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Abstract

®

CrossMark

This work presents experiments to teach fundamentals of automation through
a sequence of laboratory practices that naturally guide to development of

an on/off control system. It focuses on the integration of technological and
scientific concepts, based on an educational approach associated with a

problem-solving technique.

Presentation

Automation is a technology that allows a system
operation without direct human intervention,
which includes a simple device switching accord-
ing to specific parameters or even a complete sys-
tem control to stabilize a physical phenomenon at
a specific value.

This subject theory includes advanced math-
ematical concepts, but its basic practical prin-
ciples can be easily demonstrated in classroom
with only a primary students’ background of elec-
tronic, which can motivate them to design differ-
ent other systems for experiments automation in
physics laboratories.

This work proposes this subject teach-
ing through a problem-solving technique called
divide-and-conquer, which models conceptually
a specific problem and so divides it in small parts
whose solutions are separately investigated and
next integrated [1]. Docktor and Mestre [2] accen-
tuates this approach is a realistic physics education
research subject and emphasize the technological
tools relevance in the physics education practices,
which motivated the present work.

In this context, figure 1 shows a basic automa-
tion system model divided in four modules ana-
lyzed in the next sections. Basically, an electronic

1361-6552/18/055009+9$33.00

circuit process the signal from the sensing system
and switches a controlled device through a power
driver circuit.

The sensing system

The sensing system is physically composed by
a sensor, whose output electric signal is propor-
tional to the measured phenomenon intensity. The
output signal format can be either analogue or
digital, and its format influences directly the he
subsequent signal processing module design. In
some cases, the sensing system uses a sensor that
requires some additional components to allow its
effective operation.

Analogue signals are represented by a volt-
age value, which can assume several values
into a fixed range defined by its manufacturer.
Otherwise, digital signals are physically repre-
sented by only two pulses level (low or high), and
therefore they require a set of pulses to represent
the phenomenon value.

Physically, the real pulse level voltage can
vary within a range whose limits depend on the
electronic component manufacturing technology
and the supply voltage. Table 1 shows the voltage
ranges with a supply voltage of 5 V for popular
technologies.

© 2018 IOP Publishing Ltd


publisher-id
doi
https://orcid.org/0000-0003-1056-497X
mailto:perea@fc.unesp.br
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6552/aaccd8&domain=pdf&date_stamp=2018-07-03
http://iopscience.org/ped

J E M Perea Martins

Controled
device

Power
driver

Sensing
system

Signal
processing

Figure 1. Automation system division.

Table 1. Voltage ranges for digital pulses.

Technology Low pulse High pulse
TTL 0V...08V 20V..5V
CMOS 0OV...1.6 V 35V..5V

Digital signals present a better noise immu-
nity and usually are more stable, but this work uses
an analogue sensor, which usually allows a sim-
pler electronic circuit for their signal processing.

The processing circuit

This work uses an electronic comparator to com-
pose the processing module. Figure 2 shows the
comparator symbol (triangle) with two typical
configurations called inverting and non-inverting
circuit. Both compares the voltage from a sensor
(Vy) with a fixed reference voltage (Vi) and so
provide an output voltage (V,,) that assumes either
a high level (V) or a low level (V,), according to
the comparison result [4, 5]. There are electronic
components designed exclusively as comparators,
but traditional operational amplifiers can also
operate as comparators.

The non-inverting circuit operation is sum-
marized as:

o If Vi < Viesthen V, = Vy
o If Vi > Visthen Vy, = Vi,

The inverting circuit operation is summa-
rized as:

o If Vi < Vierthen Vy, = Vi,
o If Vi > Visthen V, =V

The real V,, and V,; voltage values usually
do not reach the supply voltages, and despite the
comparator datasheet specifications they can vary
for each new component, and therefore it should
be measured with a voltmeter.
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Figure 2. Comparator circuits.
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Figure 3. Experiment for V,, measurement with the
LM324.

Figure 3 shows the symbolic structure of an
experiment to verify V, from a LM324 chip that
has four internal operational amplifiers and in this
work, was powered with SV (V) and O V (V_).
Vet was fixed at 2.5 V, while V; was variable and
adjusted with a potentiometer from 0 V to 5 V. For
the LM324 used in this work, the measured V,
was 3.8 V and V,,; was O V.

Temperature alarm

Figure 4 shows the temperature alarm schematic
with a non-inverting comparator that turns on a
LED when the ambient temperature represented
by Vj is greater than a referential temperature
value (Vier).

The LM35 is an integrated temperature sensor
with a linear analogue output signal (V;) with a sen-
sitivity of 10 mV °C~!. For example, for an ambi-
ent temperature of 25.3 °C, the sensor output is 253
mV (0.253 V). Figure 5 shows the LM35 requires
only a power source and its operation can be dem-
onstrated in classroom with a single voltmeter.

Phys. Educ. 53 (2018) 055009
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LM35 pins:
Pin 1: V.
Pin 2: Output
Pin 2: GND

Voltmeter

Lhzs

Battery
CAY%

Figure 4. Temperature alarm schematic.

The phenomenon value that is fixed as a ref-
erence is generically called setpoint (SP), and
therefore Vit must be proportional to the SP and
is fixed through a 1 k) potentiometer (Ry). For
example, for a SP of 27.0 °C, then V. must be
fixed at 0.270 'V, in the present case.

The resistor RL controls the LED and is
computed as:

Voo — VL )
IL '

Where VL is the drop voltage on the LED,
usually at 2.0V, and IL is its current usually fixed
between 15mA and 20 mA. With V, at 3.8 V, it
can be computed as:

3.8V -2V
15mA

The figure 4 circuit can also be designed
with an inverter comparator that turns on the LED
when the ambient temperature is smaller than
the SP. Both alarms can be tested in laboratory
by heating the sensor with the approximation of
a heater or even covering with the fingers, or by
cooling it with the contact of an aluminium cup
with ice.

RL =

RL = = 1200

Light intensity alarm

Figure 6 shows a light intensity alarm schematic
that turns on the LED when the light intensity
measured with a LDR is higher than the SP.

Figure 7 shows a LDR (light dependent resis-
tor), whose resistance value depends on the inci-
dent light intensity.

Figure 8 shows the LDR relation between
incident light intensity and resistance value,
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Figure 5. LM35 pins and test.

Figure 6. Light intensity alarm schematic.

which is nonlinear and usually presents typical
extreme values in the range of few M2 and doz-
ens of Klx.

The figure 6 LDR is connected in series with
aresistor to compose a voltage divider circuit that
divide the source voltage (V) according to the
Ohm’s law and provide an output voltage (Vj)
proportional to the resistances, and therefore the
Vs variation is a function of the light intensity,
computed as:

_ Vee

Vo= ————R,
* (R, +RLDR) *

(2
Where, RLDR is the LDR resistance.
Vier 18 adjusted with the potentiometer (Ry)

and the circuit can be easily tested lighting the
LDR with a flashlight or shading it with the hand.

Twilight alarm

This work proposes a system design that operates
similarly to commercial devices that automati-
cally switches a bulb at the twilight, turning it on
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Figure 7. LDR and symbols.

Dark resistance
Maximum sensed
value

Figure 8. LDR resistance variation.

at the sunset and turning it off at the sunrise. It
uses the figure 6 circuit, but it requires the defi-
nition of a V¢ proportional to the light intensity
(SP) at the twilight.

Figure 9 exemplifies the called civil twilight
that is the first of three-twilight stage and occurs
when the geometric sun centre angle relative to
the horizon is between 0° and 6°. Usual outdoor
activities in this period do not yet require artifi-
cial light in clear days and the higher light inten-
sity is between 410 and 585 lux and the lower is
between 2.0 and 3.5 lux [3].

In this work, the SP was fixed at 70 lux that
is typical for commercial automatic lighting
devices, and therefore the LDR resistance at 70
lux must be measured. Figure 10 shows an experi-
ment where the LDR is positioned next to a lux
meter and both under a bulb. The light intensity
on the LDR is adjusted by varying the bulb height
or shading the LDR with an intermediate barrier,
and when it reaches 70 lux the LDR resistance
is measured. The LDR sensitivity depends on the
incident light wavelength and usually it presents
a peak at about 550 nm, and therefore the selected
bulb must provide a spectral range with a satisfac-
tory intensity at this wavelength. Table 2 shows

September 2018

Figure 9. The sun civil twilight angles.

Height
(distance)

(omee

Lux meter

Figure 10. LDR resistance measurement.

the measured resistance of the LDR used in this
work under different light sources.

Figure 11 shows a voltage divider design
whose resistor Ra is connected in series to a
potentiometer (trimpot) to allow accurate Vj
adjust. When the sum of both equals RLDR, V;
becomes V,./2 according to equation (1), and
therefore, in this case Vs must be set to 2.5 V.

This work proposes the twilight alarm design
as an efficient way to integrate technological and
scientific concepts.

The driver power circuit

The comparator output signal can switch a LED,
but it hasn’t power enough to switches directly
high-power devices such as bulbs, motors, or

Phys. Educ. 53 (2018) 055009
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Table 2. Light sources and the LDR resistance.

LDR resistance

Light source at 70 Ix
Sun 4.1 k)
Fluorescent bulb 3.8 KQ
LED bulb 4.5 KQ
Incandescent bulb 2.4 KS)

V,

cc

o

LDR (4.1 kQ at 70 1x)

-V,

R, 3.6kQ)

Potentiometer (1 k)

Figure 11. LDR voltage divider.

heaters, and therefore it requires a driver power
circuit that allows the switching of a high-
power device based on a low power input signal.
Figure 12 shows its schematics.

The relay voltage (V) causes a current flow
(Irc) through its coil, which naturally generates
an electromagnet field that closes automatically
an internal electro-mechanical contact that turns
on an external high-power device (Dy). Note that,
the relay has electrical operational limits and the
external device power value cannot be greater
than the maximum relay output switching power.

In fact, I, is usually great for a typical com-
parator circuit, and therefore the driver circuits use
a transistor to connect it and the relay. Figure 13
exemplifies that a transistor base voltage value
(V) can determines the transistor operation as an
open key (cut-off state) as a closed key (saturated
state) in relation to the collector-emitter connec-
tion. It means, a smaller current in the transistor
base (1,) can control a larger current flow between
the transistor collector and emitter (1;) [4, 5].

The relation between I. and I, depend on
a transistor parameter called gain (hfe) and is
expressed as:

I, = I./hfe. 3)
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Figure 12. The driver power circuit.

In the figure 13, /. is computed as:
I. = (Vdc - Vce)/Rc- (4)

Where: Vg (relay coil voltage) is the volt-
age required for the coil electromagnet field
generation.

Vee is voltage drop that occurs at the collec-
tor-emitter transistor junctions, which is usually
0.2V

R. (relay coil resistance) is the relay coil
resistance, which can also be measured with an
ohmmeter.

The resistor RB is computed as:

RB = (an - Vbe)/lb' (5)

Where Vi, is the base and emitter voltage that
cause a saturated state and usually is at about 0.7
V.

In this work, V4. was 5V and R, was 7012,
which generates a I, of 68.5 mA. The transistor
was a general-purpose model BC238B, whose
theoretical hfe can vary between 180 and 460.
The measured comparator V,, was 3.8 V, but it
was mathematically decreased to 3.5 V to ensure
a safety margin.

For a transistor gain of 180, RB is computed
as:

IB = 68.5mA/180 = 0.38 mA
RB = (3.5 —0.7)/0.38 mA = 7,5k

In this case, any voltage between 3.5 V and
5.0 V causes the transistor saturation, and there-
fore it should work well with V, at 3.8 V. If the
transistor had a gain of 400, then the V;, would be:
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Saturated state

Cut off state

Figure 13. Transistor operation as switch.

IB = 68.5mA /460 = 0.15mA
75KQ = (Vi — 0.7V)/ 0.15mA
Vio = 1.8V,

In this case, Vi, must be 1.8 V or higher, and
therefore the RB of 7.5K ensures an effective
operation for any possible BC238B gain.

Figure 12 schematics has a diode (suppres-
sion diode) protects the circuit when Vj, is turned
off and the energy remained in the coil can move
the electrons again, which consequently can gen-
erate a harmful high voltage peak, which is com-
mon with inductive loads as motors. A diode such
as the 1N4001 or similar, shuts the electrons flow
in a loop with the coin, which decreases the volt-
age peak and consequently protects the circuit.

Figure 14 shows the real power driver cir-
cuit mounted in this work and exemplifies its
connections.

The complete system

Figure 15 shows the schematic of a complete
automation system, which fellows exactly the
figure 1 modules and proves that the design of a
basic automation system based on the divide-and-
conquer technique is feasible and can encourage
technological studies associated with physics
concepts.

In this work, this system was used to control
the ambient temperature. When the temperature
is smaller than the SP, the circuit turns on a heater
and it increases. When it reaches the SP, the cir-
cuit turns off the heater and the ambient temper-
ature decrease, and the process repeats itself
continuously. It composes a basic control tech-
nique called on-off control that is not the more
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Figure 14. Mounted driver circuit.

accurate technique, but is easy to understand and
simple to implement.

Figure 16 shows the theoretical expected
phenomenon variation for the on-off control,
which is a sinusoidal curve about the SP straight
line. It fellows this trend due to the natural
phenomenon inertia, and presents an initial peak
called overshoot and so stabilizes in a stage called
Hunting where its variation is limited into a range
called error band (Ey).

Figure 17 shows the experiment structure,
which included an additional data logger to
record the ambient temperature variation to allow
its later analysis. In the absence of a commer-
cial data logger, a practical alternative is the data
acquisition system called Easy-DAQ, whose soft-
ware is free of charge and the hardware is based
on an inexpensive Arduino board [6]. It was origi-
nally designed with a waterproof sensor that can
be directly replaced by a simple LM35 for the
present experiment. The simplest alternative is
to measure the control system sensor voltage (V)
with a voltmeter and note its peaks, which is less
accurate but can prove the oscillatory temperature
behaviour into a range.

Figure 18 shows the real experiment ele-
ments used in this work to control the ambient
temperature.

In this work, figure 19 exemplifies the heater
was placed in a box without one of the side walls.
It is not an essential procedure, but the box size
is more proportional to the heater size and it can
generate a temperature variation easier to be
analyzed.

Phys. Educ. 53 (2018) 055009
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Sensing Signal Power Device
system processing driver connection
VCC VCC AC
VCC ® VY
Relay
! |
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- RB
BC238 |@|
= Power
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Figure 15. Complete automation system circuit.
LM35 Driver Comparator Power
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T
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Figure 16. Typical on-off control response.

‘ Data logger }
1\
Automation system

< (_ Sensor )

Heater
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v,

>
ref

——>

Comparator Driver

Figure 17. Experiment structure.

Figure 20 shows the real experiment curve
for this work experiment. The initial ambient
temperature was 26.5 °C and the Vi was fixed

September 2018

Data logger
sensor

| Heater | Data loggerl

Figure 18. Real experiment elements.

at 0.55 V to provide a SP of 55.0 °C. It fellows
the sinusoidal curve where the overshoot reached
59.3 °C and the E}, varied from 52.0 °C to 58.3 °C
with a mean value of 55.54 °C. It proves the
experiment is feasible and allows satisfactory
results for educational purposes.

Note that, the overshoot, E}, and heating and
cooling periods can vary for each experiment
according to several factors, such as sensor loca-
tion in relation to the heater, room size, heater
power, and air flow.

Besides the heater control, the figure 15
comparator can be designed as a non-inverter
circuit and the header replaced by an air cooler
that is turned on when the ambient temperature
is greater than the SP. It is a fun experiment in
sweltering summer days.
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Figure 19. Experiment in a box.
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Figure 20. The real temperature variation.

Control
signal

Unstable ON
switching

OFF

Figure 21. The unstable switching.

Additional considerations

There are two practical problems that may occur
in some specific cases:

1. The sensor output signal can oscillate sig-
nificantly due to its precision degree, which
causes an undesirable unstable switching
period, as shown in figure 21.
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Figure 22. Hysteresis control.

2. There are phenomena whose controlled mag-
nitude can vary quickly about the SP and it
causes a successive switching

Both problems can generate an extremely
intensive switching that can damage the system.
In fact, each system has a tolerance degree and
these problems relevance becomes relative only
for specific cases.

These problems can be attenuated with a
comparator circuit designed with hysteresis.
Figure 22 show it creates a voltage range celled
hysteresis range and limited by VTL and VTH,
where the sensor signal oscillation does not influ-
ence the comparator output, and therefore avoids
intensive switching.

Figure 23 shows comparator schematics with
hysteresis, which require only two additional resis-
tors (R1 and R2) to define the hysteresis range.

The parameters for a non-inverter hysteresis
comparator are:

(Rl + R2) * Vref — (Rl * VoL)

VTH = 2 (6)
R1 +R2)  Vier — (R1 % V.

v = RIFR2 - RL*Ven) )
E o (Voh - VOL) 8
Rl (VTH - VTL)’ ®)

The parameters for an inverter hysteresis
comparator are:

R2 * Vier + R1 % Vi

VTH =
R1+R2 ©)
R2 % Vs + R1 % V1,
VTL = 1
R1+R2 (10)
R2 Vonh — V.
o ( oh oL) (11)

Rl (VTH-VTL)

Phys. Educ. 53 (2018) 055009
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Non-Inverting with
hysteresis
R2

Inverting with hysteresis

R2

Figure 23. Comparators with hysteresis.

Table 3. Values for design.

Parameter Value
Vah 5V
Vol ov
ref 025V
VTL 0.24V
VTH 0.26 V
A R2 % 0 Buffer - :

Comparator
with hysteresis

L 4
( Power driver circuit )

Figure 24. The buffer circuit.

For example, table 3 shows the parameters
for a non-inverting hysteresis comparator design,
where Vi, VIL and VTH were fixed by the
designer.

According to equation (11), the resistors
relation is:

R2
R1

(5-0)

2 =250,
(0.26 — 0.24)

The resistors must be chosen with R2 two
hundred and fifty times greater than R1, and then
equations (9) and (10) are processed to verify the
real hysteresis range.

The driver circuit can represent a load for the
comparator output, which can influence the hyster-
esis precision. Figure 24 shows an additional oper-
ational amplifier called buffer, designed between

September 2018

the comparator and the driver to eliminate this
problem due to its high input impedance [5].

Despite these considerations relevance, it
is important to emphasize the present work did
not used neither hysteresis circuit nor buffer to
achieve the results shown in figure 20.

Conclusion

This work presented experiments to switch elec-
tronic devices according to a physical phenomenon
measurement and proved that a basic control system
can be taught with the divide-and-conquer tech-
nique. It also demonstrated that sensing and auto-
mation experiments compose an interesting way to
integrate physical and technological concepts.
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