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Eindhoven University of Technology Department of Electrical Engineering

Final Exam
5AIB0 Sensing, Computing, Actuating
3-7-2018, 9:00-12:00

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.

1/7



Eindhoven University of Technology Department of Electrical Engineering

Formulae sheet
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Change in resistance due to strain: % = Ge

Capacitance of flat plate capacitor: C' = & = epe,
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Capacitance of cylindrical capacitor: C' = & = eoer%

. . . _ Ccv?
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Magneto-motive force: F,, =®-R=N -1
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Sideways force on electron moving through magnetic field: F =¢-v x B

Transverse Hall potential: Vg = B sin(a)
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Radius of warping of bimetal sensor: r &~ Naa—a, )=

Displacement of bimetal sensor: A = r(1 — cos(22L))
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Flow velocity and temperature difference: v = ) ( o TS—TD)

Voltage across P-N junction (quality factor 1): V = kTTln (%)

Saturation current through PN-junction (quality factor 1): Iy = BT3¢ Eo/kT
Thomson effect: Q =I?-R—1-0c4%L

Peltier coefficient: map(T) =T - (s —ap) = —mpa(T)
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Exercise 1: temperature sensor (30 points)
A resistive temperature detector (RTD) can be used to measure the temperature of an object. Figure 1
shows a bridge circuit with an RTD which is exposed to a temperature T'. This temperature will be
in the range [-30°C, 80°C]. The RTD is a PT100 sensor with Ry = 100 € and o = 0.004/°C at 0°C.

R: R>

v:O Vs

R4 R3:R0(1+GT)

Figure 1: Bridge circuit with a RTD temperature sensor.

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

kaT v
(k+1)(k+1+aT) "

Vg = —

5 With k‘ = Rl/R4 = RQ/RQ.
(7p) (b) 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?

(7p) (c) Assume that k = 38.7. Assume further that the dissipation constant of the environment § = 1 mW /K.
What value should the supply voltage V,. have to keep the self-heating below 0.002% of the full-scale
output (FSO)?

(5p) (d) 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.

Start conversion
Conversion done

Clock
S/H output l
(supply to ADC)
I\ I\ _’
Control logic unit A Output register ) Dlgt;nalt
outpul
E T — —
Temporary
register -
DAC

Figure 2: Successive approximation AD converter.

(6p) (e) The output voltage vy of the bridge circuit shown in Figure 1 can be digitized using a successive
approximation AD converter like the one shown schematically in Figure 2. Explain (maximal 500
words) how the successive approximation AD converter works. You may also draw a figure to illustrate
its operation.

3/7



Eindhoven University of Technology Department of Electrical Engineering

Exercise 2: inductive sensor (30 points)
Figure 3 shows a two coil based linear displacement transformer that can be used to sense the
displacement of an object over a distance x. The two coils each consist of N windings and are
connected in series to each other. An excitation voltage v, is placed over the two coils. The voltage
drop over one of the coil (i.e., lower coil in Figure 3) is used as the output voltage v, of the sensor.

O
A

Xt_ —o Ve

|

O

Figure 3: Inductive sensor based on two coils in series.

(4p) (a) Show that the output voltage of the sensor is equal to:

1—=x
Vo = 5

Ve

(4p) (b) Is this sensor suitable to measure large displacements? (Explain your answer)

M, R
A Iy Ly Ms R, 0
Lo
M,

Figure 4: LVDT sensor.

(5p) (c) The linear variable differential transducer (LVDT) shown in Figure 4 is often used to sense displace-
ments instead of the two coil sensor shown in Figure 3. When a purely resistive load Ry, is connected
to the output of the sensor, its output voltage is equal to:

jwkyx Ry,

V, = - -
—(jw)22L1L2 — jw(RQCLl + 2R1L2) — R1Rs.

i

, with Ro. = 2Rs + Ry,. For a specific LVDT holds that its primary winding has a DC resistance
of 76 €2 and each of its two secondary windings have individually a DC resistance of 1600 2. The
primary winding has an inductance of 45 mH and the two secondary windings have a combined
inductance of 366 mH. How large is the phase shift between the input and output voltage when an
excitation frequency of 1500 Hz is used and a load resistance of 10 k{2 is connected to the output of
the sensor?

Exercise continues on next page
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(5p) (d)

(4p) (e)

(4p) (f)

(4p) (g)

sensor

Figure 5: Sensor with phase sensitive detector.

The displacement sensor from Figure 4 is connected to a phase sensitive detector. This detector
consists of an analog multiplier connected to a low-pass filter. Using this processing circuit, it is
possible to recover the magnitude and direction of the displacement from the output signal of the
sensor. The block diagram of a phase sensitive detector is shown in Figure 5. The displacement of
the object is given as a function x(t). Assume further that the reference voltage v, is equal to:

vp(t) = Vicos (wy - t)
The output voltage v, of the sensor circuit is then equal to:

Vo(t) = 5 - z(t) - v (t)
, with S the sensitivity of the sensor.

Show that the output voltage of the phase sensitive detector, v,, is equal to:

op(t) = § - alt) - 1

Hint: cos(A)cos(B) = £ (cos (A+ B) + cos (A — B)).

The output of the phase sensitive detector can be connected to an AD converter. Alternatively the
output of the sensor could immediately be connected to an AD converter. Give at least one reason
why we prefer to use a phase sensitive detector in front of the AD converter instead of directly
connecting the output of the sensor to the AD converter.

A LVDT measures the displacement of an object through the change in coupling between a primary
and two secondary coils. Another way to measure a displacement would be to use a Hall effect sensor.
Explain the operation of a Hall effect sensor. Clearly indicate how you can use the sensor to measure
a displacement.

Give at least two reasons why we prefer transducers who produce a signal in the electrical domain
over transducers that produce a signal in any of the other signal domains.
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Exercise 3: thermocouple (30 points)

(5p) (a)

(5p) (b)

Systems with a thermal capacity such as a thermocouple require a transfer of heat, @, from the
environment to the sensor in order to show a change in temperature. This change in energy, F, as a
function of time is described by the following first-order differential equation:

dT,(t)
dt

Q—E—mcv

= hA, (T, (t) — Ty(t))

, with m the weight of the sensor, C, the specific heat of the sensor, h the heat transfer coefficient,
As the contact surface (area) of the sensor, T, the environmental temperature, en Ty the sensor
temperature.

Show that the transfer function of the sensor Ts(s)/T,(s) is equal to:

; — — mC,y
,Wlthk—landr—r;zAs.

The response of the sensor to a step function on its input is given by:
T(t) = k (1 - e_t/T)

Assyme that the sensor has an initial temperature T5(0) = T; when the sensor is suddenly exposed
to a constant environmental temperature T,. Show that the response of the sensor is equal to:

Ty(t) =To+ (T; — T,) e /™
To determine the time constant 7 the sensor is exposed from ¢t = 0 to a (constant) environmental

temperature. The temperature is measured every 4 seconds. This results in the following series of
readings:

Time (s) 0 4 8 12 16 20 24 28
Temperature (°C) 5.00 56.55 70.14 73.72 74.66 74.91 74.98 74.99

What is the time constant 7 from this sensor?
Because of temperature fluctuations in the environment, the environmental temperature 7, changes

according to: T,(t) = 0.50°C-sin(0.01¢) +74.99°C. Assume that the time constant 7 is equal to 3.00 s.
What is the steady-state output of this sensor T(t)?

Exercise continues on next page
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Figure 6: Simulate reference junction at 0°C.

(5p) (e) Figure 6 shows a circuit in which three types of wires (A, B, C) are combined into several thermo-
couples with two intermediate temperatures 77 and 75 and a temperature T at the measurement
junction. What relation must 77 and 75 have such that the output voltage only depends on T'7

2

Figure 7: Peltier effect in single junction.

(5p) (f) Figure 7 shows a single junction of two different materials. Explain (in maximally 200 words) why
the Peltier effect results in the production or liberation of energy at a junction when a current is
passed through this junction.
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