PHYSICS UNIT 3 Detailed Study: Further electronics 
NOTES – 2009
Copyright: AIP (Vic Branch) Education Committee
•
design an AC to DC voltage regulated power supply system, given a range of AC input voltages (specified as root mean square, peak, and peak-to-peak), smoothing conditions and resistive loads;
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AC, or Alternating Current, voltage varies as a sine wave.  The domestic AC voltage is described as 240 V AC.  The 240 volts specifies the RMS or root mean square value, which is a way of averaging a sine wave.  The RMS value means that 240 V AC has the same heating effect as 240V DC.
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The frequency, which is the number of cycles in one second, of 240V AC is 50 Hz.  This is set by the generators in the power stations.  The period is the time for one complete cycle and is the reciprocal of the frequency (T = 1/f).  The period for a frequency of 50 Hz is 0.02 seconds.

The amplitude of AC voltage, or the peak voltage, is the maximum value of the voltage.  This is given as 
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  = 339.4 volts.  The peak to peak voltage, written as 
[image: image2.wmf]p

p

V

-

, is equal to twice the peak voltage.

The AC current also follows a sine wave.  There are similar relationships for 
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.  In an AC current the charges in the wire move in one direction, slows down, stop and then move in the opposite direction.  The charges therefore do not progress through the wire as in DC current.
•
describe the role of a transformer including the analysis of voltage ratio (N1/N2 = V1/V2 ; not including induction);

One of the advantages of AC voltage and current is that it is easy to increase or decrease the voltage.  A transformer is the device that does this.  The description of how it does it will be covered in Unit 4 Electric power.  This Detailed Study only requires knowledge of the formula for determining voltages.

To design a transformer, imagine a soft iron core shaped as a square ring.  Around two sides are coils of wire.  If an AC voltage is applied to one of the coils, called the primary coil, an alternating magnetic field will be set up in the iron core.  This alternating magnetic field will propagate through the iron core to the other coil, called the secondary coil.  Here the alternating field will induce an alternating voltage in this coil.

The peak voltage across the ends of the secondary coil is depends on the peak voltage coming in to the primary coil and the ratio of the number of turns in the primary and secondary coils.

The ratio of the voltages equals the ratio of the turns  
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, where Vp and Vs are the primary and secondary voltages, and Np and Ns are the number of turns in the primary and secondary coils.  

If NS is greater than NP, then the transformer is a ‘step up’ transformer as VS will be greater than VP.  The other alternative is called a step down transformer.  However transformers can be switched around in a circuit and its effect reversed, so the ratio is often written as in the dot point with ‘1’s and ‘2’s. N1/N2 = V1/V2
•
interpret information from the display of an oscilloscope in terms of voltage as a function of time;

•
analyse circuits, including fault diagnosis, following selection and use of appropriate measuring devices including analogue meters, multimeters, oscilloscope);

•
evaluate the operation of a circuit in terms of its design brief by selecting measurements of potential difference (voltage drop) and current (using analogue meters, multimeters and an oscilloscope) in the DC power supply circuit;

A cathode ray oscilloscope (CRO) is a visual voltmeter.  It displays an image of how the voltage varies with time.  The screen has a grid pattern and the controls enable the vertical and horizontal scales to be adjusted.  The vertical scale is for the voltage. Using the scale setting, e.g 2 V / cm, the peak and peak to peak values of an AC voltage can be measured.
The horizontal scale is for Time.  Using the scale setting, e.g. 5 ms / cm, the period of the AC voltage and subsequently the frequency can be determined from the number of ‘cm’s required for one complete cycle.
An analogue AC voltmeter measures the rms voltage.  A digital multimeter set to AC voltage will also measure rms voltage, but if the frequency is small, the reading is inaccurate.  A meter set to measure DC volts will measure the average voltage.
•
explain the function of diodes in half wave and full-wave bridge rectification;

When current is graphed against voltage for most conductors, a straight line is obtained.  This is reflected in Ohm’s Law.  However for most materials a non-linear graph is obtained.  Such devices include such semiconductor devices as thermistors, LDRs and diodes, and light globes.

Diodes have a unique graph that indicates that they easily conduct (have a very low resistance) in one direction called forward bias, and will only allow microamps in the other direction called reverse bias (an extremely high resistance).  This is useful in changing AC into DC.
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When a non-linear device is operating in a circuit, its resistance is the voltage across it divided by the current through it, rather than the value of the gradient of the non-linear graph at the point.

Half Wave Rectification
The great difference between the forward and reverse bias behaviour of the diode is useful in changing AC into DC.  As mentioned above AC voltage first drives current around the circuit one way, then stops the current and sends it in the opposite direction.  The electrons in the wire are actually moving backwards and forwards.

When a diode is placed in a circuit with an AC power supply, in one half (I) of the cycle the diode conducts with minimal resistance, although it does use up about 0.7 volt.  However in the other half (II) of the cycle the resistance is extremely high, many times greater than the other resistances in the circuit. This means that in this part (II) of the cycle all the voltage is across the 
diode, and because there is so little current flowing (microamps) the voltage drop across the load resistor is effectively zero.
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This means that the current through the load resistor flows for the first half cycle (I), effectively stops during the second half cycle (II), then starts again in the next cycle.  In other words the current is only going in one direction.  This is called Half-Wave Rectification.  
Full Wave Rectification







During the first part (I) of the AC cycle, the potential or voltage at A is positive, while B is at 0 volts or ground.  The current therefore leaves from A and arrives at B. At A there are two choices, but the diode 4 to D is reverse biased, so the current goes through diode 1 to C. At C, diode 2 to B is also reverse biased, so the current goes through the load resistor from E to F arriving at D.  At D, both diodes 3 and 4 are forward biased, but diode 4 leads back to A which is at a higher potential and the charge lost energy going through the load resistor, so the charge cannot ‘go up hill’.  Alternatively, current needs to complete the circuit through B, so the current goes through diode 3.



Voltage across load resistor





During the second part (II) of the AC cycle, the potential or voltage at B is positive, while A is at 0 volts or ground.  The current therefore leaves from B and arrives at A. At B there are two choices, but the diode 3 to D is reverse biased, so the current goes through diode 2 to C. At C, diode 1 to A is also reverse biased, so the current goes through the load resistor from E to F arriving at D.  At D, both diodes 3, and 4 are forward biased, but diode 3 leads back to B which is at a higher potential and the charge lost energy going through the load resistor, so the charge cannot ‘go up hill’.  Alternatively, current needs to complete the circuit through A, so the current goes through diode 4.




Voltage across load resistor




The direction of the current through the load resistor is the same for both cycles.  The voltage is now DC, but not smooth.
Note that the peak voltage across the load resistor will differ from the peak AC voltage by twice the voltage at which the diode conducts, i.e. about 2 x 0.7 V = 1.4 V, which will be significant in low voltage power supplies.
•
explain the effect of capacitors in terms of:

–
potential difference (voltage drop) and current when charging and discharging

–
time constant for charging and discharging  = RC 

· smoothing for DC power supplies;

Capacitors consist of two conductors separated by an insulator.  They are used to store and release charge.  If a capacitor is connected to a battery and a resistor with an ammeter in the circuit, then the following occurs.
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The battery takes electrons from the side of the circuit connected to the positive of the battery and transfers them to the negative side.  Because the capacitor has an insulator in it, the charge cannot flow around the circuit.  So as the battery transfers the electrons one conductor in the capacitor becomes positively charged and the other negatively charged.

As the conductors become more charged, the battery needs more energy to take electrons from the positive side and transfer them to the negative side.  Eventually, enough charge has been transferred for the battery to have insufficient energy, i.e. voltage, to move another electron.  At this point the circuit is static, there is no current.
In fact from the moment the circuit is connected, the ammeter needle will suddenly move up then slowly decrease back to zero.

If a CRO was placed across the capacitor as it was being charged, then the voltage would rise rapidly at first, then progressively slow down to imperceptibly stop at the voltage value of the charging battery.
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To give a time characteristic for the rise of the voltage, the time for the voltage to rise to 63% of its final voltage is called the Time Constant and can be calculated from the values of the components in the circuit.

The Time Constant equals RC, the product of the capacitance (in farads) and the resistance (in ohms)

In the case of the falling current, the Time Constant measures the time for the current to fall to 100% - 63% = 37% of the initial current.

Discharging a capacitor

If, once the capacitor is fully charged, the switch in the circuit above, is then connected across to the capacitor, the capacitor will discharge through the resistor with the same Time Constant as when is was being charged.

A CRO across the resistor, which is also now across the capacitor will show a decaying voltage,  The current will also show the same graph.
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Smoothing DC Power Supply
The voltage across RL in the previous section for both Half and Full Wave Rectification is not very smooth.  A DC power supply needs to be as constant as a battery supply.  A capacitor can be used to achieve this.  First consider the case of a half wave rectifier.  The circuit is modified by putting a capacitor across the load resistor.
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During the half cycle (I) as the AC voltage is rising, the diode is conducting and the capacitor is charging as the current flows through the load resistor.  The charging circuit includes just the conducting diode and the capacitor.  The diode resistance at this stage is extremely small, so the time constant for charging will be very short.

When the power supply voltage reaches its maximum the capacitor will almost instantly be charged to that voltage.  However the supply voltage now starts to return to zero, but the capacitor is still charged.  As the supply voltage begins to fall below the voltage of the capacitor, the capacitor will begin to discharge through the load resistor, compensating for the falling supply voltage.

Indeed if the Time Constant for the capacitor-load resistor combination is long enough, the capacitor will still be driving current through the load resistor when the supply has moved on to the half cycle (II) when the diode is not conducting.

In fact, given that the half cycle time is 0.01 second, the capacitor can still be discharging through the load resistor when the next half cycle (I) begins and increases to above the capacitor voltage at that time.

With a large enough capacitor and load resistor, an almost straight line can be achieved for the voltage across the load resistor.

With a Full wave rectifier in the circuit, the voltage across the capacitor will fall even less before the next rising voltage from the rectifier exceeds the voltage across the capacitor and starts filling it up.
The voltage across the load resistor now has a small variation around an average value.  This variation is called a ripple voltage.  To measure the average voltage a simple meter will do, but to measure the ripple voltage a CRO is needed.  If the CRO setting is on DC, the full voltage graph will be seen showing the ripple around the average value.  However in a well designed circuit, the ripple voltage will be very small.  To see the ripple on the CRO, you first switch the CRO to AC, in which case the trace will drop to about zero. To see and measure the ripple voltage, change the scale on the vertical axis to a much smaller value of mV/cm.
•
describe, qualitatively, the effect on the magnitude of the ripple voltage of changing the effective load, the capacitance and the input voltage (magnitude and period);

	Increasing the value of
	Effect on the ripple voltage

	the load resistor
	Increases the Time Constant, flattens out the voltage and reduces the ripple voltage.

	the capacitor
	Increases the Time Constant, flattens out the voltage and reduces the ripple voltage.

	the peak voltage
	As the peak voltage increases, the gap between this peak and where the decaying voltage across the capacitor meets the rising rectified voltage also increases, thus increasing the ripple voltage.

	the period of the input voltage
	The longer the period, the decaying voltage across the capacitor meets the rising rectified voltage lower down, thus increasing the ripple voltage.


•
apply the current-voltage characteristics of voltage regulators, including Zener diodes and Integrated Circuits, to circuit design;

A fully rectified and smoothed power supply will still not have a consistent and reliable voltage.  A decrease in the load resistance will result in a higher current, but also a shorter time constant for the capacitive smoothing circuit, which will increase the size of the ripple voltage and reduce the overall rms voltage.
To overcome this problem a voltage regulator is inserted between the capacitor and the load resistor.  The regulator can be a simple Zener diode or a chip containing an integrated circuit with many components.
Zener Diode
The zener diode is a diode that works in the reverse bias mode.  At a specific reverse voltage the diode ‘fails’ allowing a current to flow of almost any size.  It is in this mode that the zener diode operates.

[image: image5]
Zener diodes come in a range of values of the reverse voltage.  To design a 6 V regulated power supply a zener diode with a reverse voltage of 6 V would chosen.  It is placed in the circuit in series with a normal resistor.  The rectified and smoothed voltage needs to be greater than the zener voltage, e.g. 9 V.  This means that the voltage across the extra resistor is always 3 V, and its value is set by the maximum current that the power supply can deliver, e.g. 2.0 amp, in which case the value of the resistor needs to be 1.5 ohms.
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If the load resistor was relatively large, e.g 10 ohms, the current through it would be 6 V / 10 ohm = 0.6 amp, so the remaining 2.4 amp would go through the zener diode.  If the value of the load resistor was 4.0 ohms, then the current through it would be 1.5 ohms and the current through the zener diode would be 0.5 amp.

IC voltage regulators

A limitation of the zener diode is that if the load resistor is removed, all the current will go through the zener diode, possibly damaging it.  The IC regulators have better performance characteristics.  They have three pins, an input, and output and a ground to connect to the 0 V line.  They do not use an extra resistor.
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•
calculate power dissipation in circuit elements (P = VI, P = I2R, P = V2/R);

The relationships P = VI, P = I2R and P = V2/R can be used to determined the power loss in the load resistor and the shunt resistor used with a zener diode.
•
describe the use of heat sinks in electronic circuits;

It can be seen in the discussion on the zener diode above that a large amount of energy is released in the shunt resistor and the zener diode.  If either of these overheats, then the power supply will either fail or perform inaccurately.  Heat sinks, which are good heat conductors with a large surface area are attached to the components that are likely to get hot, such as rectifiers and regulators.

•
describe effects on the DC power supply system of changes to the components used;

The effect of changing the components depends on whether there is a voltage regulator in the circuit.
If a voltage regulator is used, then there will be no effect until the changes decrease the output voltage below the set output voltage of the voltage regulator.  If the supply voltage is reduced to far, or the frequency is changed to a lower value, or a small value capacitor is used, then it is possible that the output voltage will drop below the set voltage.

If there is no regulator used, then the following will be the case.
	Increasing the value of
	Effect on the output voltage

	the load resistor
	Increases the Time Constant, flattens out the voltage and increases the voltage.

	the capacitor
	Increases the Time Constant, flattens out the voltage and increases the voltage.

	the peak voltage
	Increases the voltage.

	the period of the input voltage
	The longer the period, the decaying voltage across the capacitor meets the rising rectified voltage lower down, thus increasing the ripple voltage and lowering the average voltage.
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