Please do not remove this manual from the lab. It is available via Canvas
DEMO NOTES: This manual contains demonstrator notes in blue italics

Electronics Switch-mode power supply

The switch-mode power supply

Introduction

Almost all modern electronic products depend on switch-mode power supply circuits to convert one
power supply voltage to another. For example, to convert from 240 V mains to ~3 V required for an
LED light, or to produce the several voltages needed inside a phone from its battery.

These circuits are efficient and compact, and embody some nice physics. In this experiment you will
construct a switch-mode power supply and use the oscilloscope to help understand its operation.

Your finished circuit should be able to produce an output of tens or hundreds of volts, starting from
a 1.5 volt AA battery.!

1 Inductor + switch

The circuits we are considering rely on the voltage v across an inductor of value L being proportional to
the rate of change of the current i:
di
dr
Hence we can make a high voltage by causing the current in an inductor to change rapidly.
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y =

. . 7 o do
DEMO NOTES: eq.I arises from ¢ = Li and v = — -

Build the circuit shown in figure 1. Be sure to use the terminals on the inductor that connect to
the 10-turn winding (there should be no other winding present), and check that the two halves of the
ferrite core are tightly held in place with a rubber band. There is a separate page to help you identify the
components.
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Figure 1: A switched inductor circuit

IThe voltage may be high, but the energy handled by the circuit is too small to do you any harm
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DEMO NOTES: Typical practical difficulties are identifying the components, and working out which
pins on the inductor are connected to the coil. There’s little excuse for the latter, as the wire can easily be
seen. The pinout for the switch causes some difficulty, as does placing the switch so the two relevant pins
are on separate breadboard rows. Our usual switch will only work when stradddling the centre of the
breadboard, and then you need the pin labelled 1, and either one of those marked 0; see the component
guide (usually in the lab manuals). The inductor needs both parts of its ferrite core in place to have
anything like the right value; a rubber band will hold them.

Use the oscilloscope to look at the voltage across the switch. A suitable starting setup might be
2 volts per division vertically (DC coupled) and 10 ms per division horizontally; but you will need to
change this frequently.

Take note of:

e The voltage when the switch is open

e The voltage when the switch is held closed

e Transient effects, i.e. spikes and oscillations that occur at the moment of contact or release (look
carefully).

To get a better view of the transients, use "normal" not "auto" triggering, adjust the trigger level
control so that the trace updates when you operate the switch in your circuit, and speed up the timebase.
The scope’s memory will capture the transient. Examine the waveform using appropriate amplitude and
timebase settings. Produce a graph showing as much quantitative detail as you can, for example: period,
decay rate, peak height. Write down also an explanation of your observations: why are the voltages and
timescales as they are?

The scopedump application can help by capturing and printing the data from the scope, but you
will still need to annotate it clearly. Figure 2 shows an attempt at sketching the waveform. Yours will
differ in detail.
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Figure 2: A sketch of the waveform produced by figure 1

DEMO NOTES: As soon as students start using the switch and the scope, take the opportunity to
check they have the circuit right, and are measuring the right DC voltages: zero volts when the switch
is closed, 1.5 when open (that confuses those who haven’t really thought about the circuit). Point out
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switch bounce (you typically see a few opens and closes per press, a few milliseconds apart). Also point
out the apparently instantaneous spike at the moment of opening, then introduce ‘“normal’ single-shot
triggering of the scope and a faster timebase, so they can see that it is actually a nice decaying sinusoid.
Make sure they can get data out of the scope with Scopedump on the PC. The correct settings are ttyACMO
and Instek - which should be preselected, but can be fiddled with...

The decaying oscillations are controlled mainly by the inductor and the 1 nF capacitor. Use your
measurement of their period to estimate the value of the inductor. Recall that in the formula for the

resonant frequency,
1
O=——, 2
VLC

o =2nf=2n/T. Discuss your conclusions with a demonstrator, especially if you cannot see, or explain,
the voltage spikes and oscillations.

DEMO NOTES:

o Straightforward substitution of the capacitor and period should yield an inductance value of just
under 200 WH. If they get close to this, everything is probably fine.

o That the near-instantaneous breaking of the circuit yields a large transient voltage via eq. 1 is
easily grasped. The ringing that this induces in the resonant LC circuit will be new to students.
The analogy of a bell ringing at its natural frequency when hit by an impulse is a good one.

e The decay in the oscillations indicates energy is being lost, mainly in the inductor: both resistive
and via magnetisation reversals in the core.

2 LT1073 boost converter

This part of the experiment uses the same battery and inductor as the previous part, but the switch
between the inductor and ground is replaced by a transistor switch inside an LT1073 integrated circuit,
which is a chip made for use in switching power supplies.

Dismantle the first circuit and build the circuit shown in figure 3. For the sake of the chip, double
check the value and connections of all components. In addition to the chip and the inductor, the circuit
includes some resistors that set the operating parameters, and a diode and capacitor whose job it is to
catch the transient voltage across the inductor, and store its energy.
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Figure 3: Boost (step-up) converter using the LT1073 chip. The dashed box represents the LT1073. The
switch shown between pins 3 and 4 is internal to the chip. The locations of the numbered pins of the chip
are not their physical positions: they have been moved to make the circuit easier to follow.

DEMO NOTES: You will have to debug a good number of these circuits, when they are not producing
around 30V. It is best to explain to students what you are checking, so they learn from the process. Even
better, get them to do it, while you give instructions (requires patience!). Check the scope is set to DC
coupling, and any attenuation of the probe is properly accounted for, so the voltage measurements are
correct. All scope ground clips must be connected to the circuit ground, of course. Too big a voltage
(> 30) implies something is wrong around the feedback pin (8): not connected, or the 330k / 2.2k
attenuator has the wrong values or is miswired. If nothing is happening (no signals seen at the the
switch pin (3)), systematically check the connections to all chip pins. Missing one of the two ground
pins is quite common, as is breadboard wires being one row off the desired position. An incorrect 1 UF
capacitor can stop the circuit from working.

With the scope set to auto trigger, close the switch and hold it closed?. You should see roughly
30 volts dc at point A, which is not bad considering the 1.5 volt battery. If you don’t see the expected
signal, check your circuit. The most likely cause of problems is a wrong or faulty connection. Defective
components are much less likely.

Record the waveform at point A, paying attention to the small sawtooth-like ripple (having a period
of a few ms) as well as its overall height. Switch the scope coupling to AC and increase its sensitivity
to see details of the ripple. Careful adjustment of the trigger level control will help. You can freeze the
display with the run/stop button.

To see why the output behaves this way, connect the second scope channel to point B, and display
it below the waveform at point A (suggested settings: chl: 0.5 V AC, ch2: 1 V DC, 2 ms). Comparing
figures 1 and 3, convince yourself that point B should show similar behaviour to that seen in the first
circuit. When point B is at 1.5 V, the switch inside the LT1073 is open, so no current flows in the
inductor. When the switch closes, point B goes to zero volts, and current builds up in the inductor. When
the switch opens again, the voltage at point B exceeds the battery voltage momentarily, as the current,
and thus the flux, in the inductor collapses. Label your plot of the waveform at point B to indicate these

2Since now the switch is used just to connect the battery; the switching of the inductor is done internally by the chip
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features. If your waveform doesn’t seem to follow this description, consult a demonstrator.

The manufacturer describes the operation of the LT1073 thus:

“The LT1073 is a gated oscillator switcher. This type of architecture has very low supply
current because the switch is cycled only when the feedback pin drops below the reference
voltage...”

You should see the effect of this “gated” operation on the scope. All the time that point B sits at 1.5
volts, the chip and inductor are inactive. All that happens is that the capacitor slowly discharges through
the 330 kQ and 2.2 kQ resistors. Use the formula for the exponential discharge of a capacitor through a
resistor,

V() =V©O)exp— [ ] )

to calculate by how much the voltage at point A should fall during this time. Compare your result with
the actual fall in the voltage at point A, i.e. the amplitude of the ripple you see there.

DEMO NOTES: When the circuit is working, get students to understand how the internal transistor
switch works like the manually operated switch of the first part of the experiment, and record some
waveforms that show this, along with the on/off gating of the switching process that stabilises the approx.
30 V output. The number of upward steps in the voltage-stabilised waveform depends on the chip and
the load - it can be just one step, or several. When students try to verify the exponential decay between
upward portions, they often forget that they are looking at a decay from (e.g.) 32 V to 31 V, rather than
from 1V to 0 V. This often happens because they need the scope to be AC coupled to get a good view of
the ripple, so the scope is not displaying the constant term any more. It should be obvious from that fact
that the decay is almost linear, rather than a complete exponential.

The chip uses pin 8 (the “feedback™ pin) to watch the output voltage. When it has fallen below
a certain threshold, the chip springs into action and rapidly opens and closes its switch one or a few
times. Each opening of the switch produces a voltage spike which causes current to flow through the
diode, charging the capacitor. Identify in your plot the step in capacitor voltage caused by each opening.
Question: how big does the spike have to be in order to be conducted through the diode?

DEMO NOTES: Students should know that Vg > Vy is a necessary condition for an ideal diode to
conduct. Many will know that the thereshold has to be exceeded by 0.6 or 0.7 V for significant current.
So the spike has to be at least this much larger than the present output voltage. This can be seen with
careful use of the scope.

Sections 3, 4 and S suggest some further investigations. Do as much as you can, but quality
beats quantity.

3 Tracking the energy flow

DEMO NOTES: Some students get very tied up with this part. If you see it eating into experimental time,
you should get them to move on to the later experimental parts.

In the circuit of figure 3, measure the current in the inductor, by moving the second scope probe
from point B to point C. If we assume that the voltage at the battery side of the 1 Q resistor is constant
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(around 1.5 V), then the amount by which the voltage at the other side of the resistor (point C) drops
below this will be a measure of the current in the resistor (by Ohm’s law), and also the current in the
inductor. Sketch the waveform at point C, showing how it relates to that at point A.

Use the expression E; = %LI2 to work out how much energy is stored in the inductor when the
current is at its peak. Compare this with the energy transferred to the capacitor, as measured by the
corresponding step in its voltage (E. = %CVZ, so AE. = CVAV). Determine how many times per second
this happens, and hence how much power is transferred through the circuit. Is your result consistent with
the amount of power that is dissipated by the 330 kQ resistor, given the average voltage across it?

DEMO NOTES: Many are confused by the fact that the voltage at C is the battery voltage minus the
IR drop in the 1Q resistor, so a downward transient in V¢ corrsponds to an increasing current. The peak
value of this current is around 0.25 A. Tracking the power into the inductor is straightforward, given
%L[ 2 and how many such current pulses there are per second. Likewise the incremental charging of the
output capacitor. An important complication is that the pulses are often taken in bursts, with pauses
whenever the output capacitor is sufficiently charged. To compare to the V? /R power delivered to the
(330 + 2.2)kQ resistors, you need the long-term average pulse rate. The efficiency should be pretty good:
80 % or so of the power entering the inductor shows up in the capacitor, and a similar proportion again
makes it into the resistive load.

4 Higher voltages

The difficulty in extending the circuit of figure 3 to provide still higher voltage is that the chip will be
damaged if pin 3 is exposed to more than 40 V. Adding a second winding to the inductor solves this
problem. Because both the new and the existing winding will be on the same core, they will experience
the same rapid flux changes, but if we use a larger number of turns on the secondary winding, the e.m.f.
induced in it will be larger. Why?

Decide on a number of turns for the secondary winding (30 or so, since the primary has 10) and get
a piece of enameled copper wire of about the right length. Scrape the insulation from all around the
end 1 cm of the wire using a craft knife (carefully!) and coat the bared wire with solder (“tin it”) by
bringing the soldering iron bit and solder into simultaneous contact with the wire. Remove the ferrite
core from the inductor and solder the wire to the top side of a spare contact pin, using a tiny amount of
fresh solder. Wind the secondary neatly on the former, and repeat the procedure for soldering the second
end to another pin.

DEMO NOTES: Students will need help and encouragement to solder the ends of their secondary to
the free terminals on the coil former;, making them do a bit of soldering is intentional. 200 V or more
is quite easily achieved with a few dozen turns. Few students get further than this, but it is certainly
possible, and will be more likely to happen if you expect it. By this stage, any reasonable permutation or
variation on what is suggested by the manual is creditworthy.
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Figure 4: High voltage flyback converter. Note the changed output capacitor

Reassemble the inductor (now it is a transformer), and modify your circuit, as shown in figure 4
Temporarily omit the UF4004 diode and use an oscilloscope probe set to the x10 position to look at the
voltage at the free end of the secondary winding. You should see big voltage spikes when the circuit is
switched on. Remember that with the scope probe set to x10, the scope sees only one tenth of the voltage
at the end of the probe. Sketch the waveform you see. You may have to look hard to see the biggest
spike — the large % does not last for long. If the spike is predominantly negative in sign, reverse the
secondary connections so that it is positive and will be conducted by the diode (why is the waveform not
symmetric? Q

Connect the diode and capacitor and measure the voltage across the capacitor. To verify that you
really do have a high voltage, connect a neon lamp in parallel with the capacitor. The neon will not start
to conduct until at least 60 V is applied to it (why?)

5 Relaxation oscillator

The neon lamp in section 4 can be made to flash using a further resistor and capacitor, as shown in

figure 5. It may take some adjustment to the component values, but the lamp should flash at a visible
rate.

AN

3.3M
— — ¢ o) Neon lamp

0.IuF | 0.1pF hd

Figure 5: Neon oscillator added to the flyback converter

With the scope probe set to x10 (to avoid loading the circuit), observe the voltage across the neon
lamp. It is instructive to look at the starting of the circuit (with discharged capacitors) as well as the
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steady-state behaviour. Record your trials and observations. Can you explain the oscillations? It may Q
help to know that the condition for the neon to become conducting (sufficient voltage) is different to the
condition for it to stay conducting (sufficient current in the gas).

6 ChecKklist

Your lab book should contain:

e A short explanation of what the experiment is about.

o Circuit diagrams of all circuits you built, showing component values. Drawings and explanations
of any changes you made and anything else you constructed (e.g. the secondary winding).

e Sketches of all waveforms you observed, labelled with voltages, times and correlation with other
waveforms. Notes of conditions under which the measurements were made.

e Explanations of what you discovered about how the circuits worked.

e Calculations of voltages, energies, etc., and answers to questions as suggested in this manual
(generally marked with a Q). Assessment of whether the calculations yield the expected results, to
within the expected accuracy.

DEMO NOTES: General points:

e This is probably students’ first use of proper scope probes, any serious triggering of a scope, or
use of breadboards.

e Scopes can be reset by the autoset button at top right, but don’t train students to rely on this
because it randomises many controls.

o Check the scope probes are set to x1 or x10 as appropriate, and allowance is made for this either
via the attenuation setting on the scope (preferable) or by mental arithmetic on the measured
values
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