ELEC105L
Fundamentals of Electrical Engineering
Spring 2010
Lab #10:  An Electronic Organ
Why is this important?
We have seen how resistors and capacitors can be used together in timing applications.  One application from the world of entertainment is the design of electronic musical instruments.  In general, electronic instruments generate time-varying voltages or currents whose variations repeat periodically.  The time rate at which a waveform repeats is known as its fundamental frequency, and it is related to the desired pitch of the musical note.  The periodic signal is amplified and used to drive a speaker to create sound waves – music.  Alternatively, it can be stored in digital form to create a musical recording.  In this lab exercise, you will design and assemble a portion of a simple electronic organ that covers one musical scale.

Grading

This lab is a “familiarization exercise” and therefore will be weighted 50 points.  To receive full credit, e‑mail the screen captures obtained in Step 4 and the requested component values and interval times to your instructor, and add your circuits to those of the other groups to form a 13-note electronic organ.  The screen captures and data are due at 4 pm on the next day after the lab session.  Only one submission per lab group is required; however, each member of the group must contribute to its production.
Background
There are many ways to generate the periodic voltages (or currents) at specific frequencies needed for an electronic musical instrument.  One is to use a widely available device known as a timer “chip.”  It is basically an integrated circuit (IC) that repeatedly charges and discharges a capacitor at a rate determined by the values of the capacitor and two resistors connected to the device.   The timer chip (“chip” refers to the tiny wafer of silicon in the IC) also generates a series of output pulses at the same frequency at which the capacitor charges and discharges.  Thus, it can be used to generate electronic signals at user-specified frequencies (pitches).

A typical circuit designed around the popular 555 timer chip is shown in Figure 1.  When the pushbutton switch is pressed, thus connecting the positive side of the power supply (VCC) to the rest of the circuit, capacitor C is charged through resistors R1 and R2 and then discharged through resistor R2.  The charge and discharge cycles are repeated as long as power is applied to the chip.  The 555 device you will be using is manufactured in an 8-pin dual-inline package (DIP) geometry that is common in the electronics world.  Most of the pins (connection terminals) are labeled in Figure 1 with their various functions, which will be described in detail soon.  Pin 5 is not used in this application.
The node voltage at the output pin (pin 3) is equal to the power supply voltage (VCC) whenever the capacitor is charging, and it is equal to 0 V whenever the capacitor is discharging.  The voltage at pin 3 is measured relative to “ground,” that is, the reference node.  The changing output voltage constitutes the electrical signal that can be applied to an amplifier/speaker system so that people can hear it.  The tone is not particularly pleasant, but its quality can be improved by filtering.  We’ll do that in a later lab exercise.  This circuit is sometimes called an astable multivibrator because the output continuously alternates between two states, each of which is initially stable but then, as we will see, becomes unstable when the capacitor voltage approaches a particular reference voltage.  Multivibrator is another term for oscillator, a circuit that generates repeating pulses or some other periodic waveform.


[image: image1]
Figure 1.  A 555 timer chip configured as an oscillator (or astable multivibrator).

The VCC (8) and ground (1) pins are self-explanatory.  The reset pin (4) is always tied to the power supply voltage in this application.  (If you are interested in what it does, its description can be found in the data sheet for the 555 on the lab web page.)  Pins 2, 6, and 7 are the ones that control the charge and discharge cycles of the capacitor.  Their functions are described below:

Threshold – This pin, along with the Trigger pin, monitors the voltage vC across the capacitor.  If vC rises above 2/3 VCC, it causes the Discharge pin to be connected directly to ground (the reference node), which allows the capacitor to discharge through R2.  The output voltage also goes to 0 V.  When the Discharge pin is not connected to ground, it acts as an open circuit, so no current flows into or out of it.  No current flows into or out of the Threshold pin either; it can be thought of as one lead of an ideal voltmeter, with the other lead connected to ground.
Trigger – This pin, along with the Threshold pin, monitors the voltage vC across the capacitor.  If vC drops below 1/3 VCC, the Discharge pin is disconnected from ground, which allows the capacitor to charge through R1 and R2.  The output voltage also goes to VCC.  Like the Threshold pin, no current flows into or out of the Trigger pin, and it can also be thought of as one lead of an ideal voltmeter.
Discharge – This pin acts like an ideal switch connected between pin 7 and ground.  When the Trigger input is activated, the switch is “closed” (which allows the capacitor to discharge through R2) and when the Threshold pin is activated, the switch is “opened” (which allows the capacitor to charge through R1 and R2).
When the 555 circuit in Figure 1 is first connected to a power source, the capacitor voltage vC starts at 0 V, and the timer is in the “trigger” state, which means that the Discharge pin is open (no current).  Thus, the capacitor charges through R1 and R2.  The capacitor voltage rises until it reaches 2/3 VCC, at which time the Threshold pin is activated, causing the Discharge pin to short the node at pin 7 to ground, which in turn allows the capacitor to start discharging through R2 only.  When vC drops to 1/3 VCC, the Trigger pin is activated, the Discharge pin becomes an open circuit, and the capacitor begins to charge again.  This cycle repeats as long as power is applied to the circuit.  As the capacitor alternately charges and discharges, the timer alternates between the “trigger” and “threshold” states, and the output at pin 3 also alternates between VCC and 0 V.  A depiction of the changes in the capacitor voltage that occur is shown in Figure 2.  The dashed curves indicate what the capacitor voltage would do if the capacitor were allowed to charge or discharge indefinitely.

[image: image2]
Figure 2.  Variation of capacitor voltage during periodic charge and discharge cycles.
Now that you have a qualitative understanding of how the circuit operates, let’s consider how to control the actual timing of the charge and discharge cycles and ultimately the frequency of the signal produced at the output pin of the timer.  Our goal is to find a formula that gives the length of the charge/discharge cycle (i.e., t1 + t2) in terms of the resistor and capacitor values.  Recall that the general expression for the voltage change across a capacitor in response to a sudden change in the circuit is given by
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where vi is the “initial” voltage across the capacitor at the instant the circuit changes state (such as the discharge pin in Figure 1 changing from an open to a short), and vf is the “final” voltage that vC would rise or fall toward if the capacitor were allowed to reach its new state of equilibrium.  The variable t is the amount of time that has passed since the change in state took place.  The expression for vC applies whether the capacitor charges or discharges, that is, whether vf > vi or vice versa.  The resistance Rth is the Thévenin equivalent resistance “seen” by the capacitor with the circuit in its new state.  The product RthC is the time constant for the charge or discharge cycle.
When the Threshold pin is activated at time t0, the voltage vC begins to drop as the capacitor discharges through R2 and the shorted Discharge pin.  The initial voltage for the time interval t1 is therefore Vi = 2/3 VCC.  If the capacitor were allowed to discharge completely without further disturbance from the timer (i.e., if the Discharge pin were to remain shorted to ground), voltage vC would eventually reach 0 V; thus, Vf = 0.  Because C discharges only through R2, the relevant time constant is R2C.  Putting all of this together, we obtain the expression that describes how the capacitor discharges over the time interval t1:
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where we have changed t to t – t0 in the exponent because the discharge interval starts at t = t0.  Referring to Figure 2, at time t = t1 the capacitor voltage has dropped to 1/3 VCC.  Thus, the expression evaluated at t = t1 becomes
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Note that t1 – t0 = t1, so
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Multiplying both sides by 3/(2VCC) yields
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and taking the natural logarithm of both sides leads to
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Finally, solving for t1 gives the result
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because ln(0.5) = 0.693.

Now consider the case when the capacitor is charging between times t1 and t2. When the Trigger pin is activated at time t1, the Discharge pin goes to the open state, and the capacitor begins to charge up through the Thévenin equivalent resistance R1 + R2.  The relevant time constant is therefore (R1 + R2)C.  The initial voltage for the time interval t2 is Vi = 1/3 VCC.  If the capacitor were allowed to charge completely without disturbance, voltage vC would eventually reach VCC, so Vf = VCC.  Thus, the expression that describes the charge cycle is
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where the exponent is now t – t1 because the charge interval starts at t = t1.  Again referring to Figure 2, by the time t = t2 the capacitor voltage has risen to 2/3 VCC.  At that time, the capacitor voltage is
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Noting that t2 – t1 = t2 and simplifying,
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Multiplying both sides by 3/(2VCC) yields
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Again, we take the natural logarithm of both sides to obtain
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Solving for t2 yields
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Note that t1 is the elapsed time for any discharge cycle, and t2 is that for any charge cycle.  One complete charge/discharge cycle therefore has a duration T of
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or
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The quantity T is called the period of the capacitor voltage waveform, but because the timer’s output voltage at pin 3 changes state in time with the capacitor voltage, the output voltage has the same period as the capacitor voltage.  The period is related to the frequency f of the waveform by the simple relationship
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so we now have a way to relate the frequency of the timer’s output waveform to the resistor and capacitor values that control the timing.  We can design an electronic organ!
Procedure

1. Construct three copies of the circuit shown in Figure 1 using the bench-top power supply to serve as VCC (12 V).  The timer circuits will be used to produce three notes out of the 12-note chromatic scale between “middle” C at 261.6 Hz and “middle” B at 493.9 Hz.  (“High” C at 523.2 Hz, a half-step above “middle” B, will be added by the instructor.)  The specific notes will be assigned to your lab group by the instructor.  A list of musical notes and their corresponding frequencies is given at a web page linked on the lab web site.  The chromatic scale includes the seven whole notes C-D-E-F-G-A-B in the key of C, plus the five flats/sharps between some of the pairs of whole notes.  Plan the layout of the circuits carefully.  You will need to mount the pushbuttons that turn the timer circuits on and off near the edge of the proto-board so that there is room for your fingers to press them.  Your circuit will be combined with those of the other groups (plus one note from the instructor) to form the full chromatic scale.  Some hints to make the preparation and assembly process more efficient:

a. Plan your layout carefully!

b. Devise a color code to help you identify quickly which wires are connected to VCC, which are connected to ground, and which are used in other places in the circuit.

c. Use wires to allow the resistors and/or capacitor to be placed away from the 555 IC so that they are easy to manipulate and read.

d. Keep in mind that you might want to combine resistors in series and/or parallel in order to “tune” each timer circuit to the proper frequency.  Because of the loose tolerances, especially of the capacitors, the component values you initially try might cause the tone to be off by as much as a half step.

2. Select the resistor and capacitor values to produce the notes assigned to you.  You may use any combination of values you wish to produce the proper notes.  However, for practical reasons the capacitor value should be somewhere in the 0.05-4.7 F range.  You might want to avoid electrolytic (polarized) capacitors because their tolerances are especially loose.  There are not enough constraints to determine uniquely the values of resistors R1 and R2, but keep in mind that their values relative to each other will affect the relative lengths of the time intervals t1 and t2; that is, depending on the resistor values, the charge and discharge times could be nearly the same, or one interval could be much longer than the other.  Your choice will affect the duty cycle of the output pulse train, which in turn could affect the timbre (identifying quality, usually pronounced like “tamber”) of the sound.  The duty cycle is the fraction of the total period that the output is at VCC.  For example, if the time spent at VCC is twice the amount of time spent at 0 V, the duty cycle is 0.67.  For this circuit, the duty cycle can range between just above 0.5 and 1.
3. Once all three timer circuits are built, use the oscilloscope to verify that the output voltage is a train of pulses at the proper frequency.  Adjust the resistor values or add new resistors in series and/or parallel to the original ones to tune the circuits to the proper frequencies.  Strive to get within just a few Hz of the target frequencies, because the human ear will perceive an error greater than a few Hz as a note that is too flat or sharp.  If you wish, you may temporarily connect your three circuits to an amplifier/speaker circuit and listen to their tone quality.  You might want to experiment with the duty cycle to find out how much it affects the timbre.
4. Capture the screen image of the output waveform for each of the three timer circuits.  Make sure that the frequency is displayed on the screen in each case.  Instructions for capturing images are available on the lab web page.  E-mail all three images to your instructor along with the resistor and capacitor values you used in each circuit and the calculated lengths of the charge and discharge cycles (i.e., t1 and t2).
5. When your circuits are ready, set up your proto-board next to the instructor’s proto-board in combination with the circuits built by the other lab groups.  Once all 13 circuits are ready, play a tune!  If all four lab groups are not able to complete their circuits by the end of the lab session, the full chromatic scale will be assembled the following week.  (That means those lab groups have homework.)
6. Do not disassemble your circuit!  It will serve as the starting point for next week’s lab exercise.
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