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Aims of the course

Introduce students to:

Common sensors
Common types of electronic signal conditioning

Common types of data analysis
Architecture of instrumentation and loT systems
Internet of things case studies
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Motivation - Sensors

Many times we want to measure, analyze and archive
measurements of physical properties:

* Temperature of meat

*  Water flow though pipe
* Charge in a battery

*  Weight of a truck

Sensor: “A device that measures a physical quantity and converts it into a
signal which can be read by an observer or by an instrument. A sensor is a
device, which responds to an input quantity by generating a functionally
related output usually in the form of an electrical or optical signal.”

nist.gov/glossary/term/sensor

Instrumentation: “a collective term for measuring instruments, used for
indicating, measuring, and recording physical quantities”

wikipedia.org/wiki/Instrumentation



Typical system to measure a quantity

Quantity under
measurement (QUM) —» S —» SC —» ADC — USER

X+n, T T

S - Sensor

SC - Signal conditioning

ADC - Analog to digital converter (Multimeter)
n, - Environmental noise in QUM

n, - Noise introduced by signal conditioning

n, - Noise introduced by quantization

After digitizing the signal from the sensor can be used
to estimate the QUM

It is quite common for all of these functions to be
contained in a single device or chip (ex. ADXL355)



Typical system to measure a quantity

Quantity under
measurement (QUM) —» S —» SC —» ADC — USER

X+n, T T

For example

= QUM could be temperature

= Sensor could be a thermocouple

- Signal conditioning could be an amplifier

= ADC might be a multimeter

- Measured voltage could be used to estimate
temperature using a conversion formula or a look up
table

For integrated example see TMP117



Accuracy and Precision

Once we have our estimate of the QUM we will always need to
answer the question

“How good is our estimate?”
We can answer this question using a couple of concepts.
Accuracy - How close is our estimate to the true value?

Precision - The random errors in the estimate or the statistical
variability of the estimate



Accuracy and Precision
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The requirements for accuracy and precision will vary by application.
For example a food safety application might require an accuracy of
1C but only precision of 0.5C. Whereas a differential calorimeter
might need and accuracy of 1C, but a precision of 0.001C.



Accuracy and Precision

En=Xn— ¥
&, — Error of the nth measurement
X,, — the nth measurement of the QUM

Y,, — The actual value of the QUM

One problem is that we can never know the actual value of Y |

Throughout the course we will discuss methods for estimating the
known value of a QUM and some of the methods that are used to
create conditions where the QUM is known.

Introduction to Instrumentation and Measurement, R.B.Northrup, 2005



Accuracy and Precision

We can describe accuracy and precision in a number of ways.

Most frequently it is in terms of the QUM such +- 1.5 degrees C or as a % of
full scale such as 0.15% of full scale where full scale might be 100 degrees C.

N
Ap= X, — Yy _ 1
¥ =

_ NT Xn
P,=X,—X N &

When you are reporting the result in terms of full scale or multiplied by 100
if it is in percent

Ap = (Xn — Y)/FS
P, = (X,—X)/FS

Introduction to Instrumentation and Measurement, R.B.Northrup, 2005



Propagation of errors or summation of errors

Most often errors come from multiple sources and we need to know
how to find the total error due to multiple sources

The larger the errors the more uncertain we are about how close we
are to the true value.

We start by assuming the QUM is known to be a function of N
variables.

We assume each variable X has errors as large as Ax.

We can differentiate the QUM with respect to each variable to find the
error contribution from each variable

We can sum the errors in two ways. We will need to use some
engineering judgement to decide how we are going to add the errors.

Q=f(Xu, Xz .. Xi)

Introduction to Instrumentation and Measurement, R.B.Northrup, 2005



Propagation of errors or summation of errors

In the most conservative approach we will sum the errors (Eqn 1). In a less
conservative approach we will do an RMS sum (Eqn 2). We can only do the
second if we have independent sources of error that are not correlated.

Our choice of how we sum errors will in part depend on how critical it is
that we know the true value. It may also depend on how well we know the

statistics of the errors. It is possible to use a hybrid depending on the
situation. In this course we will use one or the other.

Q=fXuXz .. X;i)

N
1 AQ =
N af 2
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Introduction to Instrumentation and Measurement, R.B.Northrup, 2005



Propagation of errors or summation of errors

For example if loss of life might occur then it might be very critical to know you
are within certain bounds. If blood is being heated so that it can be reintroduced
into the body it will be critical that certain temperatures are not exceeded. It will
be imperative that the true temperature of the blood is known. In this case you
will want to be certain that the true temperature is known within say 0.5C
including all the known errors. Method 1 might be more appropriate.

If on the other hand you are designing a volume dispensing sensor for a use in a
bar you will want to know the volume with a reasonable certainty, but even if
the sensor produces volume estimates that are outside your design limits loss of
life is not likely to occur and you may choose to used method 2 in order to keep
the product cost within a reasonable range.

In both cases you might use factory and field testing to ensure ongoing accuracy.
In the case of the volume dispensing sensor you might design using method 2 for
error analysis and be willing to test them at the factory and live with a certain
percentage of failures that would become wastage or need rework.



Example

Consider measuring the power dissipation in a resistor

P =1I%R

After carrying out the partial differentiation and using method 1
AP = 2IRAI + I?AR

If the possible variation in the resistor is 0.1% and a 0-10A ammeter has an
error of 1% full scale or 0.1A. The resistor is 100 ohms and the reading on
the ammeter is 8A. (1% resistor $0.015 0.1% $2.00, 0.01% $60.00)

The estimated power is 6400W and the estimated error is

AP = 2x8x100x0.1 + (82)x(100x0.001) = 160 + 6.4 = 166W

Or 166/6400 = 0.026 or 2.6%

Introduction to Instrumentation and Measurement, R.B.Northrup, 2005



Simple Statistical Analysis

X - Mean
SD - Standard deviation
SE - Standard Error

% 3k %

If the mean is estimated from the
measurements then the best
estimate for the SD is to use (N-1) as
a divisor

We can use a number of statistical
measures to characterize the error

Note: In this course

2°SE

Will be used to determine when two
populations are significantly different

N
1 _
= _ _ 2
n=1
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Statistical Analysis Example

2.516

12.057

With an instrument we have taken
20 measurements and we want to
know if the instrument is reading
within its specification. The
specification says the mean reading
it should be between 11 and 15.

Is it?

SD =2.52
Mean of readings is 12.1

SE is 2.52/(SQRT(20))=0.56
The difference between the mean of
readings and 11 is within 2*SE of the

specification

It is reading within specification



Common statistical comparisons

* Student t-test is used to determine if two populations are
different

XX
STDy STD? + STD?
n

STD - standard deviation

Assumes equal number of samples for each population

t

This answers the question - are the means of the two populations
different by more than the standard error

wikipedia.org/wiki/Student%27s_t-test



Common statistical comparisons

* Student t-test is used to determine if two populations are
different with different numbers of samples

X -X,
t="%D, (ny — 1)STD? + (n, — 1)STD?
STD,, =
1 + 1 n,+n, —2
ny n;

Assumes equal number of samples for each population

This answers the question - are the means of the two populations
different by more than the standard error

wikipedia.org/wiki/Student%27s_t-test



Temperature measurement

There are many techniques and physical mechanisms that are used to
measure temperature. We will only consider the three most
commonly used methods.

1. Thermocouples
2. Resistance probes (RTDs)
3. Semiconductor based probes

There are many other methods that are used, but they are quite rare
and will not be covered. They include optical methods that are
probably the most accurate.



Thermocouples

It was observed almost 200 years ago that dissimilar metals joined at
one end will produce a potential at the other end, if the two ends are
at a different temperature.
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Tsense
V= f (5+(T) + S_(T))dT
Tref

S,(T) is the Seebeck coefficient and is a material dependent property

https://en.wikipedia.org/wiki/Thermocouple



Thermocouples

In practice there are several combinations of metals that are most commonly used.
For example Type-K (chromel-alumel) is a very common type. Near room
temperature it generates voltages of ~41 micro-volts/°C. Some other examples are
shown below. An accurate set of tables and polynomial fits can be found at
(https://srdata.nist.gov/its90/main/)
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https://en.wikipedia.org/wiki/Thermocouple



Measuring temperature with thermocouples

In practice the temperature is estimated using the tables or polynomial equations
using the following equation. Using this approach integrations of the Seebeck
coefficients is not required. In essence we add the measured voltage to the voltage
expected if the reference junction was at 0C. We then use this sum to determine

the temperature

V =V@Tsense — V@Tref

Critical assumptions
1. Both junctions of T are at the same temperature

2. The reference junction temperature is known

Therefore, with thermocouple systems there needs to be a secondary means to
measure the temperature of the reference junction. This would often be done with

a semiconductor based sensor.

https://en.wikipedia.org/wiki/Thermocouple



Measuring temperature with thermocouples

Lets do an example. Lets say the reference junction is at 22C and the measured
voltage is 2.800 mV.

= 2.800+0.879=3.679

Sense)

Now V(T=T )= 0.879 mV and V(T=T
Using the table we can directly estimate T=90C, and using interpolation 89.93C.

V =V@Tsense — V@Tref

;[{':I'S-Eq, I[.:hle fc:;: t‘_rpi.zh t:herm;coupled A ] ; . . "
| |
m—— Thermoelectric Voltage in mV
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50 2.023 2.064 2.106 2.147 2.188 2.230 2.271 2.312 2.354 2.395 2.436

60 2.436 2.478 2.519 2.561 2.602 2.644 2.685 2.727 2.768 2.810 2.851

70 2.851 2.893 2.934 2.976 3.017 3.059 3.100 3.142 3.184 3.225 3.267
pB0g3 267, 3.308 3.350 3.391 3.433 3.474 3.516 3.557 3.599 3.640 3.682
3.723 3.765 3.806 3.848 3.B89 3.931 3.972 4.013 4.055 4.096
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https://en.wikipedia.org/wiki/Thermocouple



Measuring temperature with thermocouples

This is such a common thing to want to do that custom integrated circuits have
been designed for this task.

A couple of common solutions are:
AD594 - analog amplifier with cold junction compensation

ADS1118 - Analog to Digital to converter with built in temperature sensor. The ADC
is small enough it can be located on the reference junction
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https://www.ti.com/tool/TIPD109#3



Measuring temperature with RTDs

The resistivity of most electrical conductors varies with temperature. This
phenomena can be used to measure temperature. These are called resistance
temperature detectors (RTDs).

R(T) =R, +a(T —T,) + B(T —T,)2...

Platinum is one of the most common precision RTD materials. In the 0-100C
range o= 0.003925 for Pt. Since Pt is also a very stable material it is well
suited to make accurate RTDs. In almost all cases T_=0C. Typically these

sensors will have better accuracy than thermocouple sensors.

For example, at T=5C a Pt RTD with an R_ of 1000 ohms would have a
resistance of 1019.6 ohms at 5C.

We will look at some signal conditioning electronics for this sensor later in
the course.

https://en.wikipedia.org/wiki/Resistance_thermometer



Semiconductor based temperature sensor

This method uses the voltage difference between identical diodes
biased at different currents
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In the example above 11 is 1 mA and 12 is 10 times less at 0.1 mA. In
this case 11/12 = 10. We have a difference amplifier detecting the
difference is the voltage across each of the diode and providing a gain
of 10. In this example Zener didoes with large breakdown voltages
(15V) are used as they tend to have more ideal behavior.



Semiconductor based temperature sensor
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k - Boltzmans constant = 1.381 x 1023

g - Charge of an electron = 1.602 x 10'%?
T - Temperature in degrees Kelvin

In MKS units



Semiconductor based temperature sensor
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In this case we have an output voltage proportional to that depends
only on fundamental constants and the current ratio.



Semiconductor based temperature sensor
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For the example given V_, = 10x0.026xIn(10)= 599mV at T=25C

If we add the gain from the amplifier. Although not shown we can also have offsets
to produce OV at a useful temperature. For example we could have an offset so
that OV is produced at OC. Typical would be 10mV/C with OV at OC. This would give
250mV at 25C or 500mV at 50C. ***See LM61 or LM35 for example
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