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Abstract.

A temperature monitoring circuit is to be simulated using Proteus simulation, the
sensor's output is in the microvolt range, the final output needs to range from 0 to 5 Volts, the
circuit has mains hum of 50 Hz applied to it. Suitable filtering has been included in the design
to eliminate the interference from the mains hum, also amplification is used to get the desired
output of 0 to 5 Volts, voltage level shifting is required as the temperature sensor specifications
states that it is capable of measuring from -80°C but the asked for value is from -20°C where
this needs to be at 0 Volts. Voltage readings by use of oscilloscope and voltage probes have
been used to for testing and building the circuit, frequency response graph is included to show
the effectiveness of each of the low pass filter stages. Response time and rise time of the
circuit has been determined. The application for this circuit has not been stated so the
commonly known and easy to use 741 op amp has been used throughout the design.
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1 Introduction.

Design a circuit that can monitor temperature and have an output voltage range from

0V to 5V. The circuit will need some filtering as there will be contamination from mains supply

at 50Hz, once the circuit is built a response time will need to be determined.

1.1 Specification.

The following specifications have been given.

The temperature sensor produces 120uV / °C where 0V = -80°C.
Mains hum will be 1.2V pk-pk at 50Hz.

The output voltage at -20°C should = 0V.

The output voltage at 100°C should = 5V.

2 Design.

The circuit can be split into multiple blocks, each block will have its own purpose at

minimum it needs to include the following.

L
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Temperature sensor.
Over voltage protection.
Filtering.

Gain.

Level shifting.

2.1 Temperature sensor.

The final temperature range that needs to be measured is from -20°C to 100°C, the

specification given for the sensor is at 0 VV = -80°C and it produces 120 pV/°C, the following

sums will determine what the minimum and maximum output voltage from the sensor are for
the range -20°C to 100°C.

Maximum voltage:

For -80 to 100 there is 180 steps.

180 * 120 pV =21.6*103V

At 100°C the output would be 21.6 mV.

Minimum voltage:

For -80 to -20 there is 60 steps.

60 * 120 uV =7.2*103V

At -20°C the output voltage would be 7.2 mV.




Minimum = 7.2 mV.

Maximum = 21.6 mV.

To simulate the maximum and minimum then a DC power source with a switch is used.

Temperature signal
Interference

B1

b

Mains hum
AMP=600m 4 Y 21.6mV N

OFFSET=0
FREQ=50 SW-SPDT
PHASE=0
THETA=0 B|-2 |
7.2mV

Figure 1 Temperature signal with mains hum simulated

Two batteries have been used B1 is set to 21.6 mV and B2 is set to 7.2 mV, the switch
can be operated to allow either maximum or minimum voltage through, to simulate mains
interference then a sine wave generator has been added to the negative side of the batteries
this interference has been setto 1.2 V pk-pk at 50 Hz.

2.2 Over voltage protection.

As the circuit is simulated to be near mains 240V supply, then suitable over voltage
protection will be needed to ensure no damage occurs to the circuit if there was an induced
high voltage spike or direct coupling to the mains.

Overvoltage protection has been created using two zer;\ér diodes and a resistor [1, p.
37], theses diodes will create a path to ground if their breakdown voltages have been met thus
stopping this extra voltage reaching other components within the circuit the resistor is used to
limit current through the diodes if they conduct to ground [1, p. 36].
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Figure 2 Over voltage protection

Figure 2 shows the overvoltage protection block used, as the circuit has an induced sine wave

applied to it two diodes have been used here instead of just one.

2.3 Unity gain buffer.

As the output voltage from the temperature sensor is small then a unity gain buffer has

been used, itis a noninverting voltage follower that has a high input impedance and low output

impedance with a gain of one [1, p. 227] this helps to reduce attenuation caused by the first

filter.

UNITY GAIN BUFFER 1

+15V

V1

Figure 3 Unity gain buffer 1

Putting a voltage probe on the output of this Unity gain buffer and setting the

temperature signal to maximum 21.6 mV shows that there is a small gain of approximately 1

mV.
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Figure 4 Unity gain buffer voltage output

Figure 4 shows the output from the buffer is 0.0226 V.

2.4 Filtering.
Interference from mains supply will be at 50Hz, so suitable low pass filtering will be

needed to eliminate this.

As the temperature is a slow responding sensor then a cut off frequency of 10Hz will
be used. The filters will be active filters created out of 741 series op amps and passive using

Resistor and Capacitors.

2.41 Low pass filter design.

Consulting the book called “The art of Electronics” there are 3 main types of active
filter response characteristics, these are, Butterworth, Bessel, and Chebyshev, each has their
own advantages and disadvantages,

A Butterworth filter has a flatter response within the passband when compared to a
Chebyshev which allows more ripple inside the passbhand, the trade-off is the steepness of the
roll off where the Butterworth's roll off is a gentler slope and the Chebyshev is more steeper
[1, p. 401]. The Bessel filter response is more useful when time delay and phase is needed to
be accurate within a circuit [1, p. 403].

When Cascading multiple filters then designing a Butterworth filter is easier than a
Chebyshev or Bessel the reason is the latter two have differing Resistor and Capacitor
products and must be scaled by a normalising factor [1, p. 408].

Based on the above then a Butterworth filter will be implemented into the circuit and

after some experimentation it was deemed that a 7 pole filter would be needed.




2.4.1.1 Cut off frequency calculation.

Too reduce loading on components then the input impedance to the filter should be
relatively high, consulting with E24 range of Resistor values then a value of 220 KQ will be
used, to determine the Capacitor value the following formula will be used where Fc is the

desired cut off frequency.

_ 1
= 57 [1,p- 408]

1

€ =2+ 220000+ 10

C=7.2343*10%
C=72nF

Looking at “RS Components online” the nearest value capacitor would be 68 nF,
substituting this into the above formula gives a cut off frequency off 10.64 Hz, this is ample for
what is needed.

Using a 68 nF capacitor the calculated reactance at 10.64 Hz is:

Xe=——[1,p.42]

2rnFC
~ 1
Xe = M+ 10.64 %68+ 10-°
x, = 219973.108 0

Capacitor reactance = 219.973 KQ

2.4.1.2 Filter gain calculations.

The art of Electronics has a section on designing different filters, it states that
Butterworth filter uses the same value resistors and capacitors [1, p. 408], Also there is a table
that shows the different gain of each stage that should be used depending on how many poles
are needed [1, p. 408], after some experimentation there will be 3 active filters and 1 passive

filter equating to 7 poles in total.

For a six pole Butterworth filter then the gain (K) of filter one would be 1.068, filter two
K would be 1.586 and filter three K would be 2.483 [1, p. 408].
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220K

R3
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Figure 5 Active filter circuit.
Figure 5 shows the schematic used for an active low pass filter, here R1 = R2, C1 =
C2, a random value of 10KQ has been picked for R3 and RG is determined by the value of K
for each filter where RG = (K-1) *R3 [1, p. 407]

1. Filter 1, K =1.068
RG = (1.068 -1) * R3.
RG = 0.068 * 10 * 103
RG = 680 0

E24 resistor range has a 680 () value resistor.

FILTER 1

R2 H3
220K 220K

c1
68F ]

Figure 6 Filter 1
Figure 6 shows the first second order filter this is set to have a gain of 1.068. Figure 7
shows the output of this filter is -0.0205 V there is a small attenuation into the negative volts

this enforces the need to have the unity gain buffer before it.
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Figure 7 Filter 1 output

2. Filter2,K=1.586
RG=(1.586-1)*10 *103
RG =5.860 KQ
E24 resistor range has 56 KQ +240 Q +20 Q

FILTER 2

2

R6 R7

230K 220K

C3

GENF

R9
10K

Figure 8 Filter 2
Figure 8 shows the second active filter used. Figure 9 shows the gain of approximately
3 has been added instead of the calculated 1.586, more research would be needed to
establish why, this has pushed the voltage down to -0.061 V.
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Figure 9 Filter 2 output

3. Filter3, K=2.483
RG=(2483-1)*10*103
RG = 14.830 KQ
E24 resistor range has 13 KQ + 1.8 KQ + 30 Q

FILTER 3

ﬁ FILTER 3

] R12

14830

!ll R13
10k

tH

Figure 10 Filter 3.

Figure 10 shows the third active filter used. Figure 11 shows the output has been

amplified by approximately 3 pushing the voltage down to -0.226 V.




FILTER 3
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For simulation purpose only one gain resistor has been used per filter, consulting the

i

Figure 11 Filter 3 output

E24 Resistor range some of the filters would either need multiple series resistors or use

potentiometer instead.

To get the desired 7 pole filter then a simple passive low pass filter has been used

after the three active filters.

FILTER 4
Filler 4
R16 f
—— 1 <
220k
= L7
68nF

Figure 12 Filter 4.

Figure 12 is the passive low pass filter, putting this in minimised the AC ripple to a

tolerable level.

With the temperature sensor set to 21.6 mV the voltage after filter four is -0.241 V.




FILTER 4
Filler 4
FILTER 3 V=10.241462
V=0226323

R16

Figure 13 Filter 4 output
Figure 13 shows the output voltage after filter four this is then passed to the second

unity gain buffer.

2.5 Unity gain buffer 2.
A second unity gain buffer has been used after the filters as the level shifting block was

causing too much attenuation to the voltage.

UNITY GAIN BUFFER 2
+15 5

/d V=-0.240399

Figure 14 Unity gain buffer 2.
Figure 14 shows an output voltage which is equal to (give or take a mV) th&input from
filter four.
2.6 Voltage level shifting.
Setting the temperature sensor to 7.6 mV the output from the second unity gain buffer

shows -0.296 V, this level now needs to be shifted up to 0 V.

10




LEVEL SHIFT 1
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Figure 15 Level shifting.

Too fine tune the voltage level a 1 KQ potentiometer has been used.

Figure 16 Scope after level shift.

Fine tuning of the potentiometer as seen on the blue trace of the oscilloscope in Figure

16 gives an output of 2 mV, in a live application this offset can be eliminated by using the

offset null pins of the op amp but for simulation purpose this is close enough to 0 V to be

acceptable.

2.7 Gain.

The temperature sensor outputs microvolts, and the circuit so far has had very little

gain added to it, this block sets the gain needed within the circuit to amplify the signal to a

level, in this case the maximum would be 5 V.

With the temperature sensor at 21.6 mV the scope shows a voltage of -53 mV coming

into the gain amplifier, to calculate the gain simply divide 5 VV by 53 mV, this gives a gain of

11




just over 94 is needed, for an inverting amplifier then the ratio of the feedback resistor and the
input resistor is used.

Gain=-Rf/Ri
-Rf = Gain * Ri
-Rf =94 *10* 103
-Rf =940000 O
The feedback resistor needs to be near 940 KQ sticking with the E24 resistor range

and wanting to make this variable then a 820 KQ resistor with a 220 KQ potentiometer has
been used.

i 820K ® ®RV2
220k

Figure 17 Gain.

Figure 17 shows the gain block used, it has been designed to include a variable resistor
in series with the negative feedback thus enabling fine tuning ofthe gain to get the appropriate
voltage levels.

Figure 18 shows the yellow trace on the oscilloscope is connected to the output of the
gain stage, with the temperature setto 21.6 mV the outputis 5 V.

12




Digital Oscilloscope n

Channal ©
Posncn

IFT 1

Vi
Vel Q524G

Figure 18 Gain output 5 V.

With the temperature sensor setto 7.2 mV as seen in Figure 19 the oscilloscope shows
0 V with slight fluctuation to 50 mV.

Chanmal ©

Figure 19 Gain output 0 V.
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3 Completed circuit.

The complete circuit used is shown below.

FILTER T FIOERT FLTERY

Figure 20 Completed circuit.

4 Further testing.

4.1 Oscilloscope on the filters.

Placing the 4 channel oscilloscope after each filter it can be seen that the 50 Hz noise
gets attenuated through each stage, Figure 21 shows the yellow trace on the output of filter 1

has attenuated the noise from 1.2 V pk-pk down to 30 mV pk-pk, the blue trace is on the output

of filter 2 which shows a significant drop where pk-pk is approximately 4 mV, the red trace
shows further filtering after filter 3 and the fourth filter as seen on the green trace shows no

ripple at all.

14
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Figure 21 Scope on all filters.

4.2 Frequency response graph.

Figure 22 Frequency response graph 1.

Figure 22 shows a zoomed out shot of the frequency response graph.
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Figure 23 Frequency response graph 2

Shown in Figure 23, zoomed in on filter 4 (yellow) shows a gain of 12.1 dB the desired
-3 dB cut off would then be 9.1 dB

Moving the cursor over to 9.1 dB the frequency shows 9.39 Hz this is within the

tolerance that is expected. Figure 24 shows this.

Figure 24 Frequency response -3 dB

Just for reference shown in Figure 25, at 50 Hz there is an attenuation of at least -81




Figure 25 Frequency response 50 Hz.

4.3 Response time.

Response time is the time it takes for the output voltage to go from 0 to 50% of its

range [1, p. 400], in this circuit 2.5 V is at 50%.

Channel ©

Figure 26 Response time 1.

The yellow trace Figure 26 shows the output going from 0 V to 5 V. Cursors have been

placedatOVand2.5V.

17
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Figure 27 Response time 2
Figure 27 shows the oscilloscope has zoomed in on the cursors, the cursor at 0 VV
shows a time of -31.5 mS and at 2.5 VV 7.5 mS adding theses two values gives 39 therefore

the response time of this circuit is 39 mS.

4.4 Rise time.
Rise time is calculated by measuring the time it takes for the output voltage to go from
10% to 90% of its range [1, p. 400] in this case 10% is at 0.5 Vand 90% is at 4.5 V.

Clyainel €
Position

— el A
GHD |
i el
: eo
TR B
.

Digital Oscilloscope

=N

Figure 28 Rise time 1.

Loaoking at Figure 28 rise time is 15 mS + 29 mS = 44 mS.

5 Conclusion & discussion.

Completing this task has been a bit of a challenge, where initially each block to the

circuit was created individually, but when they were all stitched together the circuit didn't

18




behave as expected, after some research and more experimentation more components
needed to be added such as the unity gain buffers, this then added to the knowledge that input
and output impedance within the circuit is critical when working with such low voltages.

As the application of the circuit is unknown then standard 741 op amps have been
used, where as if the circuit was to be used in a critical environment then specialist
instrumentation amplifiers would be used. Reading the data sheet for a LM741 op amp it does
recommend that decoupling capacitors are used on the power pins to improve stability [2],
these have been omitted from the simulation, future work would be to include them and then

retest the circuit to see if they do make a difference in a simulated environment.

The measured response time of 39 mS may seem a bit slow in terms of electronics,
this is due to the amount of stages the signal must go through before the final output, as a
temperature sensor is a slow changing component then this response time would be
adequate. Even though 7 pole filtering has been used, looking at the oscilloscope when testing
each filter stage a 6 pole filter would probably of been fine, future work on filter design would
be to test the circuit with the other filter response characteristics such as Chebyshev with a
possibility of limiting the amount of components used.
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