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Preface

The project task is to design a bottle counting system for bottles on a moving conveyer belt. The idea relies on the bottles interrupting an ultrasonic beam which is directed across the conveyor belt, and the interruptions are detected and converted to a signal which can be electronically counted and displayed.

A full bottle counting system consists of several different sub-systems. Here we just concern ourselves with the design and implementation of the ultrasound transmitter and receiver, the amplifier circuit, and the diode detector circuit. A block diagram can be seen in Appendix A for the full system of the bottle counter.  
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1.0 Ultrasound transmitter and receiver
1.1 Background[2]
Signals contain information about a variety of things and activities in our physical world. For example the voice of a radio announcer reading the news into a microphone provides an acoustic signal that contains information about world affairs. Electronic systems are being implemented to extract information from sets of signals. For this to be possible, the signals have to be converted into electric signals that is a voltage or a current. So devices called transducers are being introduced.  A variety of transducers exist which can be traced back to the early 1880s when the piezo-electric effect was discovered by Curie brothers. Here, we shall only concern ourselves with Piezo-electric Transducers.

1.2 Piezo-electric Transducers[1]
Piezo-electric transducer is an electromechanical transducer. Transducer contains a transmitter and a receiver. Piezo-electric devices display one or more well-defined mechanical resonance at frequencies which depends on their dimensions, mounting, and mechanical properties (e.g. Young’s Modulus). If such a resonance is excited by an electrical signal at the appropriate frequency, the vibration amplitude will be large. Conversely, if the device is subjected to a mechanical vibration at, or close to, its resonance frequency, it generates a relatively large electrical output. Thus, devices of this type are ‘sharply tuned’, and are normally used at their resonant frequency. The transducer used in designing the ‘Bottle Counter’, have a resonant frequency of about 40kHz. 

1.3 Simplest Equivalent Circuit of the Piezo-electric Transducer[1]
Since the piezo-electric transducer is an electromechanical transducer, the element of the circuits reflect the transducer’s mechanical properties as well as its electrical properties. In figure 1, although capacitor Co simply represents the capacitance of a dielectric(piezo-electric materials) sandwiched between the plates(the electrical contacts), the other elements of the circuit mainly reflect the transducer’s mass, stiffness, and damping and the mechanical loading of the air column which is set in motion when it vibrates. A purely electrical equivalent circuit is therefore being used to model an electro-mechanical system. 

Several experiments are being done to investigate the variation of the impedance of the transmitter with frequency, variation of transmitter sound output with frequency, signal variation with range and square wave excitation of the transmitter. Finally, a cheap and simple transmitter drive circuit is designed, fulfilling the different characteristic of the transmitter, to run off a 5V DC supply. 
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Figure 1

1.4 Experimental Results[1]
1.4.1 Variation of |z| of transmitter with frequency

The practical measurement of |z| with frequency is not particularly easy with simple test equipment, because it varies over such a wide range-especially in the ‘intermediate frequency’ region. However, one method is shown in Figure 2 to obtain a fairly accurate results.

The graph of log |Z| against frequency is shown in Appendix B and can be distinguished into 3 different frequency regions as describe below:

(a) Low frequency Since the reactance of L is low, and R is small (the transducer being highly tuned, or ‘lightly damped’, Figure 1) , the total impedance Z is essentially that of Co in parallel with C. Co is the nominal transducer capacitance (quoted by the manufacturer), and C is relatively small.

(b) High frequency The reactance of L is high, so the right-hand arm of the circuit has high impedance. Z is therefore close to the impedance of Co.
(c) Intermediate frequency (around 40KHz in this case) A resonance occurs in the right-hand arm of the circuit, due to inductance and capacitance in series. This produces a minimum impedance (equal to R) at the resonant frequency (fo). At a slightly higher frequency (f1), the whole circuit reaches a maximum impedance, due to the effects of the inductance and capacitance (Co) in parallel.
1.4.2 Variation of Transmitter Sound Output with Frequency

The piezo-electric receiver is used to assess the variations of transmitter power output as a function of frequency. However, the receiver, like the transmitter, is a highly tuned device with a maximum response close to 40kHz. To distinguish between the frequency selectivity due to the transmitter and receiver, the receiver is “detuned” by placing a suitable resistor (3.9k) across its terminals.


With a separation of 30cm between the transmitter and receiver, a graph of the receiver’s output voltage vs. frequency (in the range of 35kHz to 45kHz) is produced for when both the receiver is detuned and tuned. The graph is shown in Appendix C.   

1.4.3 Signal Variation with Range

As the receiver is moved further away from the transmitter, the received signal decreases in amplitude. Eventually, the signal will become so small that it cannot be reliably detected, due to ‘noise’ present in the system. In the present experiment, the noise may arise due to: 

(a) Extraneous acoustic noise, due to voices and equipment. 

Any frequency components of such noise at around 40kHz will be picked up by the receiver.

(b) The receiver wires or components may pick up 50Hz mains interference.

Although the manufacturer’s data sheet quotes a typical maximum operating range for the transducers, the above discussion shows that in practice this must depend very much on the ‘noise environment’, both acoustic and electrical, in which the devices are required to work. 

With the receiver tuned and the transmitter being drove at resonant frequency, a graph of transmitter-receiver separation, d, vs. variation in received signal amplitude is plotted. The graph is shown in Appendix D. 

1.4.4 Square Wave Excitation of the Transmitter

Any highly tuned system, for example the ultrasonic transducer, may be excited significantly by a non-sinusoidal periodic waveform, provided that the waveform has a frequency component close to the resonant frequency of the system.

An example can be shown by considering the excitation of the transducer by the waveform shown in figure 3. When a transducer is driven by such a waveform, it will be excited by the fundamental component at resonant frequency. It is less obvious that the device may also be excited by a harmonic of a similar waveform having a longer period. 

This is investigated by detuning the receiver using the 3.9k resistor and restore the separation of transducer-receiver to 30cm. By driving the transmitter with a square-wave with peak to peak amplitude of 5Vand varying the frequency, the maximum amplitudes of the receiver output is recorded in Table 1 below for each of the frequency range.


Frequency/kHz
Voltage Output/mV

Fo
39.89
181.0

Fo/2
-
-

Fo/3
13.35
60.0

Fo/5
7.98
40.0

Table 1

The results shows that the Fourier series for the waveform shown in Figure 3 

V(t)=4V/[ Cos t – 1/3Cos(3t ) + 1/5Cos(5t )….] where= 2fo= 2 is verified.
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Figure 3

1.4.5 Transmitter Drive Circuit Design

A simple transmitter drive circuit has to be provided to run off a 5V DC supply. In this project, a 555 Timer in astable mode is used. The data sheet for the 555 Timer can be found in Appendix E. The circuit design for the transmitter drive is shown below :
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Figure 4

This circuit is design using the following idea in mind :

(a) The frequency should be adjustable about the transducer operating frequency of 40kHz, and the duty cycle should be near 50%.

(b) Because of the recommended minimum value of Ra, the duty cycle can only be made to approach 50% by making Rb very large and C very small. As a compromise Rb is taken to be of the order of 10Ra, and incorporate some variable resistance. The variable resistor is not shown in the diagram above but it should be noted that a variable resistor of 10k is being used in this design shown in the diagram above.
 In this experiment Ra is taken to be 5k and Rb, 50k
2.0 Amplifier Circuit

2.1 Background[2]
From a conceptual point of view the simplest signal processing task is that of signal amplification. The need for amplification arises because transducers provide signals that are said to be “weak”, that is, in microvolt or millivolt range and possessing little energy. Such signals are too small for reliable processing, and processing is much easier if the signal magnitude is made larger. 

An operational amplifier can be used to amplify a signal. Its called operational amplifier because it is used in circuits that enable mathematical ‘operations’ to be carried out on signals for example addition, subtraction, integration to name a few. Modern operational amplifier uses integrated circuit technology in which a complete circuit comprising many individual components is fabricated on a single chip of silicon. This makes it possible to have available in a single package a complete amplifier unit with the almost ideal properties of very high voltage amplification (gain), very high input resistance, and very low output resistance. 

2.2 Amplifier Theory[3]
The operational amplifier is an active element with a high gain ratio designed to be used with other circuit elements to perform a specified signal processing operation.

2.2.1 Ideal Operational Amplifier

We shall consider an ideal element called ideal operational amplifier (ideal op-amp). An ideal op-amp is said to have infinite input resistance, zero output resistance and infinite gain theoretically. An ideal op-amp also, when connected to a  resistive circuit has negligible voltage between the two input terminals while the output voltage remains infinite. The symbol of an ideal op-amp element is shown in Figure 5 below.
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Figure 5 ideal op-amp element

It has the following characteristics: 

I1 = I2 = 0

A  where A is the open-loop gain.
V1 – V2 = Vin  0

Thus, it is assume that the current flowing into the input terminals is zero and the gain is infinite, while the input voltage is infinitesimal.

2.2.2 Inverting and Non-Inverting Amplifier

An inverting amplifier would give response of the form vo = -Gvs where G is a constant. The circuit shown below is an example of inverting amplifier circuit. The input-output relationship of an inverting amplifier is given by the equation Vout = -(R2/R1)*Vin  where (R2/R1) is equal to the constant G which is known as the closed-loop gain.
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Figure 6 Inverting Amplifier

A non-inverting amplifier circuit is shown in Figure 7 below. The input-output of the non-inverting amplifier is given by the equation Vout = (1 + R2/R1) Vin where (1 + R2/R1) is known as the closed-loop gain of a non-inverting amplifier. 
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Figure 7 Non-inverting amplifier

Note that also both circuits employ feedback from output to input, and that, if the op-amp itself is ideal, the gain of these circuits is dependent only on the values of the external components R1 and R2. Also it can be noticed that a feedback from the output terminal should normally connect only to the negative input terminal of the amplifier.

2.3 Use of Amplifier Design in Bottle Counter[1]
The function of the amplifier is to boost the low-level output signal from the piezo-electric receiving transducer up to about 10V pk – pk in order to drive the diode detector that precedes the Schmitt trigger circuit. The relatively high output impedance of the receiver transducer suggests the use of an amplifier with a high input impedance such as the non-inverting op-amp, shown in Appendix F (Figure 1). The circuit gain G depends upon R2 (221.5k) / R1(991.4) and typically, G will need to be in the region of 200-400 at the carrier frequency of 40kHz. For this to be possible, the open-loop gain of the op-amp should be significantly larger than G at this frequency.

A 741 op-amp has a gain-bandwidth product fT = 1MHz. Thus, at 40kHz, the open-loop gain is only about 25, which is clearly not good enough for this application. 

Therefore in the amplifier design for the bottle counter, EL2044C amplifier is used instead. It has a typical fT = 60MHz, with open-loop gain in excess of 1000 at 40kHz. Although it has reasonably a good gain, using an amplifier of such a large value of fT makes the circuit prone to instability particularly if the circuit is constructed on a blue prototyping board. Therefore it would be important to use short wire connections around the amplifier and also decoupling the power supplies using 0.01F disc ceramic capacitors close to the amplifier (Appendix F Figure 2). Note also that EL2044C has a bipolar junction transistor input stage, as does the 741, and so we need to provide a bias current path to the positive input. This can be provided by a resistor, say about 10k connected across the receiving transducer. 

We also have to take into account the imbalances in the input stage of the op-amp which gives rise to DC voltage and current offsets that are amplified along with the desired signal. The DC level at the output should be reduced to nearly 0V so that it does not degrade the performance of the level detector circuit (see 3.0 Diode Detector Circuit). One method of achieving this is to apply a small current (in the order of A’s) to the circuit at one of the op-amp input terminals, as shown in (Appendix F Figure 3).
3.0 Diode Detector Circuit

3.1 Background[2]
In electronics, there are some signal-processing functions can that only be implemented by nonlinear circuits. Examples include the generation of dc voltages from ac power supply and the generation of signals of various waveforms (sinusoids, square waves, pulses, etc). Digital logic and memory circuits also constitute a special class of nonlinear circuits.

The simplest form and most fundamental nonlinear circuit element is the diode. Just like a resistor, the diode has two terminals; but unlike the resistor, which has a linear (straight-line) relationship between the current flowing through it and the voltage appearing across it, the diode has a nonlinear I-v characteristic.

3.2 Ideal Diodes[2]
The most common use of diodes is to design a rectifier which convert ac to dc. Diodes are usually made by using silicon therefore its also known as silicon diodes sometimes. The positive terminal of a diode is called the anode and the negative terminal, the cathode. Diodes only allow current to flow from anode to cathode (behaves as short circuit) and conducts negligible current in the reverse direction (behaves as an open circuit). This suggest the use of diodes as a rectifier where it filters out the negative part of the input sinusoid. Figure 8 shows the symbol of the diode.
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Figure 8 Symbol of the diode

The pulsating nature of the output voltage produced by a rectifier circuits makes it unsuitable as a dc supply for electronic circuits. A simple way to reduce the variation of the output voltage is to put a capacitor across a load resistor. This ‘filter capacitor’ serves to reduce substantially the variations in the rectifier output voltage. A simple circuit to illustrate the effect of the filter capacitor is shown in Figure 10 but without the resistor Rd. The input and output waveform, assuming ideal diodes, of the effect of the filter capacitor is shown in Figure 9. 
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Figure 9

3.3 Design of the Diode Detector[1]
A bottle passing through the beam of ultrasound will cause a drop in the received signal strength. This reduction in the amplitude of the 40kHz sine wave at the output of the amplifier must now be converted into a logic signal that can used to clock a counter circuit. In order to achieve this, the signal is fed through a diode detector (also known as the peak rectifier) that provides an output that follows the variations in the envelope of the received signal. This signal is then applied to a level detector circuit, known as a Schmitt Trigger, which acts as a comparator ie compares the amplitude of the envelope with a preset threshold voltage. Whenever the envelope crosses this threshold, the output of the Schmitt Trigger switches rapidly between standard logic levels and can be used to drive other logic circuits such as a counter in this application. However, I shall discuss only about the functions of a diode detector circuit.
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A simple diode detector circuit is shown in Figure 10, consists of the diode and the components Cd and Rd. Assuming that the diode is ideal, the peak voltage on the capacitor Cd will be the same as the peak voltage of the input sine wave. But in real diodes, the capacitor voltage will decay exponentially between successive peaks in the input because charge leaks away through Rd. The detector waveform is shown in Figure 11.

Figure 10 Diode Detector Circuit
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Figure 11 Detector Waveforms

When used to recover the envelope of an amplitude, the values of Rd and Cd are chosen so that the output of the detector can track the maximum rate of change of the envelope, otherwise distortion would result. In this application, the detector output should respond to the decrease in signal level caused by a bottle passing through the ultrasound beam. The ripple on the waveform must also be ensured that it doesn’t cause multiple transitions in the Schmitt Trigger output. Before we calculate the value for Rd and Cd used in this circuit shown in Figure 10 above, we have to consider the data on the type MC14093B Schmitt Trigger. The data is shown in Appendix G for further reference. According to the data shown in Appendix G, false triggering will not occur if the ripple is less than 0.17V at the minimum negative-going threshold of 1.63V. Suppose that, as the bottle pass between the transducer, the detector output V2(t) in Figure 11 decreases just below the negative-going threshold Vt of 1.63V at time t1. This will cause the Schmitt Trigger output to go to the ‘high’ logic level. To prevent the output from reverting to the ‘low’ logic level as V2(t) increases during t1<t<T, thus giving rise to spurious bottle counts, the ripple voltage should be less than 0.17V.  

From this in mind, an estimate of CdRd can be obtained. Also, the use of CMOS device (MC14093B), which has a very high input resistance, allows Rd to be made large and hence Cd to have a small value, thereby reducing the cost, size and weight of the circuit. 

In this design the value of Rd = 220k and Cd = 1.5nF. After determining both the value of resistor and capacitor, a check is made to see that the detector can respond to the interruption in the received signal caused by a bottle passing through the beam. Figure 12 shows an idealised model of the beam interruption process and the envelope form. In reality, the shape of the envelope will depend upon the shape of the transducer face, and there will be some diffraction and also reflection of acoustic energy into the region behind the bottle neck. However, it may be assume that little energy is received during the time interval of (Dn – d)/V. Figure 13 shows the detector response due to the interruption of the received signal by the bottle passing through the beam. The f value is taken to be the fall time of the output to 10% of its initial level. From the values used in this design f is calculated to be 7.8810-4 sec. 

Since v = 0.3m/s, Dn = 3cm, and d = 1.5cm, the time difference between (Dn + d)/v – Dn/v is calculated to be 0.14 sec which is well ahead of the time constant f . This verified that the detector design will allow it to response to the passage of a bottle through the beam.

But the diode detector as found experimentally differs from the idealised circuit described because the real silicon diode will result in the loss of about 0.7V in the peak output of the circuit. However, this is compensated by using the CMOS device in the Schmitt Trigger design which will not be discuss here.

4.0 Conclusion

The design of part of a working bottle counting system is discussed here. The three design stages as describe in chapter 1 to 3 of this report, is the fundamental design circuits that needs to be done in order to design a complete working bottle counting system. Each part of the bottle counting system is designed separately so that any mistakes can be found easily as each part plays an important role in producing a good counting system. In the designs, we can also observe the application of the timer, diode, and amplifier in a real electronic systems. 

Therefore the three fundamental part of a bottle counting system has been explained theoretically and shown together with the illustration of diagrams and circuits. 
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Figure 1 Inverting Amplifier Circuit
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Figure 2 Power supply Decoupling

[image: image17.wmf]Graph of log |z| against Frequency

100

1000

10000

100000

0

10

20

30

40

50

60

70

Frequency/kHz

|Z|


Figure 3 Offset Nulling Circuit
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