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            ECEN 1400 Lab 4 Power supply ECEN 1400, Introduction to Analog and Digital Electronics Lab 4: Power supply 1 INTRODUCTION This lab will span two lab periods. In this lab, you will create the power supply that transforms the AC wall voltage to the DC supply needed for logic. This power supply will produce 5 V with a current capability of roughly 1 A. You will be able to use this power supply to develop, debug and run your digital clock. The goals of the lab are: • Learn about inductors and transformers. • Use a transformer to convert line voltage to a safe lower voltage, electrically isolated from the power grid. • Use a bridge rectifier and a filter capacitor to convert alternating current (AC) to direct current (DC). • Use an integrated circuit to regulate the dc output voltage and make it independent (within a specified range) of load variations. • Practice soldering, building and debugging skills. Before coming to lab you must purchase the parts for the power supply from the EE Store. This is the same place you purchased your lab kit. Everyone must build their own power supply. Also, please come to lab on time and bring your soldering iron if you have one. For your convenience, questions and lab procedures are introduced in a unique color. 2 COMPONENTS AND TOOLS REQUIRED • From your kit: o Breadboard o Wires o Wire-cutter and pliers o A soldering iron. • From EE stores: A power supply kit. • On the lab bench: o Multimeter o Oscilloscope o Variable AC power supply 3 OVERVIEW OF CIRCUIT AND CONSTRUCTION Version 2.0, 9/25/14 R. McLeod from earlier versions 1 
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ECEN 1400 Lab 4 Power supply
 ECEN 1400, Introduction to Analog and Digital Electronics
 Lab 4: Power supply
 1 INTRODUCTION This lab will span two lab periods. In this lab, you will create the power supply that transforms the AC wall voltage to the DC supply needed for logic. This power supply will produce 5 V with a current capability of roughly 1 A. You will be able to use this power supply to develop, debug and run your digital clock.
 The goals of the lab are: • Learn about inductors and transformers. • Use a transformer to convert line voltage to a safe lower voltage, electrically
 isolated from the power grid. • Use a bridge rectifier and a filter capacitor to convert alternating current (AC) to
 direct current (DC). • Use an integrated circuit to regulate the dc output voltage and make it
 independent (within a specified range) of load variations. • Practice soldering, building and debugging skills.
 Before coming to lab you must purchase the parts for the power supply from the EE Store. This is the same place you purchased your lab kit. Everyone must build their own power supply. Also, please come to lab on time and bring your soldering iron if you have one.
 For your convenience, questions and lab procedures are introduced in a unique color.
 2 COMPONENTS AND TOOLS REQUIRED • From your kit:
 o Breadboard o Wires o Wire-cutter and pliers o A soldering iron.
 • From EE stores: A power supply kit. • On the lab bench:
 o Multimeter o Oscilloscope o Variable AC power supply
 3 OVERVIEW OF CIRCUIT AND CONSTRUCTION
 Version 2.0, 9/25/14 R. McLeod from earlier versions !1
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ECEN 1400 Lab 4 Power supply
 The schematic for the power supply is shown in Figure 1 and the physical parts are shown in Figure 2. In addition to this electrical layout, there are several mechanical construction details that are not shown. Specifically:
 • The power cord will be soldered to the transformer. • The transformer will be mounted to the bottom of the metal enclosure. • The remaining components will be soldered onto the perf-board. • The wires will be soldered to the output of the voltage regulator. The other end of
 these wires will be soldered to the connectors mounted to the side of the enclosure.
 • Heat-shrink tubing will be used to cover solder joints so there is no chance of wires touching each other or the metal enclosure.
 ! Figure 1. Schematic of power supply.
 The transformer T1 converts the 120 V AC line voltage to approximately 9 V AC and at the same time electrically isolates the output of the power supply from the 120 V AC power line. D1 is a bridge rectifier that consists of four diodes. The function of the rectifier is to take the absolute value of the sinusoidal 9 V AC waveform that comes from the secondary side of the transformer. Capacitor C1 then acts as an energy "reservoir" that stores energy when the instantaneous voltage from the bridge rectifier is high and releases energy when that voltage is low. When no load is connected at the output of the power supply the voltage across C1 is a pure DC voltage. But as load is added to the output and it draws more current, the voltage across C1 consists of a DC component and an additional AC component. The latter is referred to as ripple voltage and it comes from periodic charge and discharge of the "reservoir" capacitor. The purpose of the regulator circuit IC1 is to remove the ripple voltage and produce a regulated and stable dc voltage at the output of the power supply. Note that this only works well if the voltage difference between the input and the output terminals of the regulator, referred to as the dropout voltage, is large enough. The capacitors at the output of the voltage regulator improve the transient response to rapid changes in the load current. Finally, diode D2 is included to prevent damage to regulator when high capacitance loads are present and the power supply is turned off. In this case the energy from the load capacitor is safely transferred through D2 to C1, rather than (in reverse direction) from the regulator output to the regulator input.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !2
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ECEN 1400 Lab 4 Power supply
 ! Figure 2. The power supply kit.
 4 PRE-CONSTRUCTION MEASUREMENTS Before you start soldering too many pieces together, it is a very good idea to get some sense of the type of signal that is produced at each stage of the power supply. Record notes of these measurements and confirm that, at each stage, they meet your expectations.
 Your safety: When you build and test a power supply you have to work with line voltages of 120 V AC which are potentially dangerous if handled improperly. Don't take any risks! Unplug the power supply before you make any changes or touch any wires on the primary side. Insulate all connections on the primary side using shrink tubing. Make sure that no wires that carry line voltages can touch the metal enclosure.
 Your component safety: In the previous labs, the components you were using are fairly forgiving of mistakes. That is, if you put a bit too much current through an LED, it will be brighter, and you have some time to correct the problem before the LED burns out. For the voltage and current levels we have been using, it is difficult to burn out a resistor. The counter chip can burn-out by switching Power and Ground connections, but even in this situation, if you catch the mistake soon enough, you may still be able to save the chip. In this lab, there is real potential to easily burn-out components. Wiring something backwards will burn-out the component in a matter of milliseconds.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !3
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ECEN 1400 Lab 4 Power supply
 4.1 THE TRANSFORMER First, you will take measurements from the output of the transformer. As discussed in lecture, a transformer has a primary and secondary winding. The side with a black, white, and red wires is the primary. As shown in Figure 3, the white center tap allows you to connect your input AC to either the full number of primary turns, or half this number. This way the transformer can use 115V by connecting from white to red or 230V by connecting from black to red and the total flux is the same in both cases.
 The other side, with blue and black wires, corresponds to the secondary winding. The center tap on the secondary again provides flexibility in how the transformer is used. By connecting across the full secondary winding (blue to blue), the output will be 9 V AC. However, since the black line is somewhere in between the blue lines (both physically and in voltage), one can use black as common and then you will have +X V AC on one blue output and -Y V AC where X+Y = 9V. If the black line tap is halfway along the coil, X and Y = 4.5V, but this is not necessarily the case for this particular transformer. Center tapped (X=Y) transformers are useful in some rectification circuits and in making dual rail (positive and negative) power supplies.
 ! Figure 3. Transformer wiring diagram and wire colors.
 Black
 White
 Red
 Blue
 Black
 Blue
 Primary Secondary
 Version 2.0, 9/25/14 R. McLeod from earlier versions !4
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ECEN 1400 Lab 4 Power supply
 ! Figure 4. Variable output AC power supply.
 Test your transformer: 1. Find the variable output AC power supply on the lab bench (see Figure 4). This
 provides up to 30 V, allowing you to test your transformer with safer voltage levels. Make sure the supply is off and the voltage level is turned to zero. Connect your multimeter in AC voltage mode to the AC power supply. Turn on the AC power supply and slowly turn up the voltage and measure the peak voltage and halfway up. Turn down the power supply, then turn it off.
 2. Wire the white and red primary winding to the AC power supply. Connect the blue and black wires of the secondary winding to your multimeter and set the multimeter to read AC voltage in the range of 0-20V. Turn on the AC power supply and slowly turn up the voltage. About halfway up, check the multimeter reading. Do the same with the voltage turned to maximum. Is your reading consistent with the transformer specification? Turn the power supply down, then off. Repeat your multimeter measurement for the other two combinations outputs (blue/blue and black/blue) to confirm the transformer function. Turn down the power supply, then turn it off.
 3. Now connect the secondary to your oscilloscope, starting with the probe on a blue wire and oscilloscope ground wired to the SECONDARY black wire. Remember, the ground clip of the scope should be connected to the secondary side of the transformer, NOT the primary side. Connect a second scope probe to the other blue wire. Turn on the power supply and set it to maximum voltage. What is the peak-to-peak output of the secondary and what is the frequency? Turn the power supply down, then off. Now connect scope ground to one blue wire and the probe to the other blue wire. Explain how the various scope measurements are consistent. Turn the AC supply down, then off and disconnect your circuit.
 Question: What is the approximate turns ratio of the primary (using white and red) to the secondary (using blue and blue) given that it is designed to step 115 V down to 9 V?
 Version 2.0, 9/25/14 R. McLeod from earlier versions !5
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ECEN 1400 Lab 4 Power supply
 Note that the multimeter and peak voltage measured by the oscilloscope do not seem to agree. They are different by a factor of sqrt(2). This is because the multimeter reports the “RMS” voltage of the wave, which is a useful concept we’ll learn later.
 4.2 THE FULL-WAVE BRIDGE RECTIFIER Find the full-wave bridge rectifier in your power supply kit and mount it in your breadboard. The chip is round with four leads. Be careful not to mangle the leads because you will want them in good shape for soldering later. One of the leads is marked with a “+” sign. The other leads are defined relative to this one as shown in Figure 5. The two leads marked ~ connect to the AC output of your transformer. The two leads marked + and – are the rectified output.
 ! ! Figure 5. Full-wave bridge rectifier circuit and package labeling convention.
 Turn off the power supply if it is on and make sure it is set to zero output. Connect the input leads, labeled ~, to the variable AC power supply. Connect the output leads, labeled + and -, across a 1.2 kΩ resistor. Connect your oscilloscope across the resistor. Again, the scope ground should be on the – lead, NOT on either of the ~ input leads. Check your circuit. If you wire this wrong or put 30 V across the rectifier, you will be making a quick trip to EE stores for a replacement.
 Test your rectifier: 1. Turn on the supply and increase it to roughly 9 V AC. Observe the rectified
 waveform and make sure you understand its features. Capture this for your report.
 2. Turn off the supply. Connect a 47 µF capacitor to the output of the rectifier. Turn on the power supply and try to look at the waveform with the oscilloscope. You may have trouble seeing this waveform, because the oscilloscope may have difficulty finding a “synch” or “trigger” value. Capture this second waveform for your report. Note: In the final power supply, you will be using a 1000 µF
 +_ ~
 ~
 Version 2.0, 9/25/14 R. McLeod from earlier versions !6
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ECEN 1400 Lab 4 Power supply
 capacitor at the output of the rectifier. Turn-off the power supply and disconnect the rectifier from the power supply and oscilloscope.
 4.3 THE VOLTAGE REGULATOR Find the voltage regulator and put into your breadboard. Connect capacitors C1 = 1000 µF and C2 = 100 µF, as shown in Figure 6. Wire the DC (not AC) power supply to the input and ground. Measure the output on your multimeter set to DC voltage.
 ! Figure 6. A voltage regulator wired for fixed output with two bypass capacitors.
 Test your regulator: Turn on the DC power supply and increase the voltage from zero. At what voltage do you start getting 5V on the output? Continue to increase the input voltage to 9 V and note the results at the output.
 5 PUT IT ALL TOGETHER Now that you know what type of signal to expect at each stage of the power supply, it’s time to start building. You will be soldering the components (rectifier, diode, voltage regulator and capacitors) onto the “perf-board” and then attaching it to the rest of the circuit. Before you start any soldering, spend a few minutes to think about how arrange the components. You want to avoid unsoldering and resoldering components.
 5.1 WIRE THE PRIMARY SIDE OF THE TRANSFORMER The primary side of the power supply consists of the power cord, the fuse holder, and the primary winding of the transformer. Pull the power cord through the hole in the power supply enclosure before soldering it to the fuse holder and the transformer. Also cut some shrink tubing and pull the wire through it (without shrinking the tube yet) before soldering. The picture below shows the connections on the primary side.
 C1 C2
 Version 2.0, 9/25/14 R. McLeod from earlier versions !7
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ECEN 1400 Lab 4 Power supply
 ! Figure 7. Wiring the primary side.
 The red and the white wire are the 120 V AC input wires. The blue wires are the 9 V AC output wires. The black wire on the primary side would be used if the line voltage were 230 V AC. This wire will produce 230 V AC when you connect the other two wires to 120 V AC (the transformer acts as a step-up transformer for this wire) and therefore the black wire on the primary side needs to be insulated well. The black wire on the secondary side also needs to be insulated, but it is less crucial since it carries only 4.5 V AC. Mount the transformer and the fuse holder with screws in the metal enclosure of the power supply as shown in the picture below. Also mount the strain relief on the power cord and push it into the feed-through hole for the power cord.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !8
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ECEN 1400 Lab 4 Power supply
 ! Figure 8. Assembly of the primary side.
 Test your circuit so far: AFTER you have completed the soldering, insulating and mounting on the primary side, insert a fuse in the fuse holder and connect the power cord to a line outlet. Measure the voltage on the secondary side (blue wires) with the multimeter in the AC position. Then use the oscilloscope to display the voltage waveform on the secondary side. Compare this to your initial measurement and note any relevant differences such as peak to peak voltage.
 5.2 SOLDER THE RECTIFIER CIRCUIT FIRST disconnect the power cord from the wall. The next step is to wire the bridge rectifier D1 and the filter (or "reservoir") capacitor C1. A possible arrangement of the components on the perf-board is shown below. Note that D2 and C2 have also been mounted on the board already. The AC terminals on the bridge rectifier are labeled with "~" and the positive terminal is labeled with "+". The unlabeled terminal is the negative terminal that is connected to GND in the schematic.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !9
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ECEN 1400 Lab 4 Power supply
 ! Figure 9. Wiring the bridge.
 The next picture shows the backside of the perf-board with the blue wires from the secondary side of the transformer connected to the "~" terminals of the bridge rectifier.
 ! Figure 10. Back side of the bridge circuit on the perf-board. The blue wires are from the secondary
 of the transformer and are connected to the “~” inputs of the bridge.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !10
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ECEN 1400 Lab 4 Power supply
 Test your circuit so far: AFTER you have completed the soldering, connect the power cord to a line outlet. Use the multimeter in AC position and the oscilloscope to look at the voltage across the filter capacitor C1. With no load connected this should be a pure dc voltage. How is it related to the 9 V AC specification of the secondary side of the transformer? To see what happens when a load is connected, use four 330 Ω resistors from you lab kit in parallel as load across C1 (why not just one 82 Ω resistor?). Capture the waveform you see on the oscilloscope and label it with measurements of the maximum, minimum, average, and peak-to-peak. Also use the scope to measure the RMS voltage. What voltage measurement does the multimeter report in both DC and AC position?
 5.3 SOLDER THE VOLTAGE REGULATOR AND OUTPUT CONNECTOR FIRST disconnect the power cord from the wall. The L7805CV output regulator IC can be mounted directly to the metal enclosure which then acts as a heat sink. This is shown in the picture below. Shorten the terminals of the regulator IC so that they will not touch the enclosure cover when you close the power supply in the end. Note that the metal tab of the regulator IC is electrically connected to the ground terminal (middle terminal) and if it is screwed to the enclosure, it will be at reference ground potential (the coax power connector will also put the metal enclosure to reference ground potential). The 0.1 uF capacitor between the middle and right terminal improves the transient behavior of the regulator IC.
 ! Figure 11. Assembly of the regulator.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !11
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ECEN 1400 Lab 4 Power supply
 The black tape visible at the bottom is insulation to prevent the left or right terminal of the regulator from touching the case. The left terminal (purple wire) is the input terminal from the filter capacitor C1. The right terminal (red wire) is the output terminal that gets connected to C2 and the output connector. The picture below shows the regulator and the backside of the perf-board before connecting the output connector.
 ! Figure 12. Near-final assembly.
 Line the bottom of the metal case with electrical tape where the perf-board will sit to prevent shorts of the pins (not shown in figure). Now fold the perf-board up into the enclosure so that it is seated level above the regulator IC. The next picture shows the completed 5 V DC power supply with the output connector wired to the 100 µF capacitor C2 at the output of the L7805 voltage regulator. Also don't forget to include the protection diode D2 (anode at positive end of C2, cathode at positive end of C1).
 Version 2.0, 9/25/14 R. McLeod from earlier versions !12
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ECEN 1400 Lab 4 Power supply
 ! Figure 13. Your completed power supply.
 …and test it one more time: Test the completed power supply first without load by measuring the output voltage with the multimeter in DC position. You should get a reading of 5 V DC. Then use four 100 ohm resistors from your lab kit in parallel as load. Use the oscilloscope to look at the waveforms at the input and the output of the voltage regulator with the load connected. Capture the waveforms. If you have a 10 ohm power resistor (3 W or more) you can check whether the power supply is capable of delivering 500 mA at 5 V (this is approximately the current that a six digit LED clock will draw).
 Last but not least you may want to stick some rubber feet to the underside of your power supply enclosure, as shown below, to protect your furniture and to prevent the power supply from sliding around.
 Version 2.0, 9/25/14 R. McLeod from earlier versions !13
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