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In the last column, I said that we would go on to look at circuits 
that could implement the strategies that we had discussed 

for switching “Switched Mode” electric traction circuits. After 
checking over AME back issues, however, I discover that the 
properties of some essential building blocks have not been 
covered. A major and common component is the “Op-amp”.  
“Op-amp” is a widely, almost universally accepted short form for 
“operational amplifier”. It is funny that whereas electric guitarists 
will use the abbreviation “amp” for any amplifier, electronics 
people will not. “Amp” was already taken as a shortening for 
“ampere” long before any electronic amplifier was ever thought 
of. When the “op” is added to the front, there is no ambiguity, 
and virtually no resistance to the adoption of the term.

Op amps exist in an idealized form in our minds, as the 
idealized form makes it easier to think about how electronics 
things work. Unfortunately, an idealized op amp cannot exist, 
even if idealized components were available to make it. It 
doesn’t obey the laws of cause and effect! However for practical 
purposes, some real op amps come close to the ideal.

An amplifier is a device that takes a signal and makes it 
larger. “Larger” might mean greater in voltage, or greater 
in current, or bigger or stronger in some other way. A good 
mechanical analogy is a power reverser (see next page). An 
idealized operational amplifier is a special case of an amplifier. 

Op - Amps
by Richard Schurmann

An aside
I am enjoying rising to the challenge in preparing these articles 

for AME. I have been very impressed with the process which takes my 
input and makes a lovely spread in the magazine. David Proctor is to 
be congratulated for that part... but remember, you can’t blame him 
for what I write. The page layout software that David runs on his Mac 
does a good job, but sometimes there are issues with my presenting 
material to him unambiguously. Mathematical equations are difficult 
to depict well on a word processor, and I am learning a program 
called LaTeX so I can send him better copy. In the meantime, one 
gremlin “snuk” through. At the top of both columns on page 47 of 
Issue 146 September-October 2009 there is a box that was supposed 
to contain a fraction. The horizontal bar of this has morphed into a 
dividing line, bisecting the box.  The picture below shows how this is 
supposed to be.

I have marked up my copy to correct this, and I suggest that 
other readers do the same.

Back e.m.f.
Supply Voltage

(proportional to speed)
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It has these properties:
1. It has a “differential input”. This means that the input 

is the difference in the voltage between two terminals.  Figure 
18 shows a mechanism that has been laid out in this form for 
my explanatory purposes, but which is not my invention. I first 
encountered this principle in the clutch mechanism of a 1947 
Riley car. The application there was to transfer clutch actuating 
force without pushing the whole motor forward. This mechanism 
transfers a differential movement from one place to another 
(e.g. difference between clutch pedal and chassis reference, and 
clutch actuating lever and bell-housing reference)

2. An idealized op amp does not respond to a common 
mode input. What this means is that if we apply (say) one 
millivolt to the input terminals of an idealized op amp, it doesn’t 

Power Reverser
The Power Reverser as applied to locomotives immediately came to mind when I wanted a mechanical world analogy for an amplifier. Being 
a Victorian, I have had little exposure to such things. The Garratt locos at the Fyansford Cement works tramway had power reversers, and 
a driver once demonstrated the operation to me. One of those Garratts went to the Menzie’s Creek museum, so it has been familiar to 
me since the tramway was closed. I had read that broad gauge loco R711, which was modified and modernized by the West Coast Railway, 
had a power reverser from a South African Garratt. Where does one turn for more information on interesting mechanical engineering 
matters? To AME of course! Dave Harper of the Steam Chest column responded quickly to my email query and sent me Figure 16

Operation
The control rod from the driver’s handwheel or lever moves the top end of a lever (labelled EE on Figure 16). At some point along the 
lever, a connection is made to a valve. If the input moves, this will move the valve and open steam and exhaust passages. This will move the 
power piston, which in turn will move the bottom end of the lever, and the lever 
will return the valve to the lap position.

The cylinder to the right is an interesting feature. It contains oil, which being 
incompressible will “lock” the piston when the valve is in lap. This will prevent 
movement of the reach rod except when the driver makes a change to the 
reverser setting. An important consideration where steam is used as the driving 
medium, and condensation in the steam cylinder could either change the setting, 
or continually demand make up steam. With the extra cylinder, called a “cataract 
cylinder” by some, steam is only used when the driver makes a change, and the 
steam cylinder can be smaller. It only has to be powerful enough to move the reach 
rod: it doesn’t have to hold it firm against reaction forces from the valve gear. Dave 
Harper (who seems to prefer steam plant that is not in the form of a locomotive) 
might be pleased to read that I first saw this hydraulic locking system on the steam 
brake on the winding engine at the Wonthaggi coal mine (must have been the 
1960’s). The English had to use steam in a power reverser, as their locomotives did 
not all have air on tap. Not so in America. Figure 17 is an american power reverser. 
As condensation was not a problem, the second cylinder is dispensed with. 

Figure 16

Figure 17

matter whether we apply:
 (a) zero volts to one terminal and one millivolt to the other, or
 (b) ten volts to one terminal and 10.001 (that is ten volts plus 

one millivolt) volts to the second.
The ten volts, applied to both terminals has no effect. Such 

a voltage applied to both inputs is called a “common mode 
input”.

3. An idealized op amp ignores signals and noise on the 
power supply pins. This is a consequence of very high gain. 

4. An idealized op amp has so much voltage gain that for 
all practical purposes it is infinite.

Imagine a development of the “Power part” of the power 
reverser shown on Figure 16. Imagine that someone had built 
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an “O” gauge Edwin, but with piston valves, and we have one of 
the cylinder assemblies. We take the piston valve and modify it so 
that there is slight negative lap. This means that steam is leaking 
past the valve at all time. As the valve is moved, steam pressure 
is applied to the piston, but for very small valve displacements, 
the piston force arises from differential leakage flows. Now 
take a cylinder assembly from a seven and a quarter inch gauge 
Victorian Railways’ R Class (or any similar size piston valve 
loco). Attach the Edwin cylinder so that the piston rod works 
the valve rod on the R Class cylinder. Then attach this whole 
contraption to the valve rod on a full size (not model)   power 
reverser and supply steam to all three steam chests.

We now have a conglomerate assembly with an extraordinary 
high gain. Just the slightest movement of the Edwin valve stem 
will drive the big 
piston from one 
end of its stroke 
to the other. See 
Figure 19.

T h i s 
e x t r a o r d i n a r y 
mechanism achieves 
its sensitivity from 
the cascading of 
three stages. This 
is exactly what 
is done in an op 
amp. The most 
usual number of stages in an op amp is three, and a voltage 
gain in the hundreds of thousands is routinely obtained. It is 
easy to imagine that such a contrivance would be very unstable. 
Movement of the power piston would cause some vibration 
which would cause a minute movement at the input. Without 
care in the design, such a thing could shake itself to pieces as 
soon as steam is applied. It is proposed to look more closely at 
what determines stability in systems with feedback in another 

column. The methods used to make an op amp stable inevitably 
slow it down, and in some applications this is a problem. Some 
devices are produced without the internal circuitry to make 
them stable, or even provision for such a thing. Such devices are 
called comparators. Comparators are very quick: they usually 
have outputs that provide logic compatible signals, but are not 
stable in amplifier circuits. 

5. An idealized op amp has no input offset voltage. That 
is, if you put exactly zero volts in (between the inputs), you get 
exactly zero volts at the output.

6. An idealized op amp draws no current at the input 
pins.

The circuit diagram symbol for an op amp is shown in 
Figure 20. Just to confuse us, this is also the symbol for a 
comparator. One 
relies on the 
part number or 
context to tell 
which. You will 
notice that there 
are two inputs, 
distinguished by a “+” or a “-” sign. The output is driven positive 
by a positive voltage on the + input, or a negative voltage on the 
– input. These inputs are sometimes called the “non-inverting 
input” and the “inverting” input for obvious reasons.

Let us see what we get when we set an op amp up with a 
few extra components.

In Figure 21  
we see an inverting 
amplifier.

The two 
resistors provide 
feedback in a way 
that is directly 
analogous to the 
use of the lever 
for feedback in 
the Hadfield Power Reverser. See Figure 22.

Figure 18 — Differential Input Mechanism
This consists of two levers placed vertically. They are pinned with a rotating 
joint at their centres. (In this instance the rear one has a large boss attached 
to hold them apart.) A rod representing the "+" input is connected to the 
top of the rear lever, and a "-" input rod to the front lever. The rear lever 
is fixed at the bottom end. Output is taken from the bottom end of the 
front lever. Output responds to the difference in the input positions. Common 
displacement of both inputs has no effect.

(a)
Mechanism in "normal" position

(b)
Plus input moves to the Left
Output moves to the Left

(c)
Minus Input moves to the Left

Output moves to the Right

(d)
Both inputs move to the right the 

same amount
Output does not move

Edwin
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-
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Figure 19

Figure 20 — Op Amp drawing symbol
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Figure 21 — Op Amp inverting amplifier

a
b

 Hadfield Power Reverser  Inverting Op-amp circuit
Uncontrolled Gain  The output is capable of a force  The output is capable of
feature that is very much higher than    providing a current that is 
 the force of the input.  The     very much higher than the  
 maximum force is not well    input current.
 defined, and will be determined
 by external factors (such as
 steam pressure)
Inversion    The output moves in the     The output voltage is of the
 opposite direction to the input    opposite sign to the input
 as determined by the geometry    voltage.
 of the lever EE
Accurately determined  Output displacement 

=
  a    Output voltage 

=
  R2

feature Input displacement         b      Input Voltage         R1

Figure 22
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If the input starts to head off in a positive direction, this 
will raise the voltage at the non inverting input. The output, in 
turn will go negative. It will continue to go negative until the 
non inverting input voltage returns to its original value, that is 
zero volts.Remember that no current passes into the (idealised) 
input pin.

As the current in R1 and R2 is the same, it can be seen 
that the volt drop across these resistors is in proportion to the 
resistances.
Non-Inverting

We could install my differential input mechanism onto a 
power reverser as shown on Figure 23.  This shows a power 
reverser drive in which the direction of the output rod is the 
same as the direction 
of movement of 
the input. I am not 
suggesting that you 
should expect to see 
such a mechanism. 
It is a figment of my 
imagination devised 
solely to provide us 
with a mechanical 
analogy for the non-
inverting amplifier 
using an op amp as 
shown in Figure 24. 
If you study the long 
lever that provides 
the feedback in 
Figure 23, you 
will see that the 
displacement of the 
output is equal to 
the displacement 
of the input 
multiplied by (a + 
b)/b. The voltage 
gain equation for 
Figure 24 takes an 
analogous form.

Trigger with Hysteresis
Feedback can be connected to the “+” (non inverting) 

input. The circuit is then called a “trigger” circuit, or sometimes 
a “Schmitt trigger”. As the input voltage changes, nothing will 
happen at the output until a point is reached where the voltage on 
one input crosses the voltage on the other. When this happens, 
the output will quickly “snap” from one extreme to the other. 
Because of the feedback to the “+” input, the two inputs will 
now be at quite different voltages, and the the input conditions 
have to go back by an amount determined by the resistor values 

before the output 
can “snap” back 
again. Let us look 
at a real example to 
see what effect this 
might have.

I have only 
shown resistors in 
the feedback paths in my op amp examples. Other components 
such as a capacitor, or combinations of components can be 
used.

One occasion on which AME readers were presented with 
an op amp circuit was during the 422 construction series (Issue 
49, page 33). The controller in the 422 project design had a 
circuit that used two op amps. See Figure 26.  This is a circuit 
for generating pulses of variable width, but at a fixed frequency. 
The circuit was presented to the reader without explanation, so 
let us see if it can be explained in terms of the concepts we have 
been exploring.

R1 and R2 form a voltage divider to provide a voltage half 
way between the supply rails. Such a locally determined voltage 
is often called an “analogue ground”. The use of this voltage is 
important as with the particular op amp selected, neither the 
inputs nor the output work over a voltage range that runs close 
to either supply rail.

The first op amp is performing two tasks corresponding to 
the two feedback paths – one to each input. R4 and R5 provide 
positive feedback (that is feedback to the “+” input), thus 
forming a trigger circuit. If the output is high, the + input will 
be higher than analogue ground, and the inverting input will 
have to rise to that high voltage to get the trigger to “snap” over 
to the other state in which the output is low. The same argument 
applies the other way around when the output is low.

Let us consider the position when the output is high, and 
look at the feedback to the inverting input. The capacitor C2 
is charged with current from the op amp output via R3. When 
the voltage on the capacitor reaches the voltage on the + input, 
the op amp will change state. The output is now low, and the 
resistor R3 now charges C2 in the other direction. This proceeds 
until the capacitor voltage again reaches the voltage on the + 
input.

This will continue indefinitely at a frequency determined 
by the voltage extremes that the capacitor voltage varies 
between (determined by R4 and R5) and by the values of R3 

Figure 23
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 Non-inverting Power Reverser Non-inverting Op-amp circuit
 Figure 23 Figure 24
Uncontrolled Gain  The output is capable of a force  The output is capable of
feature that is very much higher than    providing a current that is 
 the force of the input.  The     very much higher than the  
 maximum force is not well    input current.
 defined, and will be determined
 by external factors (such as
 steam pressure)
Inversion    The output moves in the     The output voltage is of the
 same direction to the input    same sign to the input
 as determined by the geometry    voltage.
 of the feedback lever
Accurately determined  Output displacement 

=
  a+b    Output voltage 

=
  R2+R1

feature Input displacement           b      Input Voltage            R1
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Figure 25 — Example of the use of Op Amps. Pulse 
                     Generator from AME 422 Class project

Figure 24 - Op Amp non-inverting amplifier

Figure 25 - Op Amp trigger with hysteresis
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and C2 which will determine how quickly the capacitor voltage 
changes.

The capacitor voltage thus undergoes a continuous 
triangular waveform. the triangles do not really have straight 
sides, but are segments of exponential curves, but that doesn’t 
matter. Figure 27 shows the op amp output waveform on the 
top trace, and the inverting input on the bottom trace.

The second op amp compares this triangle waveform 
with the signal S-WIRE from the driver’s hand control. When 
S-WIRE is higher, the output will be high, otherwise low. The 
idea is that as the voltage on S-WIRE is varied, the proportion 
of the time that it is higher than the triangle wave will change in 
proportion to the S-WIRE voltage.

Today there are hundreds of types of op amps to choose 
from. No one of them meets the “ideal”. To an extent, we can 
pay more money to get closer to the ideal. In most circuits, 
some features will be more important than others, so a circuit 
designer can select an op amp that has the features that are 
important to him. The focus might be on: high speed, rail to 
rail output swing, rail to rail common mode input range, low 
input offset voltage, low input current, low input offset current 
etc. For each case in which a different one of these features was 
most important, a different op amp would be called for.

Of all the op amps on the market, I am going to pick out 
only one for special mention. This is the Fairchild uA741. Over 
the years, this has been copied by many manufacturers, and 
variants such as the national Semiconductor LM741 (used in 
Figure 26) have appeared. The uA741 was released in 1968 when 

there was not the variety of op amps to choose from. Fairchild 
had to make an offering that would have a very wide appeal. It 
was truly a “jack of all trades, and master of none”. I was first 
a project leader in electronic design in 1975. We used several 
different op amps in that project, but no uA741. By 1975, that 
part was already obsolete. It has had a peculiar second life, as it 
is commonly available in the hobby shops. I don’t know where 
the hobby shops get them from, and I would be fearful that 
those around today might not meet datasheet specs if the source 
had not been thoroughly checked.

Figure 27 — Op Amp as triangle generator

Output (pin 6) of IC1

Inverting input (pin 2) of IC1


