must
be made.

3.1.1 Qutput from temperature sensor:

- Since minimal temperature in °C = —20°C, and maximal = 100°C

- The required range of the temperatures will be from -20°C to 100°C

- Meaning: 100°C — (—20°C) = 100°C + 20°C = 120°C

- Since sensor output is 120#1//00 with 0V = —80°C

- And minimal temperature is °C,,;, = —80°C — (—20°C) = —80°C + 20°C = —60°C
- The minimal output of Vy,;, = 120V * 60°C = 7.2mV

3.1.2 Noise contamination:

- Output noise should be much smaller than V5,
- Foreg. 1—10 of signal output at —20°C
- Therefore noise 7.2mV = 1071 = 0.72mV

- Resulted Attenuation: A(dB) = 20L0G (01;;:::) = —44.4dB

9.72my _ +6°C difference per °C
0.1zZmv

- This is not an acceptable noise range — trying 50% of actual output of a transducer per °C
- By reversing the above formula for 0.5°C noise of 120V * 0.5°C = 60uVPk-pPk

- Output °C will be contaminated with
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" —6
- Required attenuation of noise is 4,¢q(dB) = 20L0G (222) = —66.02dB

- Since Apy(dB) > Appq(dB)
3.2.0 Next order filters

2nd Order RC Filter Fc=2 321 Theory of nt"*-order Filter

R8(1) ~ Due to fact that the circuitry requires a steeper slope
S— than that produced by a single RC network, the design
must move to a next order filter. In theory, moving to

R6 next order is as simple as cascading two or more RC
7057,7471 together.
ﬁ cB(1) For a number of RC stages, resulted in nt-order filter

circuit with a roll-off slope of:

A(dB) = n«—20dB/,

T 1ouF 7057.7471

-4 C6 [ R7
This means that as the order of the filter is increased, the
roll-off slope becomes steeper and the actual stop band

b C7(1)
= .—ﬁf response approaches its ideal characteristics.

The downside for cascading RC filters is that with each

== C7 next stage the output gain at the f; will be attenuated by
10uF

3dB per nt" order as the roll-off slope increases.

— For a passive low pass filter the gain at f is given by:
1 n
fe=1+ (%)

Theoretically for a 2™ order filter the f, should be given by: f. = .

Where in the reality with the higher number of stages and with each increasing the roll-off slope the
actual f_ is given by: fi_z45y = f; 2(%) -1
3.2.2 The limitations of Applications

However, in practice it is hard to cascade together passive filters to produce a larger filter because of
a dynamic impedance of each network affecting its neighbour. Reducing the charging effect can be

done by making each next stage networks impedance about 10x the previous stage. 2" Order Filter:
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The response graph on the left represents the increase in the roll-off slope and the graph on the

right shows the effect of increasing impedance of 2™ Order network R = 10R,C = %

These show the roll-off slope has greatly decreased while maintaining almost equal f. but worth
noting that expected -6dB point (_3d8/0rder) has shiftedto = 1.9Hz.

Working 2™ Order filter has a gain of _ZOdB/Der:ade/ = _40dB/Decade
Order

But unfortunately, _40dBfDecade’ still won’t be enough to effectively attenuate the noise, but

with each new order, the f, will continue to shift and increase in difficulty to determine accurate
results. To output gain at the f; can be modulated, as well as the roll-off slope, if RC is combined
with the Op-Amp to produce Voltage Controlled Voltage Source (VCVS) Amplifier — from passive to
an active filter.

3.3.0 An Active Filters

5V 3.3.1 Op-Amps benefits

Sallen and Key Filter Design

Vin

uz A by adding Op-Amp into the circuit, RC filter
7 Vout becomes an amplifier and thus attenuation
becomes a gain which can be easily

~_, R10

7957.7471

manipulate to provide just the right required
amount. A typical Op-Amp can prevent
external loading of the filter because of a
high impedance at its input and low at the
output, allowing it to be easily adjusted over a wide frequency range without altering the initial f.

3.3.2 Moving to a Higher Order Filter

Since signal needs to be amplified, the network requires the Non-Inverting configuration without (R,
and R,). This is described as Sallen-Key Filter Design and the simulation has show very good results
with 1% Order configurations f, at -3dB point and 2" Order configuration f, at -6dB which proves the

B
/D ecade/ :
Order

2" Order Active RC filter with effective —20d

3.3.3 Signal responses

When Sallen-key is cascaded in 2™ Order with Op-amp configured as Non-Inverting amplifier, the
shape of the response can be modulated into various different responses, each possessing their own
distinguished properties and applications. The three most commonly known as the:
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- Chebyshev:
Has a very notable peak of a response at which
the signal increases in gain instead of

attenuated.

- Butterworth:
Very round type of aresponse with a very long
roll-off slope and short cut-off slope.

- Bessel:
Very similar to regular response of a RC filter, a
short roll-off and long cut-off slope.

4.0.0 Functioning Filter

4.0.1 The Configuration

Now with the acceptable solution for nt?, its time to produce a filter:

- Noise levels to be at -66dB minimum.

- 4" Order Active RC filter = 4 * _ZOdB/Dec/O = _80dB/Dec

r
- Sensor Output:

Min: 7.2mV
Max: 21.6mV
- Noise: 120uVPk—Pk@ 50Hz

Attenuation:

- Signal naturaly attenuates per Order and so f, = (_3ds)/0rder = —12dB
- . — 15
Extra Op-amps K = /OpAmp

= Resulted Output: Chebyshev response

- Resulted Output: Bessel(ish

4" Order Filter Qutput:

- For Vipip = 15.8mV
- ForV, .. = 50.8mV

max
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4.0.2 Required Gain

The Gain can be calculated by K(dB) = Vreq = i =2 ~142.86dB
(Vmax=Vmin) (508my-158mV)  0.035

Gain for a Non-Inverting Amplifier is given by formula V,,; = Vi, [1 + %] and so it can be
1
rearrangedtoﬁz [1 +E] - A4,=1 +E—>—>AV —1=2 R, =R, (4, - 1)
Vin Ry Ry Ry

R; =10 % 10% % (142.86 — 1) = 10  10% « 141.86 ~ 141857110

After running simulation, the output is:

- For Vpn = 2.53V
- For Vax = 7.52V

This is a very good output to move down to a maximum of 5V.

4.0.3 Level Shifting

The signal has been properly amplified
to create a range of 5V but there’s an
excess of around 2.57V that needs to be

R29 ﬂ RZ9(2)
— removed.

If R, and R, are equal then V,; is

defined as:

E U4R1V1
¥ T iy R,
Vout = R (V2 = W)

Level Shifting (Difference Amplifier Configuration) 1

In this scenario — since the resistor ratio equals to 1 the V,; = V5 — V5 where V, =
And so V,p = Vi, — 2.52V
ymax — ymax _ 3 55y = 752 — 2.52V = 5V
min _ pmin _ 5 521 = 2.53V — 2.52V = 0.01V = 10mV - leftover noise!
A simple equation can check If the remaining 10mV at the V,,;;,, is acceptable:

Vour Vinax—Vmin_ _ 499V

oc = = 41'6mV/9,~ —— The 10mV is acceptable as it is about 4 times
“Crmax+(*Cmig)__ 120°C

smaller than Vou r/cc.
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4.0.4 Over voltage protection

l Over-voltage Protection is done by adding a pair of Zener
diodes which conducts electrical current only when voltage is

higher than minimum required to switch it on.

ZN D1 SZ D2 Any excess voltage would disrupt the performance of the
1N5221B 1N5221B - - L
circuit and possibly damaging it as well.
Not only voltage is risky but the current as well. Qutput
required is ranging within 0 — 5V and so is the preferred inputs
= to a PIC, and so | would expect the current to never exceed
20mA.

5.0.0 Simulation

VRORE E"glo"’a' pclierG filenna T2 4th Order Active RC Filter Fe = 2!

nose o3

Over-Voltage Protection

D1 D2

wezzie | meae

Non-Inverting Amplifier
w3

i uzR2(t)

o U2R2
1428571 420

U3R1
ok

Level Shifting (Difference Amplifier Configuration)

5.1.0 Components Values

5.1.1 Signal Input

SIGNAL INPUT
Component ID Component type Value
TempSensor Square wave input 7.2mlV o 21.6ml
VNOISE VSINE 120uF @ 50Hz
RIN Resistor 1000
D1&D2 Zener Diodes 2'4V/20mA
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5.1.2 Signal Filter

SIGNAL FILTER
Component ID Component type Value
R1&R2&R3&R4 Resistor 7957.74710Q
C1&C2&(C3&C4 Capacitor 10uF

i ifi — 0.5dB
Uil&u2 Operational Amplifier K(dB) = /OpAmp

U1R1&U2R1 10kQ
U1R2&U2R2 5kQ
5.1.3 Signal Gain
SIGNAL GAIN

Component ID Component type Value

i ifi 21.6mV
u3 Operational Amplifier /7 2V
R2 Resistor 14185710
R1 Resistor 10k

5.1.4 Level Shifting

LEVEL SHIFTING
Component ID Component type Value
U4 Operational Amplifier K(dR) =~ 142dB
R1&R2&R3&R4 Resistor 10kQ
'& Power input +2.52V

6.0.0 Conclusion

Sallen and key Voltage-Controlled Voltage-Source circuit is an excellent introduction into designing
methods behind a signal conditioning circuit because of its simplicity. It only requires a few
components and it makes great use of their properties to achieve 3 different signal responses each
having their own unique benefits.

Despite great attributes such as: small number of parts, output impedance, or low demand on slew
rate, shown circuit is not without limitations. Same as in a simple RC circuit with nt"orders, the op-
amps also have their own impedance that can affect remaining circuits performance. This can be
most noted in the section 4.0.0 where after applying Gain there was about 0.01 difference to
expected voltage.

To deal with this offset a designer must take into account the internal resistance of each individual
op-amp configurations and voltage sources, such as transducers. A properly tweaked circuit will have
high-impedance at input and low-impedance at output of each section of the circuit. High-
impedance can be considered a point where electric current “collapse” into voltage which means
that a low-impedance component can have its current flow right through it without taking a full note
of it.

13|Page




Transducers and Signal Conditioning (ACDA5006)

Electronics Engineering @ UWTSD

By Krzysztof Matela
ID: 1804424

Interesting fact is that before op-amp integration, VCVS filters used inductors instead to achieve
same results. The main problem with such analogue design is the “cook-book” approach, having a
number of different values components with each section needing to take into account impedance
of a previous sections must had been a difficult task and it shows how useful the high-impedance

input of an op-amp actually is.

7.0.0 Appendix

Proteus Filter Design:

|9
Trans_A1_V01.pdsp
1]

MS Excel Spreadsheet:

N
[ X

TaSC_Math_by_KM_
1D 1804424 xlsx
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including reading, referencing, academic conventions and academic
honesty
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