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Final Exam
5AIB0 Sensing, Computing, Actuating
11-8-2015, 13:30-16:30

e This final exam consists of 3 questions for which you can score at most 90 points. The final grade
for this exam is determined by dividing the number of points you scored by 9.

e The solutions to the exercises should be clearly formulated and written down properly. Do not only
provide the final answer. Explain your choices and show the results of intermediate steps in your
computation.

e The use of a simple calculator is allowed. No graphical calculator or laptop may be used during the
exam.
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Exercise 1: resistive pressure sensor (30 points)
Strain gauges are used amongst others to measure pressure. Figure 1 shows two strain gauges that
are attached to a thin metal strip (E = 200 - 10° N/m?). The strain gauges are combined with two
resistors with a fixed value into a complete bridge. When unloaded, each strain gauge has a resistance
of 200 ). The fixed resistors also have a resistance of 200 2. The strain gauges have a gage factor of
2.00. To prevent damage to the strain gauges, the maximal current through them should be limited
to 25 mA.

active strain gauges
(tension)
AN

T
P

Figure 1: Metal strip with two active strain gauges.

The two strain gauges and the two fixed resistors are connected in a bridge circuit with a voltage
supply V;.. The electrical equivalent circuit of this sensor is shown in Figure 2.

R]_: Ro(l"‘X) R2

viO Vs

R4 R3:RQ(1+X)

Figure 2: Bridge circuit with two strain gauges.

(5p) (a) Show that the output voltage vs of the sensor circuit is equal to:

T
2+

Vg = -

(2p) (b) Does the sensor circuit shown in Figure 2 show a non-linear response when pressure is applied to the
sensor? (Explain your answer)

(5p) (c) What value should the voltage supply V,. have to maximize the sensitivity of the sensor circuit shown
in Figure 2 for a change in x?

(5p) (d) Show that the output voltage v of the sensor circuit shown in Figure 2 is equal to -5.00 mV when a
pressure of 100 - 105 N/m? is applied to the metal strip and V. = 10 V.

Exercise continues on next page
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MSB
Vd 1kQ
Digital inputs |y,
OVor5V zka 1kQ
Vb 4 kQ
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Figure 3: DA converter using summing op-amp.

(5p) (e) A summing DA converter is shown in Figure 3. Which binary input has been applied to the DA
converter if it has an output voltage v, of -3.8V?

(8p) (f) Give a definition (maximally 100 words) for the following terms:
e Transducer

e Sensor
e Sensitivity of a sensor

Transfer function of a sensor
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Exercise 2: temperature sensor (30 points)

(5p) (b)

(5p) (¢)

(5p) (d)
(5p) (e)

(5p) ()

A resistive temperature detector (RTD) can be used to measure the temperature of an object. Figure 4
shows a resistive divider circuit with an RTD which is exposed to a temperature T. This temperature
will be in the range [0°C, 100°C]. The RTD is a PT100 sensor with Ry = 100 © and o = 0.004/°C
at 0°C.

R1

Vi
R2=R0(1+GT) Vs

O

Figure 4: Resistive divider circuit with a RTD temperature sensor.

Show that output voltage v, of the sensor circuit is equal to:

14+ aT

R s

5 with k = Rl/RO.

Show that sensitivity of the sensor circuit is equal to:

k
a v,
(1+aT +k)

Show that relative non-linearity error of the sensor circuit is equal to:

—aT ‘

e‘k—&—l—i—aT

What ratio k should the resistors Ry /Ry have to ensure that the non-linearity error is less then 0.8%
of the reading while maximizing the sensitivity?

Assume that k = 48.6. Assume further that the dissipation constant of the environment 6 = 7 mW /K.
What value should the supply voltage V. have to keep the self-heating below 0.02% of the full-scale
output (FSO)?

The operation of a temperature dependent resistor (RTD) is based on the thermo-resistive effect.
Explain briefly (maximal 200 words) how this effect works in metals.
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Exercise 3: Electronic Stability Progam (30 points)
ESP assists a driver to keep a vehicle on the road during dangerous driving conditions. For this
purpose, the ESP system uses a large number of sensors in the vehicle. One of these sensors measures
the angle of the steering-wheel and steering-column and the speed with which the driver changes
this angle (note that one sensor measures both quantities). The RVDT (rotary variable differential
transducer) from Figure 5 can be used to measure the angle (and its rate of change). When the
driver moves the steer from the central position (© = 0°) to the left or to the right, then this will
lead to a change in the output voltage of the sensor. This electrical signal can then be send to the
ESP computer. The primary winding of this RVDT is connected to a voltage supply that produces a
sinusoidal voltage with an amplitude of 5V with a frequency of 10 Hz. The RVDT has a sensitivity
S of 100 £V /(°/V). The output voltage of the RVDT is equal to:

V=10 —v1 =85-0-0,

Figure 5: Measuring an angle using an RVDT.

(5p) (a) Show that the output voltage of the sensor, vy, is equal to:

v — jwkeOuv,
" jwLly + By
with (M2 - Ml) = k@@

(5p) (b) Assume that the resistor R; has a resistance of 250 2 and the inductor L; has an inductance of
40 mH. What is the value of the coupling coefficient kg?

(5p) (c) A driver moves the steer in 1 second from an angle © = —20° to an angle © = +20°. Draw the
output voltage v, as a function of time ¢. (Clearly show the dimensions on both axis.)

Exercise continues on next page

6/ 12



Eindhoven University of Technology Department of Electrical Engineering

(5p) (d)

(5p) (e)

(5p) (£)

Vo

-

Figure 6: RVDT with instrumentation amplifier.

The signal coming from the RVDT is too weak to be directly send to the ESP computer. The
signal should first be amplified. For this purpose, the sensor from Figure 5 is connected to an
instrumentation amplifier. The resulting circuit is shown in Figure 6. The instrumentation amplifier
uses three operational amplifiers. You may assume that these op-amps show an ideal behaviour.
Show that the output voltage v, of the instrumentation amplifier in Figure 6 is equal to:

o _ (14 2Ra) R juwke®u,
o R3 Rs jwLy + Ry

Assume that the resistors Ry, Ry, and Rg in the instrumentation amplifier from Figure 6 have a
resistance of 10 2. What resistance should the resistors R3 have such that the amplitude of the
output voltage v, is equal to 0 V when © = 0° and 5 V (peak) when © = 20°?

A phase sensitive detector can be used to recover the magnitude and direction of the rotation of the
sensor core. In stead of a phase sensitive detector, it is also possible to connect the output signal of
the RVDT to a double-sided rectifier with a low-pass filter as is shown in Figure 7. Is it possible to
reconstruct from the output signal (v,2 — v,1) the direction (positive or negative angle)? (Explain
your answer.)

o—p VW= V42

Figure 7: Double-sided rectifier with low-pass filter.
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