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Fundamentals of electronic technology



1 Electrical Components

The main components used in electronics are of two general
types: passive (e.g. resistors and capacitors) and active (e.g.
transistors and integrated circuits). The main difference between
active and passive components is that active ones require to be
powered in some way to make them work.

Passive Components
The Resistor

A resistor (Figure 1-1) is a piece of
material that obeys Ohm's Law. The name
comes from its main property; it resists the
flow of charge through itself, hence
allowing us to control the current.
Resistors can be made of various kinds of
material, but whatever the choice it must
conduct some electricity otherwise it
wouldn't be of any use.



Two wires are connected to opposite ends of the resistor (Figure 1-
2). When we apply a potential difference between the wires we set up a
current from one wire to the other, through the resistor. The size of the
current is proportional to the difference in voltage between the wires.
The resistance (in units of Ohms) is defined as the ratio of the applied
voltage, V (in Volts), divided by the current, I (in Amps), produced by the
applied voltage.
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The value is usually
displayed using standard colour
code (Figure 1-3).
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The Capacitor
If you look at a catalogue of electronic

components you'll find an enormous variety of
sizes and types of capacitor. However, for
most purposes we can divide capacitors into
two basic types: dielectric and electrolytic.

A capacitor acts as a charge store (Figure 1-4). It contains a pair
of metal plates separated by a thin sheet of insulating material. The
plates are electrically neutral - the number of positive protons in each
exactly equals the number of negative electrons.

However, if we connect wires to the plates and apply external
voltage we can drag electrons off one plate and push them on to the
other.
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This takes energy, i.e. we have to do work
charging the capacitor. The result is a
capacitor with one plate positively charged and
the other negatively charged. The energy used
to move charge is stored by this imbalance. If
we connect two plates together with a resistor,
the electrons 'rush back home' releasing their
energy again. The voltage between the plates
of a charged capacitor is proportional to the
amount of charge moved. The charge/voltage
ratio for any specific capacitor is called the
capacitance (Figure 1-5).
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● They have two leads like a resistor.
● The current they pass depends upon the voltage between the

leads.
● They do not obey Ohm's law!
As an example we will use a typical diode called a pn-junction.

This allows us to explain behavior of diodes. Remember, however,
that there are other sorts of diodes which are built differently but show
the same general behavior.

We create a pn-junction by joining together two pieces of
semiconductor, one doped n-type, the other p-type. This causes a
depletion zone to form around the junction (the join) between the two
materials. This zone controls the behavior of the diode.

1 Electrical Components
The Diode

There are a number of different electronic devices which tend to be
called diodes. Although they're made differently they all have three things
in common.



Active Components
Junction Field Effect Transistors

Junction field effect transistors (JFETs)
come in two 'flavors', p-channel and n-
channel (Figure 1-7). In each case a bar, or
channel, of one type of semiconductor
material is located inside a bulk material of
the other kind i.e. p inside n, or n inside p.

A pair of metallic contacts is placed at each end of the channel.
When we apply a voltage between these, a current can flow along
the channel from one contact to the other. The contact which
launches charges along the channel is called the source; the one
that 'eats' them at the other end is called the drain.
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In an n-channel device, the channel is made of n-type
semiconductor, so the charges free to move along the channel are
negatively (hence n) charged - they are electrons. In a p-channel
device the free charges which move from end-to-end are positively
(hence p) charged - they are holes (Figure 1-8). Remember that a
hole is the absence of an electron. In each case the source puts fresh
charges into the channel while the drain removes them at the other
end.
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Some of the basic properties
exhibited by a Bipolar Transistor are
immediately recognizable as being diode-
like. However, when the 'filling' of the
sandwich is fairly thin some interesting
effects become possible that allow us to
use the Transistor as an amplifier or a
switch. To see how the Bipolar Transistor
works we can concentrate on the NPN
variety.

Bipolar Transistor
A Bipolar Transistor (Figure 1-9) essentially consists of a pair of

PN Junction Diodes that are joined back-to-back. This forms a sort of
a sandwich where one kind of semiconductor is placed in-between two
others. There are therefore two kinds of bipolar sandwich, the NPN
and PNP varieties. The three layers of the sandwich are
conventionally called the Collector, Base, and Emitter. The reasons for
these names will become clear later once we see how the transistor
works.
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Figure 1-10 shows the energy levels in an NPN transistor
when we aren't externally applying any voltages. We can see that
the arrangement looks like a back-to-back pair of PN Diode
junctions with a thin P-type filling between two N-type slices of
'bread'. In each of the N-type layers conduction can take place by
the free movement of electrons in the conduction band. In the P-
type (filling) layer conduction can take place by the movement of
the free holes in the valence band. However, in the absence of any
externally applied electric field, we find that depletion zones form
at both PN-Junctions, so no charge wants to move from one layer
to another.
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Consider now what
happens when we apply a
moderate voltage between the
Collector and Base parts of the
transistor. The polarity of the
applied voltage is chosen to
increase the force pulling the
N-type electrons and P-type
holes apart (Figure 1-11). This
widens the depletion zone
between the Collector and
base and so no current will flow. In effect we have reverse-biased
the Base-Collector diode junction. The precise value of the Base-
Collector voltage we choose doesn't really matter to what
happens provided we don't make it too big and blow up the
transistor!
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Exercise

Choose the best electronic components according to the
information given.

_____ _____ _____ _____ _____ _____

A. Transistor B. Diode C. Capacitor D. Resistor E. Connector F. LED

C E B F D A
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2 Electronic Circuit

An electronic circuit is a closed path or paths formed by the
interconnection of electronic components through which an electric
current can flow.

Physically, an electronic circuit can be as small as a pin point or
cover many miles. They are constructed by connecting electronic
components together with conductors, which allow electricity to flow
between the components. Integrated circuits (Figure 2-1) are small
circuits constructed from a piece of semiconductor housed in a
protective package.



2 Electronic Circuit

While larger circuits may be built by assembling electronic
components onto a printed circuit board (PCB), which is used to
mechanically support and electrically connect the components
(Figure 2-2). Integrated circuits are typically used as components in
larger circuits built onto PCBs. When components are connected
using wire as the conductor, the circuit may be extended to cover or
connect a large area.



Breadboards, stripboards are common for testing new designs.
They allow the designer to make quick changes to the circuit during
development.

Electronic circuits can display highly complex behaviors, even
though they are governed by the same laws of physics as simpler
circuits.

An electronic circuit can usually be categorized as an analog
circuit, a digital circuit, or a mixed-signal circuit (a combination of
analog circuits and digital circuits).
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Analog circuits
Analog electronic circuits (Figure 2-3) are

those in which signals may vary continuously
with time to correspond to the information
being represented. Electronic equipment like
voltage amplifiers, power amplifiers, tuning
circuits, and radios are largely analog (with
the exception of their control sections, which
may be digital, especially in modern units).

There are two main types of analog circuits: series and parallel. A
string of Christmas lights is a good example of a series circuit: if one
goes out, they all do. In a parallel circuit, each bulb is connected to
the power source separately, so if one goes out the rest still remain
shining.
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The basic components of analog circuits are resistors, capacitors,
inductors, memristors, diodes, and transistors. They may be thought of
as having active independent power sources and dependent power
sources. An alternative model is to take independent power sources
and induction as basic electronic units; this

Digital circuits
In digital electronic circuits (Figure 2-4),

electric signals take on discrete values, which
are not dependent upon time, to represent logical
and numeric values. These values represent the
information that is being processed. The
transistor is one of the primary components used
in digital circuits, and combinations of these can
be used to create logic gates. These logic gates
may then be used in combination to create a
desired output from an input.

allows modeling frequency dependent negative resistors, gyrators,
negative impedance converters, and dependent sources as secondary
electronic components.
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Larger circuits may contain several complex components, such
as FPGAs or microprocessors. These along with several other
components may be interconnected to create a large circuit that
operates on large amount of data.

Examples of electronic equipment which use digital circuits
include digital wristwatches, calculators, PDAs, and computers.

Mixed-signal circuits
Mixed-signal or hybrid circuits (Figure 2-

5) contain elements of both analog and
d i g i t a l c i r c u i t s . E x a m p l e s i n c l u d e
comparators, timers, PLLs, ADCs (analog-
to-digital converters), and DACs (digital-to-
analog converters).
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Bridge circuit
A bridge circuit (Figure 2-6) is a type of electrical circuit in

which the current in a conductor splits into two parallel paths and
then recombines into a single conductor, thereby enclosing a loop.
It was originally used for measurement purposes, but can also be
used in power supplies.

The best-known bridge circuit, the Wheatstone bridge (Figure
2-7), was invented by Samuel Hunter Christie and popularized by
Charles Wheatstone.
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The Wheatstone bridge has also been developed to measure
impedance in AC circuits, resulting in designs such as the Wien bridge
(Figure 2-8), the Maxwell bridge (Figure 2-9) and the Heaviside bridge
(Figure 2-10). All are based on the same principle, which is to
compare the output of two potentiometers sharing a common source.
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Diode Bridges
A bridge rectifier (Figure 2-11) is an arrangement of four diodes

(Figure 2-12) in a bridge configuration that provides the same polarity
of output voltage for either polarity of input voltage. When used in its
most common application, for conversion of alternating current (AC)
input into direct current (DC) output, it is known as a bridge rectifier. A
bridge rectifier provides full-wave rectification from a two-wire AC input,
resulting in lower cost and weight as compared to a center-tapped
transformer design.
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Basic Operation
According to the conventional model of current flow originally

established by Benjamin Franklin and still followed by most engineers
today, current is assumed to flow through electrical conductors from
the positive to the negative pole. In actuality, free electrons in a
conductor nearly always flow from the negative to the positive pole. In
the vast majority of applications, however, the actual direction of
current flow is irrelevant. Therefore, in the discussion below the
conventional model is retained.

In Figure 2-13, when the input connected to the left corner of the
diamond is positive, and the input connected to the right corner is
negative, current flows from the upper supply terminal to the right
along the red (positive) path to the output, and returns to the lower
supply terminal via the blue (negative) path.

2 Electronic Circuit



When the input connected to the left corner is negative, and
the input connected to the right corner is positive, current flows
from the lower supply terminal to the right along the red path to
the output, and returns to the upper supply terminal via the blue
path (Figure 2-14).
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Rectifier
A rectifier is an electrical device that converts alternating

current (AC) to direct current (DC), a process known as
rectification. Rectifiers have many uses including as
components of power supplies and as detectors of radio signals.

Half-wave Rectification
In half wave rectification, either the positive or negative half

of the AC wave is passed, while the other half is blocked.
Because only one half of the input waveform reaches the output,
it is very inefficient if used for power transfer. Half-wave
rectification can be achieved with a single diode in a one-phase
supply, or with three diodes in a three-phase supply.
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Full-wave Rectification
A full-wave rectifier converts the whole of the input waveform to one

of constant polarity (positive or negative) at its output. Full-wave
rectification converts both polarities of the input waveform to DC, and is
more efficient. However, in a circuit with a non-center tapped transformer,
four diodes are required instead of the one needed for half-wave
rectification. Four diodes arranged this way are called a diode bridge or
bridge rectifier.
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Practical Activity
The 555 Integrated Circuit
This integrated circuit is used for timing. Many circuits are

composed of timers and the most common of them all is the 555
Integrated Circuit. It is used in many commercially manufactured items
such as video recorders and timers.

You must understand the basic workings of this important IC. The
555 has eight pins (legs) but the functions of two are very important.
These are pin (Figure 1) two (This pin is where the current/voltage
enters the chip and starts the timing sequence or starts to count.) and
three (This is where the current comes out after the timer has
completed counting.). This chip is used in timing circuits.
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The circuit below is a simplified version of a 555 circuit. It is a timer.
When the switch is pressed, a current / voltage goes into the IC through
pin two (the input pin). The chip starts counting and when it has finished
counting it ‘pulses’ a current or voltage from pin three (the output pin).
This voltage from pin three switches a transistor and allows the LED to
light.

The time from pressing the switch to the LED lighting could be
anything from 1 second to twenty minutes.
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3 Digital Electronics

Digital electronics are systems that represent signals as
discrete levels, rather than as a continuous range. In most cases the
number of states is two, and these states are represented by two
voltage levels: one near to zero volts and one at a higher level
depending on the supply voltage in use. These two levels are often
represented as "Low" and "High.“

Digital electronics are usually made from large assemblies of
logic gates, logic circuits, etc.

Logic Circuits
Logic circuits are normally composed of ‘gates’. A combination of

gates make up a circuit and some digital circuits can be extremely
complex. It is the logic gates that produce pulses of electrical current
(1s and 0s). At school level, digital logic circuits are relatively simple.
Below are simple drawings that help explain the two most popular
logic gates - the AND gate and the OR gate.



The simplified AND gate shown
above has two inputs, switch A and
switch B. The bulb Q will only light if both
switches are closed. This will allow
current to flow through the bulb,
illuminating the filament (Figure 3-1).

The simplified OR gate shown above
has two inputs, switch A and switch B. The
bulb Q will light if either switch A or B is
closed. This will allow current to flow through
the bulb, illuminating the filament (Figure 3-2).

When the bulb lights this represents a ‘1’
as current is running through the filament. If
current is not running through the filament the
bulb will not light and this represents a ‘0’
(zero).
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The Role of Transistors
Transistors are vital for digital circuits to work. These components

are used as very fast switches in digital logic circuits. Transistors are
normally so small that hundreds of thousands fit on one processing
chip on a computer motherboard. The types of transistors used in
school projects are normally large enough to fit on the end of a small
finger. However, the way they switched on and off is the same. When
a transistor is switched on it produces a ‘1’ and when it is switched off
it produces a ‘0’.

Transistors in the circuit of a computer microprocessor can switch
on and off thousands of times per second. Without the invention of the
transistor, computer processing power would be very limited and slow.

Two basic examples of simple transistor driven logic (AND / OR)
circuits are shown below.
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This is an AND gate circuit and it can be made quite easily. The
example shown is built from a modular electronics kit. Both switches ‘A’
and ‘B’ must be pressed together for the bulb to light (Figure 3-3).

If you construct this circuit, you may need to alter the value of the
resistors. This will depend on the type of transistors used and whether
to bulb or an LED is used.
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EXERCISE 1

Mark the following statements with T (True) or F (False) according
to the passage.

1. Digital electronics are systems that regard signals as a continuous
range, rather than as discrete levels.
2. According to the passage, digital logic circuits are considered to be
rather complicated.
3. If current is flowing through the filament the bulb will not light and this
shows a ‘0’.
4. When a transistor is turned on a ‘1’is produced and when it is
turned off a ‘0’is produced.
5. The value of the resistors will depend on the type of transistors used
and whether to bulb or an LED is used.

F

F

F

T

T
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Logic Gates
A range of logic gates exist and they are represented as symbols,

each with its own truth table (sometimes called a logic table). Gates have
inputs and produce outputs and these are in the form of 1s and 0s.
Remember, a 1 represents an input or output of electrical current. Each
truth table clearly shows the ‘state’ of inputs and outputs at any one time.

Study the symbols and tables below. You will soon find that they can
be combined to design interesting logic circuits.

The AND gate will only output current (produce a 1 at Q) if both logic
states at inputs A and B change to 1 (Figure 3-5).

The NAND gate has the opposite outputs to the AND gate. How
does the NAND gate symbol differ to the AND gate (Figure 3-6).
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The OR gate will output current at Q if either of the logic states of
inputs A and B change to1 (Figure 3-7).

The NOR gate has the opposite outputs to the OR gate. How does
the NOR gate symbol differ to the OR gate (Figure 3-8).

The INVERTER gate reverses
input. For example, if the input is 1
then the output is 0 (Figure 3-9).

This is a very useful gate
especially when designing logic
circuits.
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The 4081B Circuit Design
A circuit based around the 4081B integrated circuit can be seen in

(Figure 3-10). The integrated circuit (IC) contains a number of AND
gates, although for this sample circuit only one of the AND gates has
been used.

The circuit above represents an AND GATE. This means that
switch one AND switch two must be pressed before the relay is
energized. When logic chips are used in a circuit the inputs of any
unused gates should be connected to the positive or negative, it does
not matter which (Figure 3-11).
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The ‘chip’ diagram opposite shows the gates of the 4081B and its
inputs and outputs. In the circuit above only input pins 1 and 2 are
used, for the switches, which when pressed produce an output at pin
3. The output at pin 3 energizes the relay and starts the motor,
releasing the food for the dog.

Logic gates are usually electronic circuits (based on an
integrated circuit) (Figure 3-12) and they are used to make simple
decisions. For example, a dog owner wants to build an automatic
animal feeder to work at night and when his dog presses a switch
(pressure pad). This type of device would automatically feed the dog
when the owner is asleep.
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The logic diagram is shown above (Figure 3-13, 3-14, 3-15). A
micro-switch is used as one input device and a dark sensing circuit as
the other. The AND gate has two inputs. If both are activated - the
dark sensor and the micro-switch - the logic state of the output
changes to high and the motor releases food to the hungry dog.

3 Digital Electronics

The 4081B integrated circuit will detect when the two
switches are activated, one by the dog and the other as
darkness falls - the motor allows food to be released from a tube.
If only one switch is activated, food will not be released.



Glance at the structure 

The following is the Integrated Circuit (IC) Structure.
Sample

An Integrated Circuit (IC)
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1._____________________________  2. ___________________________

3. ____________________________   4. ___________________________

5. ____________________________   6. ___________________________

Insulation Silicon chip
Connection wires Terminal pins

Base plate Plastic case
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Practical Activity
Digital Logic Experience
An electronics company has developed a baby sitting device which

warns parents when their child turns on a lamp next to the bed or when
the temperature of the room falls.

Sensor A is a temperature sensor which outputs false (0, low, off)
when the room temperature falls below a set level.

Sensor B is a light sensor and is attached to a lamp. The sensor
outputs true (1, high, on) when the lamp is switched on.
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1. What is a transducer driver and what is its function?
A transducer driver is normally a circuit that amplifies a weak

signal (current). In this case current from the OR gate is amplified by
the transducer driver which in turn energizes a relaying - activating the
buzzer. A signal (current) from any gate is usually too weak to directly
activate a buzzer. The circuit diagram below shows the type of circuit
needed for a typical transducer driver. Transducer drivers can switch on
buzzers, LEDs, motors etc....
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2. The young child awakes and turns on a lamp next to her bed,
changing the logic states of the outputs / inputs of the sensors and logic
gates. On the logic circuit below, write the logic state of inputs / outputs
of the sensors and gates.

3 Digital Electronics
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4 Analogue Electronics

Analogue electronics are those electronic systems with a
continuously variable signal. The term "analogue" describes the
proportional relationship between a signal and a voltage or current
that represents the signal. The word analogue is derived from the
Greek word ανάλογος (analogos) meaning "proportional".

Most analog electronic appliances are constructed from
combinations of a few types of basic circuits. Analog circuits use a
continuous range of voltage as opposed to discrete levels as in digital
circuits.

The number of different analog circuits so far devised is huge,
especially because a 'circuit' can be defined as anything from a single
component, to systems containing thousands of components, such as
resistor, capacitor, inductor, diode, transistor and operational amplifier.



Operational Amplifiers
Operational Amplifiers (OAs) are highly stable, high gain dc

difference amplifiers. Since there is no capacitive coupling between their
various amplifying stages, they can handle signals from zero frequency
(dc signals) up to a few hundred kHz.

There are two inputs, the inverting input (-) and the non-inverting
input (+). These symbols have nothing to do with the polarity of the
applied input signals (Figure 4-7).

Because of their very high open loop gain, OAs
are almost exclusively used with some additional
circuitry, required to ensure a negative feedback loop.
Through this loop a tiny fraction of the output signal
is fed back to the inverting input. The negative
feedback stabilizes the output within the operational
range and provides a much smaller but precisely
controlled gain, the so-called closed loop gain.
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Circuits of OAs have been used in the past as analog computers,
and they are still in use for mathematical operations and modification of
the input signals in real time.

Inverting Amplifier
The basic circuit of the inverting amplifier is shown in Figure 4-8.

The transfer function is derived as follows: Considering the
arbitrary current directions we have: i1 = (vi - vs)/Ri and i2 = (vs -
vo)/Rf

Thus, the closed loop gain of the inverting amplifier is equal to the
ratio of Rf (feedback resistor) over Ri (input resistor). This transfer
function describes accurately the output signal as long as the closed
loop gain is much smaller than the open loop gain A of the OA used,
and the expected values of vo are within the operational range of the
OA.
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Summing Amplifier
The summing amplifier is a logical

extension of the previously described circuit,
with two or more inputs. Its circuit is shown
in Figure 4-9.

The summing amplifier is used for
combining several signals. The most
common use of a summing amplifier with
two inputs is the amplification of a signal
combined with a subtraction of a constant
amount from it (dc offset).

Difference amplifier
Difference amplifier precisely amplifies

the difference of two input signals. Its
typical circuit is shown in Figure 4-10.
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The difference amplifier is useful for handling signals referring
not to the circuit common, but to other signals, known as floating
signal sources. Its capability to reject a common signal makes it
particularly valuable for amplifying small voltage differences
contaminated with the same amount of noise (common signal).

Differentiator
The differentiator generates an output signal proportional to the

first derivative of the input with respect to time. Its typical circuit is
shown in Figure 4-11.

Obviously, a constant input
generates a zero output signal. A
typical usage of the differentiator in
the field of chemical
instrumentation is obtaining the first
derivative of a potentiometric
titration curve for the easier location
of the titration final points (points of
maximum slope).
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Integrator
The integrator generates an output signal proportional to the time

integral of the input signal. Its typical circuit is shown in Figure 4-12.
The output remains zero as far as switch S remains closed. The

integration starts (t = 0) when S opens. The output is proportional to
the charge accumulated in capacitor C, which serves as the
integrating device. A typical application of the (analog) integrator in
chemical instrumentation is the integration of chromatographic peaks,
since its output will be proportional to the peak area.
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____ ____ ____ ____ ____

A. Wire to Board          B. Circular Connectors    C. Board to Board

D. Terminal Blocks E. PCB Connectors

Exercise

Choose the best electronic components according to the
information given.

C A D BE
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Glance at the structure 

The following is the Electronic Component Structures。
Sample
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1._____________________________  2. ___________________________

3. ____________________________   4. ___________________________

5. ____________________________   6. ___________________________

7. ____________________________   8. ___________________________

9. ____________________________ 10. ___________________________

Diodes Piezo Buzzer
Transistor Transformer

Relay Inductors
Integrated Circuits (IC’s) Capacitors
Crystal Resistors
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A B C
There are a large number of

symbols which represent an equally
large range of electronic components. It
is important that you can recognize the
more common components and
understand what they actually do. A
number of these components are drawn
below:

1. A. Diodes allow electricity to flow
in only one direction. The arrow of the
circuit symbol shows the direction in
which the current can flow. Diodes are
the electrical version of a valve.

EXERCISE

The following is Electronic Components. After reading them, you
are required to choose the interpretations given in Column C
match the Functions given in Column A.

C
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2. B. Resistors restrict the flow of electric
current, for example a resistor is placed in
series with a light-emitting diode (LED) to
limit the current passing through the LED.

3. C. Capacitors store electric charge. They
are used with resistors in timing circuits
because it takes time for a capacitor to fill
with charge.

4. D. LEDs (a light-emitting diode) emit
light when an electric current passes through
them.

5. E. Transistors amplify current. For
example, they can be used to amplify the
small output current from a logic IC so that
it can operate a lamp, relay or other high
current device.

6. F. A relay is an electrically operated
switch. Current flowing through the coil of
the relay creates a magnetic field which
attracts a lever and changes the switch
contacts.

B

E

A

F

D
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5 Sensors

What are sensors?
The definition of American National Standards Institute (ANSI) is

that a device which provides a usable output in response to a specified
measurand (Figure 5-1).

Sensors are electrical or mechanical components that are used to
measure a property or behavior of an object or system. Some sensors
measure properties directly, other sensors measure properties indirectly,
using conversions or calculations to determine results. Sensors are used
by scientists and engineers during research and testing activities, but
they can also be found in many household objects, such as temperature
sensors in an oven to accelerometers in an automobile airbag system.
Sensors are generally categorized by the type of phenomenon that they
measure, rather than the functionality of the sensor itself.



Mechanical Sensors
Mechanical sensors (Figure 5-2) measure a property through

mechanical means, although the measurement itself may be collected
electronically. An example of a mechanical sensor is a strain gauge.
Other types of mechanical sensors include: Pressure sensors,
Accelerometers, Potentiometers, Gas and fluid flow meters and Humidity
sensors.
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Electrical Sensors
Electrical sensors (Figure 5-3) measure electric and magnetic

properties. An example of an electrical sensor is an ohmmeter, which
is used to measure electrical resistance between two points in a circuit.
An ohmmeter sends a fixed voltage through one probe, and measures
the returning voltage through a second probe. The drop in voltage is
proportional to the resistance, as dictated by Ohm's Law. Other
electrical sensors include: Voltmeter/Ammeter, Metal detector, RADAR
and Magnetometer
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Thermal Sensors
Although all thermal sensors (Figure 5-4) measure changes in

temperature, there are a variety of types of thermal sensors, each with
specific uses, temperature ranges, and accuracies. Some types of
thermal sensors include: Thermometers, Thermocouples, and
Thermistors and Bi-metal thermometers.
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Chemical Sensors
Chemical sensors (Figure 5-5) generally detect the concentration

of a substance in the air or in a liquid. Some chemical sensors, such as
pH glass electrodes are designed to be sensitive to a certain ion. Some
other types of chemical sensors include: Oxygen sensors, Carbon
monoxide detectors and Redox electrodes.
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Optical Sensors
Optical sensors (Figure 5-6) detect the

presence of light waves. This could include light
in the visible spectrum, or outside the visible
spectrum, in the case of infrared sensors.
Some types of optical sensors include:
Photodetectors, Infrared sensors, Fiberoptic
sensors and Interferometers.

Other Types of Sensors
There are many other types of sensors that don't fall into one of the

broad categories described here. Some of these sensors include:
Radiation sensors, including Geiger counters and dosimeters; Motion
sensors, including radar guns and speedometers, Acoustic, including
sonar and seismometers and Gyroscopes.

While sensors are used frequently by engineers and scientists in
their studies, sensors are also use in many household products. Sensors
can be found in many everyday objects, including touch-sensitive
buttons and screens, infrared remote controls, motion-sensitive lighting,
and home thermostats.
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Selecting a sensor is a difficult task since there are many different
types of sensors out there and no one sensor fits all applications. We can
introduce over 400 load cells, force sensors, torque sensors, and
pressure sensors. One of the most common questions we receive is
“what is the application for your product?” It is not uncommon for people
to believe that there is only one specific application for each sensor /
transducer product.

Pressure Sensor Application – Automation
Pressure sensors can be placed on the bottom of a silo or tank in

order to monitor how full or empty it is by measuring & monitoring the
pressure while knowing the volume & liquid density. Utilizing digital
display controller, PLC, computer, or data acquisition sensor, you can
measure and control the weight of the amount dispensed and/or the flow
of liquid during the automation process (Figure 5-7).
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Pressure Sensor Application - Hydraulic Systems
Most cranes, earthmovers and similar equipment are operated

using hydraulic systems. In order to control the movement, holding,
gripping or applied force, pressure sensors are utilized to monitor and
provide pressure feedback to these systems. Using pressure sensors
will also allow the operator to fully control the mechanical devices and
apply known high force or load effortlessly. The pressure sensor can
also be used to monitor
the hydraulic fluid level
for preventive
maintenance. If and
when the fluid pressure
begins to reach an
unsafe level, the user
would be notified
(Figure 5-8).
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Torque Sensor Application - Assembly Line / Automation
Sensors / transducers are essential in many automated

assembly, packaging and labeling processes. Below, a reaction
torque sensor is setup with a servo motor in an automated
conveyor belt assembly line to control the tension in the winding
tape while providing feedback regarding alignment, out of roll
signal and other required alarms. The torque signal can also be
monitored via a control computer from a central location for
required preventive maintenance and upkeep (Figure 5-9).

Pressure Sensor Application - Pressure Verification
Pressure sensors are used to measure pressure in fluid or

gas applications. In this particular example, gas is compressed in
the compressor. When the gas is let out it needs to be cooled
down since compression of gas usually increases its temperature.
The pressure sensor monitors the actual pressure of the air before
it gets transferred to the dryer (Figure 5-10).
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Load Cell and Torque Sensor Application - Stamping
Different types of sensors / transducers can be used

simultaneously in order to improve quality during manufacturing or
production processes. Below, a torque sensor attached to a motor at
the top of a stamping operation monitors the amount of torque being
exerted in order to stamp the cap on top of the bottle. The load cell at
the bottom is used as a quality measure. It monitors the applied forces
to detect and prevent excessive force due to misalignment or other
causes. If the torque or
load displayed falls
outside an acceptable
window, the operator
will be alarmed to make
some adjustments in
order to ensure the final
product is not defective
(Figure 5-11).
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Torque Sensor Application - Peristaltic Pump
In the Peristaltic Pump, a stepping / stepper motor is used to

create a pumping function and allow fluid to flow. A reaction torque
sensor attached to the back end of the motor monitors the required
torque and can relate the changes in torque to the flow rate or alarm
the operator when the torque falls outside of its expected window or
malfunctions. Using the torque feed back improves the efficiency of
the pump and elongates its life (Figure 5-12).
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Glance at the structure 

The following is the Zirconia Oxygen Sensor Structures。
Sample
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1._____________________________  2. ___________________________

3. ____________________________   4. ___________________________

5. ____________________________   6. ___________________________

7. ____________________________   8. ___________________________

9. ____________________________ 10. ___________________________

Protection tube Titania element
Gasket Carrier substrate

Metal body with hexagon nut Ceramic holder
Glass insulation Outer metal body

Signal cable Seal
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EXERCISE

The following is a working process of Photoelectric Sensors. After 
reading them, you are required to choose the interpretations given 
in Column C match the Functions given in Column A.

C

A B C

Photoelectric Sensors detect
objects through the use of light and
feature the longest sensing ranges.
Barry Sales, Ltd. represents a full
line of photoelectric sensors to solve
virtually any sensing application.

1.
A. Diffuse: Sensing range /

switching point can be set by
adjusting sensitivity.
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2.

B. Thru-Beam: The through-
beam photoelectric sensor consists of
two devices: the sender and receiver.
The separate device configuration
makes large sensing ranges possible.
The use of laser diodes allows greater
sensing ranges while simultaneously
maintaining a high resolution. Focus
ranges can be set with high precision.

3.

C. Retro Reflective: Sender and
receiver are in the housing, and a
reflector is required. Different
reflector sizes for different ranges and
object sizes.

B

A
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EXERCISE

Choose the best electronic tools according to the
information given.

1. C      2. E      3. B      4. A    5. D
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6  Alternating Current 

What Is Alternating Current (AC)?

Most students of electricity begin their study with what is known
as direct current (DC), which is electricity flowing in a constant
direction, and/or possessing a voltage with constant polarity.

As useful and as easy to understand as DC is, it is not the only
“kind” of electricity in use. Certain sources of electricity (most notably,
rotary electro-mechanical generators) naturally produce voltages
alternating in polarity, reversing positive and negative over time.
Either as a voltage switching polarity or as a current switching
direction back and forth, this “kind” of electricity is known as
Alternating Current (AC) (Figure 6-1 Direct vs alternating current).



Whereas the familiar battery symbol is used as a generic symbol for
any DC voltage source, the circle with the wavy line inside is the
generic symbol for any AC voltage source.

One might wonder why anyone would bother with such a thing as AC.
It is true that in some cases AC holds no practical advantage over DC.
In applications where electricity is used to dissipate energy in the form
of heat, the polarity or direction of current is irrelevant, so long as there
is enough voltage and current to the load to produce the desired heat
(power dissipation). However, with AC it is possible to build electric
generators, motors and power distribution systems that are far more
efficient than DC, and so we find AC used predominately across the
world in high power applications. To explain the details of why this is so,
a bit of background knowledge about AC is necessary.
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If a machine is constructed to rotate a magnetic field around a set of
stationary wire coils with the turning of a shaft, AC voltage will be
produced across the wire coils as that shaft is rotated, in accordance
with Faraday's Law of electromagnetic induction. This is the basic
operating principle of an AC generator, also known as an alternator
(Figure 6-2 Alternator operation).
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Notice how the polarity of the voltage across the wire coils reverses as
the opposite poles of the rotating magnet pass by. Connected to a load, this
reversing voltage polarity will create a reversing current direction in the
circuit. The faster the alternator's shaft is turned, the faster the magnet will
spin, resulting in an alternating voltage and current that switches directions
more often in a given amount of time.

While DC generators work on the same general principle of
electromagnetic induction, their construction is not as simple as their AC
counterparts. With a DC generator, the coil of wire is mounted in the shaft
where the magnet is on the AC alternator, and electrical connections are
made to this spinning coil via stationary carbon “brushes” contacting copper
strips on the rotating shaft. All this is necessary to switch the coil's changing
output polarity to the external circuit so the external circuit sees a constant
polarity (Figure 6-3 DC generator operation).
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The generator shown above will produce two pulses of voltage per
revolution of the shaft, both pulses in the same direction (polarity). In
order for a DC generator to produce constant voltage, rather than brief
pulses of voltage once every 1/2 revolution, there are multiple sets of
coils making intermittent contact with the brushes. The diagram shown
above is a bit more simplified than what you would see in real life.

The benefits of AC over DC with regard to generator design are
also reflected in electric motors. While DC motors require the use of
brushes to make electrical contact with moving coils of wire, AC
motors do not. In fact, AC and DC motor designs are very similar to
their generator counterparts, the AC motor being dependent upon the
reversing magnetic field produced by alternating current through its
stationary coils of wire to rotate the rotating magnet around on its
shaft, and the DC motor being dependent on the brush contacts
making and breaking connections to reverse current through the
rotating coil every 1/2 rotation (180 degrees).
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Have a Try

This section will help you how to understand AC Motor Repair
and AC Motor Rewinding.
Sample

Common Sense in AC Motor

Low Voltage AC Motor Repairs
Low voltage AC motors can range from 110 volts to 440 volts 50Hz/60Hz:
● Wire wound stators 
● Squirrel cage rotor bars 
● Wire wound rotors 
High Voltage AC Motor Repairs
High voltage AC motors can range from 2000 volts to 13,800 volts 
50Hz/60Hz:
● Soft and formed coil stators 
● Squirrel cage rotor bars 
● Slip ring rotors 
All AC motor repairs are catered for in our dedicated workshops that are 
fitted out with automatic winding machines and state of the art testing 
facilities. 
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AC Motor Rewinding (Low Voltage AC Motor 
Rewinding)
Low voltage AC motors can range from 110 volts to 
440 volts 50Hz/60Hz:
● Wire wound stators 
● Squirrel cage rotor bars 
● Wire wound rotors 
High Voltage AC Motor Rewinding
High voltage AC motors can range from 2000 volts 
to 13,800 volts 50Hz/60Hz:
● Soft and formed coil stators 
● Squirrel cage rotor bars 
● Slip ring rotors 
All AC motor rewinding are catered for in our 
dedicated workshops that are fitted out with 
automatic winding machines and state of the art 
testing facilities. 
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EXERCISE

The following are How to Repair a Brush Motor. After reading 
them, you are required to choose the interpretations given in 
Column C match the Functions given in Column A.

A B C

You'll likely find that these motors 
are easy to take apart, and terribly 
difficult to put together - requiring 
custom tools and a little coaxing.

1. A. Step 1 Take Apart Motor
Remove any case screws and set 

aside - then pull the back cover away 
from the motor housing. If your 
brushes are spring loaded (like this 
motor's), they may spring apart. 
Remove the casing slowly to prevent 
any rogue springs from disappearing 
under your work bench.

B
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2. 3.4.

2. B. Step 2 Inspection
Look at the motor's innards. Look for physical 

damage, scorching etc. If you don't find anything, 
look for free fragments of anything. If everything 
looks good, take a look at the brushes. They should 
have a concave portion on one end where they touch 
the motor armature.

3. C. Step 3 Custom Tools
In my case, the brushes are spring loaded... And 

don't like to stay in place. So, you'll need to make a 
holder that you can remove once the armature is in 
place. The brush holder has a small hole in the side -
perfect for a small paper clip. 

4. D. Step 4 Assemble Motor
Push the spring and brush assembly into its 

holder.
◎ use a small screwdriver to push the spring into 

the holder (there's a channel on the side for this) 
◎ push the brush into the holder while holding 

the spring back 
◎ insert a bent paper clip through the small hole
Repeat for all of your brushes.

A

D

C
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Practical Activity

DC Motor Repair

With literally decades of experience, DC equipment repair has become a 
specialty. 

DC motors and generators introduce additional complexity into the repair 
process. The addition of a commutator with brushes (Figure 1), and rotating 
armature coils subjected to centrifugal force are factors not involved in 
typical AC repair (Figure 2).
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The following procedures and tests are used at Jenkins Electric to ensure top-quality DC
machine repair:
◎ Conductive carbon dust left by worn brushes is cleaned from the armature; then each
commutator is checked for grounds and bar-to-bar shorts with detailed electrical testing.
◎ Technicians repair most commutator problems in-house. For severely damaged or non-
repairable commutators, we have several excellent sources for fast delivery of custom
manufactured replacements.
◎ Coils are manufactured in-house to assure proper fit. This eliminates constant bending
and shaping during installation which can damage coil insulation.
◎ Proper banding is critical in DC repair. This ensures that windings are held in position
during high-speed operation.
◎ Field coils are checked using voltage drop testing. Bad fields and interpoles are
rewound in our shop on custom-made forms.
◎ TIG welding is available to eliminate soldered joints where design dictates.
◎ All commutators at Jenkins Electric are turned, undercut, and chamfered to provide the
best possible surface for brush contact.
◎ For corrosive or other severe duty environments, commutator platinum plating is
available to extend wear life.
◎ Neutral setting adjustments are made during final machine testing to insure proper
operation.
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Rebuilding DC armatures for critical applications
Elevator maintenance companies are very particular about who services

their elevator motors - and for good reason. Jenkins Electric repairs a majority
of these motors for all elevator companies in this region.
A technician installs form coils in the armature with coil leads fitted to the
commutator (Figure 3). Coil leads are then soldered or welded into place
(Figure 4).
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After multiple dip and bake varnish
cycles, the commutator is turned in a
lathe to remove worn brush tracks and
other surface irregularities (Figure 5).

Mica insulation between each
commutator segment is undercut using a
special, high-speed saw (Figure 6).

Each commutator segment is hand-chamfered as "fine tuning" for
smooth, trouble-free brush contact (Figure 7).
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7 The Microcontroller 

The Microcontroller

A microcontroller (also microcomputer, MCU or µC) is a
small computer on a single integrated circuit consisting internally of a
relatively simple CPU, clock, timers, I/O ports, and memory.
Microcontrollers are designed for small or dedicated applications.
Thus, in contrast to the microprocessors used in personal computers
and other high-performance or general purpose applications,
simplicity is emphasized.

Microcontrollers are used in automatically controlled products
and devices, such as automobile engine control systems, remote
controls, office machines, appliances, power tools, and toys.



Read Only Memory (ROM)
Read Only Memory (ROM) is a type

of memory used to permanently save
the program being executed. ROM
can be built in the microcontroller or
added as an external chip, which
depends on the type of the
microcontroller.
Random Access Memory (RAM)

Random Access Memory is a type
of memory used for temporary storing
data and intermediate results created
and used during the operation of the
microcontrollers.
Electrically Erasable Programmable ROM (EEPROM)

The EEPROM is a special type of memory not contained in all
microcontrollers. It is often used to store values, created and used during
operation (Figure 9-1).
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Input/output ports (I/O Ports)
In order to make the microcontroller useful, it is necessary to connect

it to peripheral devices. Each microcontroller has one or more registers
(called a port) connected to the microcontroller pins (Figure 9-2).

Why do we call them input/output
ports? Because it is possible to
change a pin function according to
the user's needs. These registers
are the only registers in the
microcontroller the state of which
can be checked by voltmeter!
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Oscillator
Even pulses generated by the oscillator enable harmonic and

synchronous operation of all circuits within the microcontroller. It can also
operate without elements for frequency stabilization (like RC oscillator)
(Figure 9-3).

It is important to say that
program instructions are not
executed at the rate imposed
by the oscillator itself, but
several times slower. For some
microcontrollers, the same
number of cycles is needed to
execute any instruction, while
it's different for other
microcontrollers.
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Timers/Counters
Most programs use these miniature electronic "stopwatches" in their

operation. These are commonly 8- or 16-bit SFRs the contents of which are
automatically incremented by each coming pulse (Figure 9-4).
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Brown out is a potentially dangerous state which occurs at the moment
the microcontroller is being turned off or when power supply voltage drops to
the lowest level due to electric noise. As the microcontroller consists of
several circuits which have different operating voltage levels, this can cause
it out of control performance. In order to prevent it, the microcontroller
usually has a circuit for brown out reset built-in.

Reset pin is usually referred to as Master Clear Reset (MCLR) and
serves for external reset of the microcontroller by applying logic zero (0) or
one (1) depending on the type of the microcontroller.

Power Supply Circuit
There are two things worth attention concerning the microcontroller power

supply circuit (Figure 9-5):
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Serial communication
Parallel connections between the microcontroller and peripherals

established over I/O ports are the ideal solution for shorter distances up to
several meters. However, in other cases, when it is necessary to establish
communication between two devices on longer distances it is obviously not
possible to use parallel connections. Then, serial communication is the best
solution (Figure 9-6).
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EXERCISE 1

Mark the following statements with T (True) or F (False) according to
the passage.

1. Random Access Memory (RAM) is a type of memory used to
permanently save the program being executed.
2. Brown out is a potentially dangerous state which occurs at the moment
the microcontroller is being turned on or when power supply voltage drops
to the highest level due to electric noise.
3. Serial communication between the microcontroller and peripherals
established over I/O ports are the ideal solution for shorter distances up to
several meters.
4. The EEPROM is often used to store values, created and used during
operation.
5. If the registers use pulses coming from external source, then such a
timer is turned into a counter.

F

F

F

T

T
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EXERCISE 2

Choose the best electronic components according to the
information given.

1. C     2. E     3. B     4. A     5. D   
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Glance at the structure 

The following is the Microcontroller Structure.
Sample
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1._____________________________  2. ___________________________

3. ____________________________   4. ___________________________

5. ____________________________   6. ___________________________

7. ____________________________   8. ___________________________

Microcontroller PLL 

Oscillator SPI PC
Microprocessor RAM 

Program Memory Microcontroller 
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EXERCISE
The following is important parts of a microcontroller. After reading
them, you are required to choose the interpretations given in Column
C match the Functions given in Column A.

C
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2. 3.4.

A

D

B

7 The Microcontroller 



8  Automatic Control System 

Automatic Control System (I)

In recent years, control systems have gained an increasing
importance in the development and advancement of the modern
civilization and technology. Figure 8-1 shows the basic components
of a control system. Disregarding the complexity of the system, it
consists of an input (objective), the control system and its output
(result). Practically our day-to-day activities are affected by some type
of control systems. There are two main branches of control systems:
1) Open-loop systems and 2) Close-loop systems.



Open-loop systems
The open-loop system is also called the non-feedback system. This is the

simpler of the two systems. A simple example is illustrated by the speed
control of an automobile as shown in Figure 8-2. In this open-loop system,
there is no way to ensure the actual speed is close to the desired speed
automatically. The actual speed might be way off the desired speed because
of the wind speed and/or road conditions, such as hill or down hill etc..
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Closed-loop systems
The closed-loop system is also called the feedback system. A simple

closed-system is shown in Figure 8-3. It has a mechanism to ensure the
actual speed is close to the desired speed automatically. .

Feedback loop
A feedback loop is a common and powerful tool when designing a

control system. Feedback loops take the system output into consideration,
which enables the system to adjust its performance to meet a desired
output response.
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There are two main types of feedback control systems: negative
feedback and positive feedback. In a positive feedback control system the
set-point and output values are added. In a negative feedback control the
set-point and output values are subtracted. As a rule negative feedback
systems are more stable than positive feedback systems. Negative
feedback also makes systems more immune to random variations in
component values and inputs.

The control function in Figure 8-4 can be defined many ways. A possible
set of rules for controlling the system is given in Figure 8-5. Recall that the
system error is the difference between the set-point and actual output.
When the system output matches the set-point the error is zero. Larger
differences between the set-point and output will result in larger errors. For
example if the desired velocity is 50mph and the actual velocity 60mph, the
error is -10mph, and the car should be slowed down. The rules in the figure
give a general idea of how a control function might work for a cruise control
system.
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When talking about control systems, it is important to keep in mind that
engineers typically are given existing systems such as actuators, sensors,
motors, and other devices with set parameters, and are asked to adjust the
performance of those systems. In many cases, it may not be possible to
open the system (the "plant") and adjust it from the inside: modifications
need to be made external to the system to force the system response to act
as desired. This is performed by adding controllers, compensators, and
feedback structures to the system.
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Automatic Control System (II)

Control objectives
The use of automatic control systems permeates life in all advanced

societies today. Such systems act as a catalyst for promoting progress and
development. Control systems are an integral component of any industrial
society and are necessary for the production of goods. Technological
developments have made it possible to travel to the moon and outer space.
The successful production of chemical components depends on the proper
functioning of a large number of control systems used in lines for their
production. As this fact is seldom apparent control engineering is often
called a hidden technology.
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Open loop vs closed loop
The terms open-loop control and closed-loop control are often not clearly

distinguished. Therefore, the difference between open-loop control and
closed-loop control is demonstrated in the following example of a room
heating system. In the case of open-loop control of the room temperature
according to the outdoor (Figure 8-5) temperature will be measured by a
temperature sensor and fed into a control device. In the case of changes in
the outdoor temperature (disturbance) the control device adjusts the
heating flow Q with using the motor M and the valve V (Figure 8-6). The
slope of this characteristic can be tuned at the control device. If the room
temperature is changed by opening a window ( disturbance) this will not
influence the position of the valve, because only the outdoor temperature
will influence the heating flow. This control principle will not compensate the
effects of all disturbances.
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In the case of closed-loop control of the room temperature as
shown in Figure 8-7 the room temperatureis measured and compared
with the set-point value, (e.g.). If the room temperature deviates from
the given set-point value, a controller (C) alters the heat flow Q. All
changes of the room temperature, e.g. caused by opening the window
or by solar radiation, are detected by the controller and removed.
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The block diagrams of the open-loop and the closed-loop temperature
control systems are shown in Figures 8-8 and 8-9, and from these the
difference between open- and closed-loop control is readily apparent.

The order of events to organize a closed-loop control is characterized by
the following steps:
● Measurement of the controlled variable,
● Calculation of the control error (comparison of the controlled variable with
the set-point value ),
● Processing of the control error such that by changing the manipulated
variable the control error is reduced or removed.
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Comparing open-loop control with closed-loop control the following
differences are seen:
Closed-loop control
● shows a closed-loop action (closed control loop);
● can counteract against disturbances (negative feedback);
● can become unstable, i.e. the controlled variable does not fade away,
but grows (theoretically) to an infinite value.
Open-loop control
● shows an open-loop action (controlled chain);
● can only counteract against disturbances, for which it has been
designed; other disturbances cannot be removed;
● cannot become unstable - as long as the controlled object is stable.

8  Automatic Control System 



9 Basic Robots

Basic Robots

General Information
The word robot originated from the Czech word robota,

meaning work. Webster's dictionary defines robot as "an automatic
device that performs functions ordinarily ascribed to human beings." A
definition used by the Robot Institute of America gives a more precise
description of industrial robots: "A robot is a reprogrammable multi-
functional manipulator designed to move materials, parts, tools, or
special-variety of tasks." In short, a robot is a programmable general-
purpose manipulator with external sensors that can perform various
assembly tasks.

With this definition, a robot must possess intelligence, which is
normally due to computer algorithms associated with its control and
sensing systems. Robots are the general-purpose, computer-
controlled manipulator consisting of several rigid links connected by
joints into an open kinematic chain. Joints are typically rotary (revolute)



or linear (prismatic) (Figure 10-1). A revolute joint is like a hinge and allows
relative rotation between two links. A prismatic joint allows a linear relative
motion between two links. The convention (R) is used to represent revolute
joint and convention (P) is used to denote prismatic joints. The joints are
shown in the figure. Each joint represents the interconnection between two
links, li li+1. Similarly, the axis of rotation of a revolute joint, or the axis
along which a prismatic joint slides is represented by zi if the joint
is the interconnection of links i and
i+1. The joint variables, denoted by
(theta)i for a revolute and 'd' for a
prismatic joint, represent the
relative displacement between
adjacent links.
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Wrist and End-Effectors
Mechanically, a robot is composed of an arm and a wrist

subassembly plus a tool. It is designed to reach a work-piece located
within its work volume. The work volume is the sphere of influence of a
robot whose arm can deliver the wrist subassembly unit to any point
within the sphere. The arm
subassembly generally can move
with three degrees of freedom. The
combination of the movements
positions the wrist unit at the work-
piece. The wrist subassembly unit
usually consists of three rotary
motions. The combination of these
motions orients the tool according to
the configuration of the object for
ease in pickup. These last three
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motions are often called pitch, yaw, and roll; as shown in the figure 10-2.
Hence, for a six-jointed robot, the arm subassembly is the position
mechanism, while the wrist subassembly is the orientation mechanism.
These concepts are illustrated by the Cincinnati Milacron T robot and the
Unimation PUMA robot arm as shown in the figure 10-3 and 10-4.
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The general procedure to determine forward kinematics using D-H
convention can be summarized as:
Step1: Locate and label the joint axes z0 ....... zn-1
Step2: Establish the base frame. Set the origin anywhere on the z0 - axis.
The x0 and y0 axes are chosen conveniently to form a right-hand frame.
Step3: Locate the origin oi where the common normal to zi and zi-1
intersects zi. If zi intersects zi-1 locate oi at this intersection. If zi and zi-1 are
paralleled, locate oi at joint i.
Step 4: Establish x along the common normal between zi-1 and zi through oi,
or in the direction normal to the zi-1-zi plane if zi-1 and zi intersect.
Step5: Establish y to complete a right-hand frame.
Step6: Establish the end-effector from oxyz.
Step7: Create a table of link parameters a, d, alpha, theta.
a = distance along x from o to the intersection of the x and z axes.
d = distance along z from o to the intersection of the x and z axes. d is
variable if joint i is prismatic.
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alpha = the angle between z and z measured about x (see figure10-5).
theta = the angle between x and x measured about z. Theta is variable if
joint i is revolute.
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EXERCISE 1

Mark the following statements with T (True) or F (False) according to
the passage.

1. A robot is considered as "an automatic device", meaning work.

2. A rotary joint is like a ring and allows relative rotation between two joints.

3. Generally speaking, a robot consists of an arm, a wrist subassembly and 

a tool.

4. For a six-jointed robot, the arm subassembly is the position mechanism 

the same as the wrist subassembly.

5. Theta is equal to the angle between z and z measured about x.

T

T

F

F
F
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Robotic Figures: Hands Design

The hands of the Robot figures are important gestural elements, and
were complex projects unto themselves. The goal was never to produce
a functional grasping hand - a huge undertaking - but rather to produce a
sculpture that looks and moves roughly like a human hand.
The final hands (Figure 10-6, Figure 10-7) are 1/2 human scale. They
have 4 working fingers and a fixed thumb, and are operated by 2 pull-
cables per hand. This 2 cable system does not allow individual finger
control, but allows a wide variety of gestures.
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Early Hand Concept
The first hand design (Figure 10-8)

was composed of 4 units of an early
finger design which proved to be
unsatisfactory. This finger design
had torsion springs in each of the 3
finger joints which clenched the
finger, and a tendon on the top side
which extended the finger when
pulled. The tendon was kept in place
by small rings. All 4 tendons were
connected to a bar, and when the bar
was pulled the hand opened.

The problem was that the fingers didn't "share bending" evenly between
the 3 joints. For example, joint 1 might straighten out all the way before joints
2 and 3 started straightening. It looked very awkward.
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Clearly, a better finger design was needed - there was no easy way out.
A design that forced equal bending at each of the 3 joints was needed.
The new finger design was developed in Lego and monofilament. It worked
well. The challenge then was to execute the Lego design in durable
materials at the much smaller required size (Figure 10-9).

The final finger design uses brass box tubing for the main structures, with
some of each box machined away. Spring pins act as axles which hold the
pivoting brass structures together. Riding on the axles are tiny Delrin disks,
to which the "tendons" are affixed. Key to the design is the way the
monofilament tendons criss-cross, and which disk is attached to which
brass structure. Rather than giving a full description, a few detailed images
have been provided for those interested. Larger versions of these can be
found in the gallery section, and will print legibly (Figure 10-10).
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Once a good finger design exists, it is straightforward to make 4
versions with the appropriate segment lengths (like a human hand), and
mount them to a hand structure at appropriate positions and
angles. Extension springs in the palm of the hand try to pull each finger
to a fully clenched state. Along the back of the hand is a bar which when
pulled opens the hand. This bar is pulled by 2 servos via 2 cables, so it
can be straight or slanted. The posture of the hand is thus determined by
the position of these 2 servos (Figure 10-11).
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The servos are all off-figure to lighten the
limbs, simplify servo replacement / tensioning
/ phasing and also to banish clutter from the
figure. This necessitates a very complex cable
transmission system, the design and
fabrication of which was the biggest challenge
of the project. The difficulty is making a
durable system that maintains constant cable-
run lengths as joints along the path flex. In
broad geometric terms, the cabling strategy is
to route through the center of joints, bringing
the cables into parallel for bending and into a
tight group for twisting. Two technologies
evolved to achieve this: constant length
bender modules and re-vector blocks (Figure
10-12).
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Exercise

EXERCISE

Choose the best electronic components according to the
information given.

1. C     2. A     3. F     4. E     5.  B      6. D
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Glance at the structure 

The following is the Robot Structure .
Sample
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1._____________________________  2. ___________________________

3. ____________________________   4. ___________________________

5. ____________________________   6. ___________________________

7. ____________________________

Battery CCD(Charge Coupled Device)

Sensor Board Lean Sensor
Antenna Motor Controller Board
FSR (Pressure Sensor)
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The following is the Robot Hand Construction, and you can
understand the name of the Robot Hand.
Sample
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Research and design of portable digital 
storage  oscilloscope based on FPGA



2. 3.4.

Portable digital storage oscilloscope (DSO) includes many
characteristics such as its small size, light weight, low power
consumption and it’s easy to carry. Because of its low price and
convenience, portable digital storage oscilloscope is well
received by electronic engineers and electronic lovers.

This project introduces a portable digital storage oscilloscope
with FPGA(field programmable gate array) chip as the core device.
Using the programmable logic resources in the FPGA chip, the
trigger, storage and measurement modules are built for the
embedded system, and the peripheral digital circuit for the digital
oscilloscope is realized. The NIOS II soft-core processor is
embedded in the FPGA as the control unit of the whole system,
which saves the cost and facilitates the program debugging.
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2. 3.4.

In this project, the working principle, hardware architecture,
software design, software development environment, human-
computer interaction, user graphical interface and other aspects
of digital storage oscilloscope are introduced. On this basis, the
sampling principle, data processing, LCD display interface
design, data processing, measurement, trigger and menu, buttons
are discussed. The design has been studied in detail and the
implementation plan has been put forward.

The hardware platform designed in this project cooperates
with software system, realizes the function of digital storage
oscilloscope, and provides a new idea for the development of
portable equipment.
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2. 3.4.

10.1 General Design of Digital Oscilloscope

The stratix chip of ALTERA company is selected, and the
NIOS II soft core processor is implanted into FPGA by SOPC
technology. At the same time, the data storage module, trigger
module and frequency measurement module are constructed
in FPGA by using hardware description language. The
embedded processor and peripheral function modules such as
FIFO,SDRAM,FLASH, display module and keyboard are
controlled by AVALON bus.
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2. 3.4.

10.1  General design of digital oscilloscope
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2. 3.4.

10.2  Analog channel design

After the measured signal enters the front input interface of
oscilloscope, the waveform preprocessing is carried out through
the analog signal shaping module. The main purpose of
preprocessing is to collect the input signal in real and reliable way.
The main work of the analog channel is as following:
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2. 3.4.

10.2.1  Design of Coupling Mode selection Circuit

The analog channel of oscilloscope in this design provides
AC couple and DC couple. Ac coupling is applicable to
signals containing dc components, and our focus on the
signal is only the change of signal amplitude, rather than the
size of dc components. When using ac coupling, when the
relay U1 switches to 14-pin to 4-pin conduction, the input
signal will pass through a blocking capacitor to isolate the dc
component, and only the ac component will pass through the
analog channel. When the relay is switched to 4-8 pin
conduction, the dc component of the signal can flow in
through the relay, and the input signals will all enter the
sampling chip to achieve the effect of dc coupling.

10  Research and design of portable digital   
storage  oscilloscope based on FPGA



2. 3.4.

10.2.1 Design of Coupling Mode selection Circuit
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2. 3.4.

10.2.2  Impedance matching mode selection circuit design

In electronic measurement, the measured object and the
required test equipment input or output impedance
transplantation, such as signal source for 50 Ω output
impedance of the oscilloscope is 50 Ω input impedance,
which requires the input impedance of oscilloscope is
adjustable, so in different test environment, measured
object and the oscilloscope can always ensure input and
output impedance matching.
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2. 3.4.

10.2.2  Impedance matching mode selection circuit design
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2. 3.4.

10.2.3  Programmable amplifier circuit design

In order to make the DAC work within the required voltage
range, when the input signal amplitude is very low, the input
signal needs to be programmatically amplified to achieve the
desired signal amplitude level for accurate sampling. At
present, program-controlled amplifier is widely used. It is
mainly composed of amplifier, feedback resistance network
and analog switch. By writing data line to control the on-off of
analog switch, and changing the feedback resistance value
can achieve the purpose of adjustable magnification. For
example, PGA103 has 1,10 and 100 magnification levels to
meet our requirements.
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2. 3.4.

10.2.3 Programmable amplifier circuit design

10  Research and design of portable digital   
storage  oscilloscope based on FPGA



2. 3.4.

10. 3 Digital logic part hardware design

The digital logic part is the core part of the digital oscilloscope design, responsible
for important data storage, data processing, data curve composition, display, control,
man-machine interface and other important logical functions. Due to the large amount
of computation, many peripherals and complex control, the digital logic part is an
important link that directly determines the processing speed and storage depth. Stratix
series FPGA chips are designed for Stratix series FPGA. Within the FPGA, self-
programming logic modules and IP core modules are used to build digital logic
processing part, and QUARTUS9.0 software environment is used for FPGA design and
debugging, which is easy to upgrade and improve. At the same time, SOPC technology
is used to embed the NIOS ii soft-core processor in the FPGA, which can realize
convenient information processing and display without additional chip, control and
other powerful software functions, saving cost and PCB space, fully saving cost and
using the NIOS ii 9.0 IDE software for convenient programming and online debugging.
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2. 3.4.

10. 3  Hardware design of digital logic circuit

Input 
part

Trigger 
part

FIFO

Interface 
module

Frequency 
test

External 50Mhz input

Key 
scanning 
module

External 
keyboard

NIOS
Soft-core 
processor

Display 
module

Storage 
module

DAC data

DAC data

phase-
locked 
loop

1Khz

Clock 
control 
module

ADC 
sampling 
clock

Control clock 
frequency
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2. 3.4.

10. 4  Overall design of software system

The system software is divided into four layers:
The underlying Hardware Abstract Layer (HAL) mainly describes the hardware-

level system services and encapsulates the underlying control logic of the system as
a function for the upper software to call. The hardware layer is the foundation of the
whole embedded system and the function of embedded system.

Driver layer, information interaction protocol between modules, bus protocol and
other content in the driver layer;

Operating System Layer (OSL), which is mainly responsible for multi-task
coordination and scheduling in the System, ensures real-time performance of the
embedded System through priority division and interruption.

Application Layer (APPL) is the key to the realization of system functions,
including data processing, human-computer interaction, image display and other
programs.
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2. 3.4.

10. 4 Overall design of software system
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2. 3.4.

10. 5  System debugging and testing
In the debugging process of digital storage oscilloscope, software debugging

and hardware debugging are respectively carried out. Hardware debugging
environment includes oscilloscope, signal generator, switching power supply.

System debugging environment picture
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2. 3.4.

Software debugging environment includes USB BLUSTER during the 
development of NIOS II IDE 9.0 FPGA.

10. 5 System debugging and testing

Development  board  picture
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2. 3.4.

10. 5 System debugging and testing

Development  board PCB diagram
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2. 3.4.

10. 5 System debugging and testing

Timing diagram of the Sigtap II debugging

10  Research and design of portable digital   
storage  oscilloscope based on FPGA



2. 3.4.

10. 5 System debugging and testing

System Testing picture 1
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2. 3.4.

10. 5 System debugging and testing

System Testing picture 2
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2. 3.4.

10. 5 System debugging and testing

System Testing picture 3
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2. 3.4.
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10. 5 System debugging and testing

System running comparison picture




