AH Physics Investigation: Op-amps


Op-amp investigations

There is a much scope in op-amps for an AH Physics Investigation.  Here are some suggestions which all relate to the ideal performance parameters.  I advise you to start with the ideal operation of op-amp circuits rather than jumping straight into investigating an op-amp’s actual limitations.  You may end up there, but I shouldn’t set out to do so.
1) Impedance matching: There are two forms of impedance matching.  One strives to transfer the maximum power from A to B; the other to minimise the loss in voltage.  Consider the design of an inverting amplifier circuit with the latter of these in mind.  Have you ever wondered why the resistance of the input resistor is never less than 1 kilohm?  Test an inverting amplifier with a design gain of 10 which has a 1 ohm input resistor and a 10 ohm feedback resistor.  Then try 10 and 100 ohms, then 100 and 1,000 ohms, then 1,000 and 10,000 ohms.  Watch the input stage.  This is often a potentiometer, giving a variable voltage.  Often the pot resistance is 5K or 10K.  The effective internal resistance of the voltage source is the pot’s resistance.  If this is 10K and the op-amp’s input resistor is 1K, the voltage source is grossly overloaded.  Yet this awful impedance mismatch can be found on op-amp kits.  Having explored impedance matching with the inverting amplifier, try the voltage follower, whose input impedance is usually extremely high.  Or try other op-amp circuits whose input impedances ought to be selected with care – these are the summing amplifier and the differential amplifier.

2) R-C chiasmus: There are two configurations of the simple R-C network: (a) the signal is applied through capacitor C with a resistor R feeding off some of the output to ground; (b) the signal is applied through resistor R with a capacitor C feeding off some of the output to ground.  The first, at low frequencies, differentiates the signal, and at high frequencies acts as a high-pass filter.  The second, at high frequencies, integrates the signal, and at low frequencies acts as a low-pass filter.  Think of how Vout responds to the variables: Vin, f, R and C.  There is much in this for an Investigation.  But if you want to build better integrators, differentiators, low- or high-pass filters, add an op-amp and see how.

Suggested circuits and components:

Input Components: 
First listed is connected to the signal Input




Second listed is connected to ground; the Output is across it

	Input components

R and C in series
	Resonant frequency f0
	Output component
	Input signal condition

f > f0
	Input signal condition

f < f0

	1 nF, 1 MΩ
	160 Hz
	1 MΩ
	High-pass filter
	-

	1 MΩ, 1 nF
	160 Hz
	1 nF
	Integration
	-

	1 nF, 1.5 kΩ
	100 kHz
	1.5 kΩ
	-
	Differentiation

	1.5 kΩ, 1 nF
	100 kHz
	1 nF
	-
	Low-pass filter


3) Dynamic controllers with negative feedback: The job of running something at a constant rate can be done, electronically, with an op-amp circuit.  Examples are (a) constant-speed motor while varying the load; (b) constant brightness LED while varying the supply voltage (the usual application is preventing the intensity of a laser overstepping the mark); (c) constant temperature oven.  Illustrating with the first example, the controller would have an input voltage drawn from a pot, setting the motor’s speed.  The controller circuit, normally, is a summing amplifier.  The speed of the motor is sensed by a tachometer.  The voltage output from the tachometer is inverted and applied to the other input of the summing amplifier.  That is, the output is subtracted from the input and the difference is amplified, driving the motor.  If the motor is loaded up, it slows down, the difference increases and the controller brings the speed back up to the mark.  But the trouble with this type of control is that it depends on there being a difference between the output and input.  It never quite zeros the difference.  The controller can be improved by adding a capacitor in series with the feedback resistor, integrating the input signal.  This gives the controller a memory, causing the output to rise to equate with the input, giving, sometimes, an ideal controller.  What’s not ideal is the delay taken by the integrator.  The delay depends on its RC time constant.  If the input changes rapidly and the output responds too slowly, the feedback gets out of phase, becoming positive rather than negative.  The motor hunts and you have lost control.  There tends to be zone of parameters where the controller works.  Outside this zone, its performance is crazy.  There’s lots to investigate and much fun, sometimes.

4) Primitive amplifier with negative feedback: In essence, an op-amp is a very high gain amplifier with a very high input impedance and negative feedback.  These features are all present with a MOSFET inverter (a pair of complementary MOSFETs) which has a resistor connected from its output back round to its input gates.  If the gates are biased so that the inverter sits just about on its threshold voltage and a tiny a.c. voltage is applied to it, this is amplified greatly.  Without the feedback resistor, the output oscillates between high and low states, giving a digital behaviour.  But because of the feedback resistor, the channels’ resistance and the gates’ capacitance, there is a time delay with a time constant RC which, if just right, subtracts the output from the input, giving negative feedback.  Thus here you have a primitive amplifier whose gain is controlled by an input resistor Rin (not hitherto mentioned, but I’ll introduce her now) and the feedback resistor Rf.  It is not the easiest of circuits to get working, but, when you do, it’s brilliant, being so simple and elegant.  It should appeal to someone who wants to investigate negative feedback, but is put off by the complexity of the op-amp’s integrated circuit.  Notes are available from SSERC.
5) Comparator with Schmitt trigger: In the op-amp zoo the comparator is the one with a bipolar personality – its output state is only ever high or low.  The comparator often comprises an op-amp with one of its input voltages set by a potential divider and the other from a variable voltage source.  A common problem is noise on the input, causing the output to oscillate wildly.  This can be prevented by ensuring that the output only changes state when the input voltage rises above one set point and falls below a lower set point.  It is done by feeding back a signal from the output to the potential divider network that biases one of the inputs.  The theory is quite simple.  It just depends on resistor networks.  The circuits work as you would expect.  Things to investigate are (1) triggering on a rising edge, (2) triggering on a falling edge, (3) hysteresis (difference in trigger levels).  See Bulletins 146 and 149.
6) Op-amp tachometer:  Op-amps are often used to carry our arithmetic or algebraic operations on signals.  This is what this circuit does.  To begin with you need a small, good quality motor.  Measure the resistance of the windings, R, and then connect a fixed-value resistor of the same resistance, R, in series with the motor and run from a supply, Vs.  Thus Vs = 2Vr – E, where Vr is the voltage across R and E is the motor’s back e.m.f.  Because the speed is proportional to E, by deriving (2Vr-Vs) you get a measure of it.  Apply the p.d. dropped across R to an inverting op-amp with a gain of 2, giving –2Vr.  Apply this to one of the inputs of a summing amplifier whose gain is 1.  Apply the supply voltage Vs to the other input.  The output is (2Vr – Vs).  It works a treat, giving a linear performance.  See Bulletin 163.  You could then apply this in an investigation on motors, or dynamic control, or tachometry.
7) Active bridge:  Take four equal-value resistors and wire them up to an op-amp in the usual differential amplifier circuit except that the inputs are commoned to the supply and the feedback resistor is a resistive sensor.  The output voltage is a linear function of any miniscule change in the feedback resistor’s resistance.  In another version, an op-amp is connected directly to the opposite points of a Wheatstone bridge, maintaining the bridge in balance.  Again there is a linear transfer function between a small change in resistance in one of the bridge’s arms and the op-amp output.  See Bulletin 150 for both circuits and bridge theory.  Another version of an active bridge is the strain-gauge amplifier in Bulletin 171.

8) Differential amplifier:  Its purpose is widely misunderstood.  It is not just a difference amplifier.  Its purpose is that of selecting one signal, often a tiny one, and rejecting another, often noise.  This is explained in Bulletin 185 with three examples.  There is another example in Bulletin 168 (platinum resistance thermometer).  

To finish off, there is a good explanation of the op-amp and negative feedback in Chapter 4 of ‘The Art of Electronics’ by Horowitz and Hill (Cambridge, ISBN 0 521 37095 7).  In the suggested applications with motors, use a small, good-quality motor.  There is a small stock of these in SSERC for sale.  If working at high frequency, don’t go much above 1 MHz or you’ll get into difficulty.  If you wish for further help on these or other op-amp investigations please contact Gregor or me.

Hints/overleaf

Hints on working with op-amps

1) The performance of op-amp circuits is often close to ideal.

2) The performance is normally straightforward, readily understandable and amenable to analysis.

3) The explanations bring in standard theory such as current at a junction, Ohm’s Law, potential division and R-C networks.

4) Discrepancies from the ideal are often caused by external component tolerances and measurement uncertainties.

5) Non-ideal complexities in the op-amp itself can be source of difficulty, but more often than not the problem lies with external components and instruments.
6) Less obvious anomalies can usually be tracked down and attributed to simple physical causes.

7) There is plenty of scope for measurement, observation, analysis, testing, modifying and experimenting.

8) Circuit construction is easy.

9) Most circuits can be built on breadboard in a few minutes.

10) The components are cheap.

11) A good general-purpose op-amp is the TL071.

12) A dual-rail voltage-regulated power supply is needed.  If a mains-operated one is not at hand, two 9 V batteries in series will do instead.

13) Many op-amp circuits with theory and explanations have been published in the SSERC Bulletin.  Reprints of articles are available on request.

14) SSERC also has notes on many unpublished circuits.

15) An op-amp circuit is often the means to an end in some wider application: a current-to-voltage converter to detect a photodiode current; a tachometer to investigate motors; an active bridge with strain gauges to study an oscillating cantilever arm; a piezo sensor, amplifier and comparator to detect the arrival of a transient wave on a sound board; a summing amplifier to amplitude modulate a laser beam.  And so on...
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