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Thoughts on Electric Traction Control Circuits
“Switched Mode” – Mechanical Analogies

by Richard Schurmann

2. The cycling took place at an appropriate time scale. If the 
circumstances demanded power on for one fifteenth of the 
time, then “on” for 100 milliseconds and the “off” for 1400 
milliseconds would not have been appropriate. That would 
be too fast to work the regulator handle, and anyway, the 
minimum “on time” had to be sufficient for a couple of 
strokes of the piston at least.  Neither would “on” for one 
minute, and “off” for fourteen minutes.

3. Mode of control.
Whatever the appropriate time scale for cycling the power 

on and off, the driver did not use time as his measure. He was 
monitoring instantaneous conditions and acting accordingly. In 
this case he was applying skill in setting up his algorithm, but 
the algorithm was very simple.

(a) If speed is lower than lower limit, open the regulator
(b) If speed is above upper limit, close the regulator.
Note that no measure of time is used in these simple rules. 

Follow these rules and the timing will look after itself.
 In a situation such as this, the time during which the 

regulator is open is only a small part of the journey time. 
When the regulator is open, the locomotive is being driven, 
but as well, energy is being stored in the kinetic energy. For 
most of the distance and most of the time, the locomotive is 
carried forward by the stored kinetic energy.

Before I move on to the electronic case, I want to suggest 
a variable speed drive mechanism, which although probably 
impractical, is very useful for making some key points clear. I 
have sketched the mechanism in Figure 1.

This mechanism consists of several components in line. 
The first is an electric motor M. This is of the substantially 

constant speed type. Maybe it is a 
squirrel cage induction motor. Next is 
flywheel (FW1). This is large enough 
to substantially isolate the mechanism’s 
torque variations from the motor. We 
are all familiar with the role of a flywheel 
in smoothing out variations in torque 
from a source of energy such as a four 
stroke ic engine. It does not stretch our 

Out in the flat wheat country, the railway yards used to be 
long because the wheat trains were long. When a steam 

loco driver was asked by the shunter to make a light engine 
move from one end of a yard to the other, he would open the 
regulator and allow the loco to accelerate to the maximum of 
the speed range he had selected for this move. He would then 
shut the regulator and allow his engine to coast until the speed 
was at the minimum of the speed range. He would then open 
the regulator again and repeat the cycle.

Why did he drive like this? I am not a loco driver and 
can only surmise. Driving light-engine on the level is the lowest 
power manoeuvre he could encounter (apart from rolling down 
hill). His regulator probably did not provide for convenient 
throttling at such a low flow rate. Even if it did, condensation 
on the cylinder wall would probably account for more steam 
than moving the piston. If the engine was 
superheated, then perhaps some advantage 
could be taken of really hot superheater 
elements if steam is taken in short bursts.

Whatever his reasons, it worked for 
him. Aspects of this situation that make it 
valuable as an analogy for us are:
1. There was a store to hold energy to keep 

the engine moving between power 
bursts (in this case, kinetic energy)
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QR 1096 makes a light engine movemment in Dalby yard on 28 
September 1969         Photo: late Graham Bailey
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imagination when the flywheel smooths variations in the load 
rather than the engine. The second item is the dog clutch (C). 
This is engaged and disengaged by a mechanism that we will 
not worry about for now. Imagine a demon, rather akin to 
“Maxwell’s Demon” who works the clutch lever back and fourth 
according to some clever rules. I use the word “demon” and 
invoke Maxwell as a guide to thought here, to indicate that this 
is an aspect of this imaginary system that I have not thought up 
a mechanism for. 

The fourth item is a ratchet wheel and pawl (R). This 
ensures that although the output from the clutch will rotate 
when the clutch is engaged, it will not rotate in the other 
direction when the clutch is disengaged. The fifth item is a 
spring (S).  Something like a large clock spring would be most 
suitable here, but a helical spring is depicted just because it was 
easier to depict clearly on the drawing. The mechanism that 
I have created in my imagination for this example is easier to 
imagine than it is to draw. Fortunately, my wife, who is an artist, 
has illustrated the demon who has taken human form.

The last item is another flywheel (FW2) which is large 
enough to smooth out variations in torque provided by the 
spring. Not shown is a load for this contrivance to work. There 
is a torque in the output shaft at the right of Figure 1.

Let us set it going. The input shaft rotates at constant 
speed. The demon engages the clutch and then disengages it 
when the spring is partly wound. As is the way with demons, 
he is not limited by ordinary practical considerations, and he 
can periodically engage and disengage the clutch at whatever 
frequency he chooses. Let us imagine that by working his lever 
back and forth, he has the clutch engaged 25% of the time. The 
speed at which he works the lever through its cycle is such that 
the spring tension only varies a small amount.

Because of the flywheel on the output shaft, it turns at 
pretty well constant speed. As conditions are stable, there is no 
nett gradual increase or decrease in the spring tension. As the 
spring is being wound for a quarter of the time at one end, and 
is being unwound continuously at the other, we see that the 
output shaft is turning at one quarter the angular speed of the 
input shaft. The output shaft has the spring torque applied to 
it all of the time, whereas the input torque (at the motor) is a 
smoothed out or averaged torque that has the same average as 
the clutch torque that is only applied to the spring for a quarter 
of the time, we see that the average output torque is four times 
the average input torque. Where is the extra torque coming 
from? From the pawl on the ratchet.

In our idealized mechanism there are no frictional losses, 
so we have:

(Averaged) input angular velocity = ωI

(Averaged) input torque               = MI

Input Power                                 = PI = ωI x MI

(Averaged) output angular velocity = ωO = ωI/4
(Averaged) output torque               = MO = 4 MI

Output power                                = PO = ωO x MO

                                                              =  ωI/4 x 4 MI

                                                              = ωI x MI

                                                              = PI

That is, there is no loss of power. It is, of course a 
characteristic of any lossless speed varying mechanism that if 
the speed varies by some factor, the torque or force varies as the 
inverse of that factor. In this case, ¼ and 4. (Think of a gear box, 
or for a much simpler case, a lever.)

The torque and speed at various points in this mechanism 
are represented in Figure 2.

In a situation such as this, the time during which the clutch 
is engaged is only a small part of the  time. When the clutch is 
engaged, the output shaft is being driven but as well, energy is 
being stored in the spring. For the rest of the time, the output 
shaft is driven by the energy stored in the spring.

This is Sparks and Arcs, and I have been painting word 
pictures of purely mechanical things. Let us look at one 
possible electrical analogy of my Demon controlled speed 
varying mechanism. In electronics, we use the word “topology” 
for a generalized circuit arrangement that takes into account 
the principle of operation but not the choice of individual 
components. The topology that corresponds to my mechanical 
contrivance in Figure 1 is called a “Buck Converter”.

A circuit is shown in Figure 3.

The correspondence between each component in the 
mechanical system and in the electrical one, is laid out in the 
following table.

 As in the mechanical case (if we ignore losses) the ratio 
of the output voltage to the input voltage will be equal to the 
duty cycle of the switch. If the switch is on for less than all the 
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Component in mechanical  Corresponding component  Function
system in electrical system
Motor or Engine (constant Battery (constant voltage) Energy source
speed) M BAT 1 
Input Flywheel FW1 Capacitor C1 Smoothes out variations in
  instantaneous input power
Dog Clutch C Switch SW1 Connects input to energy 
  storage element
Ratchet and Pawl R Diode D1 Provides for input to continue 
  when no energy is coming 
  from input
Spring S Inductor L1 Stores energy when input 
  applied, and returns energy to 
  the system when input
   disconnected
Output Flywheel FW2 Capacitor C2 Smoothes out energy 
  variations in energy transfer
   from energy storage element
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time, then the output voltage will be lower than the input: the 
output current will be higher, and the extra output current will 
be provided by the diode.

The “switch” in a circuit such as this would be a transistor or 
a MOS FET or some similar device. We use a switch symbol in 
a circuit model like this to indicate that the device is performing 
a switching function and that we are not restricting ourselves to 
any particular device type. When we show functional elements, 
rather than physical components in a circuit, we refer to it as a 
“circuit model”.

With a circuit with time varying waveforms it is always 
important to distinguish between current waveforms and voltage 
waveforms. The current waveforms for the Buck Converter are 
exactly the same as the Torque Waveforms for my mechanical 
contrivance. See Figure 2.

The Switch Current corresponds to the Clutch Torque.
The Diode Current corresponds to the Ratchet/Pawl 

Torque.
The Inductor Current corresponds to the Spring Torque.
Turning away from proper Buck Converter operation for 

a moment, I am going to imagine that the switch is closed, and 
left closed for much longer than the time for which the inductor 
can be regarded as “ideal”. The current will rise. If the inductor 
and the other components were “ideal”, then the current would 
rise without limit. Unlike my mechanical contrivance, the 
electronic Buck Converter is made of components that have 
defined real-life shortcomings. In particular, every component 
will have actual or equivalent series resistance. If the switch were 
left closed, the current in the inductor would rise until it was 
limited by the series resistances in the battery, switch, inductor, 
load and wiring. (There is a phenomenon called “saturation” in 
inductors that also sets a limit to a linear rise in current, but I 
will not consider that just for the moment.) That is unless some 
component blew up first. This would most likely be the switch. 
A transistor or a MOSFET here would most likely be the least 
robust part. Of course, if the volt drop in the resistances (other 
than the load resistance) became significant, then that signifies 
energy loss.

It is also instructive to look at a case which is partly electrical 
and partly mechanical. For simplicity, I will ignore losses.

I am going to take the case of a permanent magnet 
d.c. Motor, or a shunt motor with separately excited field. 
An accepted way of modelling this (see for example http://
www.ctc-control.com/customer/elearning/servotut/younkin/
driveMotorEquations.pdf ) is as shown in Figure 4.

Note that this “standard” or canonical model of the motor 
covers the Armature Inductance La, the Armature Resistance 
Ra, (which would include an allowance for volt drop in the 
brushes) and a voltage source symbol to represent the “back 
e.m.f.”. The voltage is V = Ke.ω where Ke is a parameter of the 
motor called the “Motor Voltage Constant” (measured in volts 

per radian per second). ω is the angular velocity of the motor 
shaft, measured in radians per second. We can convert to other 
units, such as rev. per minute as required. The use of the circle as 
a component designator might not be familiar. This component 
symbol is the “circuit model” symbol for a voltage producing 
element, sometimes called a “voltage source”.

It is often the case in a circuit model such as this that 
we assume that all components are linear. That is that they 
exhibit straight line relationships. Sometimes this assumption 
is very accurate, and some times it is an approximation that 
we have to take into account later. The volt drop in a motor 
brush/commutator combination is not a “linear” resistance, 
for example. Often we can ignore such quirks, as long as 
we remember to make sure that they do not invalidate our 
conclusions. We can incorporate this motor model into our 
electrical circuit as shown in Figure 5.

The similarity between our circuit model of a motor drive 
circuit and the Buck Converter as shown in Figure 3 is obvious. 
In a motor drive circuit, we would usually rely on the battery 
impedance (resistance) being very low, so we can dispense with 
a capacitor on the input. We do not need a capacitor on the 
output either, as we can rely on the armature inertia to smooth 
out the switching pulses. This is just as well, as the location of 
the output capacitor in the Buck Converter is not accessible to 
us. The circuit model armature inductance La and the armature 
back e.m.f. are characteristics of the same component. There 
is not a point in the real circuit representing the connection 
between them.

The motor back e.m.f. Represents motor speed, so we 
see we have a means of varying the motor speed by directing 
the Demon to choose a varying duty cycle for the switch. If 
the speed is very low, then the armature current will be much 
higher than the battery current, and most of the time. When 
the switch is closed, the motor is being driven but as well energy 
is being stored in the inductor. For most of the time, the motor 
is powered by the energy stored in the inductance.

armature current will be circulating through the diode.
If we replace the circuit model for a motor with a real 

motor, we get the circuit shown in Figure 6.
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The current waveforms for this circuit are shown in Figure 
7. The similarity between these how these currents relate and 
how the torques relate in my mechanical analogy as shown in 
Figure 2 is obvious.

With a circuit such as this, there is a fixed “full speed” that 
corresponds to the switch being closed all the time. At any other 
speed, some of the armature current originates in the armature 
inductance and circulates in the armature via the diode D1. 
The lower the speed, the less of the armature current will pass 
through the switch and the more will pass through the diode. 
Indeed at speed less than half speed, more than half of the 
armature current will be diode current. The diode in this circuit 
is a critical component passing a large portion of the armature 
current. It is not an “inductive spike suppression” component.

Turn back to the mechanical model (Fig. 1.) and imagine 
what would happen if the Genie engaged the clutch and left it 
engaged even when the spring had wound up as far as it could go. 
We now have two flywheels turning at different speeds suddenly 
connected together rigidly. Here we have, in our simple analysis, 
an “irresistible force meets an immovable object” situation, and 
we have to take into account real life frailties and complexities to 
imagine what would happen. Would the shaft or spring break? 
Would a key holding one of the flywheels shear? We don’t know 

without a much more complex and detailed description. The 
simplified description of the mechanism applies only so long as 
the spring is working in the linear part of its range. The same 
thing applies to the electrical case. The operation of the Buck 
Converter only exhibits Buck Converter characteristics whilst 
the inductor is worked in a linear part of its characteristic and 
the instantaneous currents are low enough that the volt drops 
in the inevitable real-world resistances are small compared with 
the volt drops in the idealized circuit elements.

Circuits utilizing this principal are used with series wound 
motors as well. With a series wound motor, a very much larger 
inductance, the inductance of the field winding, is available. Such 
an arrangement is used for the electric traction in modern street 
cars (trams) and electric fork lifts. The large inductance provides 
for very much longer switching cycle times. A Melbourne tram 
can be heard buzzing at about 50 Hz, whereas a permanent 
magnet motor drive in an electric wheelchair might switch at 
tens of kilohertz.

If a Buck converter is run with very much longer switch 
“on” time than that required to raise the inductor current to a 
value within its linear range, it isn’t a Buck Converter any more. 
The efficiency will fall, and the losses in unavoidable circuit 
resistances will rise.

In a following article, I will explore the case where the 
circuit resistances play a major part in circuit operation. Let’s 
explore the function of the Genie after that.
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In researching this article, Richard found some articles from 
a series in "Model Engineer" in 1991. The author was Mark 
Phillips. Part 3 of the series was in Vol 166 No. 3890 1-14 Feb. 
and part 5 was in Vol 166 No. 3894 5-18. Richard does not have 
access to other numbers of this series, and would like to hear from 
any reader who has, particularly the part with the circuit diagram 
and operation explanation.

Richard was unable to prepare finished diagrams, and would 
like to thank David Proctor for the fine finish on the graphs, and 
Alastair Smart of Omnitron Technologies for the circuit diagrams.

Richard is at rwombat@exemail.com.au


