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In the last column, Richard showed that the same basic 
circuit could behave in very different ways – depending on 
the switching timing. This time he looks at when to switch on 
and when to switch off. 

Earlier in this series I used two mechanical analogies to help 
explore switched control of electric drives. First I asked the 

reader to imagine a loco driver driving a light engine on the 
level. Most of us have seen the way the regulator is periodically 
opened and shut.

Then I described a magic Demon who worked the control 
lever on a dog-clutch on a mechanism of my own devising. Both 
the locomotive driver and the demon were switching the power 
on and off using very simple (but different) rules for when to 
switch on and when to switch off.

This time I want to look at some of the rules that can be 
used for this, but first let us look at some of the ways of mapping 
between the mechanical world and the electrical one.

Here is one.
Figure 11 shows three boxes with a rod protruding through 

a clearance hole in the top. The three rods are each connected 
to a rigid beam above with a spring balance. The three spring 
balances all register a tension of 1 Newton. Does this mean that 
the three boxes are the same? Figure 12 shows us the boxes with 
the fronts removed.

The left box has 12 identical springs, each stretched out to 
a length of 100 mm.

The middle box has a rigid rod 400 mm long and eight 
springs, each stretched to 100 mm length.

The right box has a rod 800 mm long and four springs, 
each stretched to 100 mm length. If there were to be some 
deflection of the supporting beam above, the effect on the 
individual spring balances would be quite different.

Now let us look at an electrical case.
In Figure 13, the circles with a “V” in them represent 

volt meters, and those with an “A”, ammeters. Consider these 
three sets of black boxes. We can see inside them, but imagine 

that a person 
who can’t see in 
them wants to 
investigate what 
is in the boxes 
by observing the 
meters. For each 
of the three sets 
of boxes, he will 
observe that the 
voltmeter reads 
12 volts and the 
ammeter reads 1 
amp. He might 
conclude that 
all three sets 
of  boxes are 
identical. Of 
course they are 
not identical, and 
he could tell that 
by disconnecting 
the boxes on the 

left from those 
on the right. If 
he were to do 
so, he would 
find that the 
terminals on 
the right box of 
the first set had 
zero volts, the 
terminals on the 
box below have 
four volts, and 
the terminals on 
the right box of 
the third pair 
have eight volts 
between them. 
This might seem 
strange indeed to 
an observer who 
had assumed 
that all the right 
side boxes were 
identical.

Another way of investigating the right side boxes might 
occur to the observer if he were allowed to see inside the left 
side boxes. He could throw the switches and make some extra 
observations.
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This quantity ΔV/ΔI is called the dynamic resistance of 
the left box. We can see that if we applied the formula E = I x 
R and derived R = E/I, we would have obtained a value of 12 
ohms for each box. So we have two distinct resistance concepts. 
Resistance and Dynamic Resistance.

Immediately an analogy is seen between the three boxes in 
Figure 12 and the three boxes to the right in Figure 13. Here are 
some of the relations.

This analogy system is very useful. An electronic engineering 
friend of mine uses it especially well, and he waves his hands up 
and down as he speaks of a voltage rising and falling. He groans 
and pretends that great force is involved when the current is 
high, and likes to use the word “stiff” when the resistance value 
is low. This sort of visualization is very powerful. It is helped 

along by the convention of 
showing the positive rail along 
the top of a circuit drawing 
and the negative rail along the 
bottom.

The analogy we set up 
above between the physical 
world and the electrical world 
has its uses, but what it does 
not do is have a one-to-one 
correspondence between 
the power or energy in each 
domain. There are two analogy 
schemes that do, but we will 
look closely at only one of 
them.

In all types of systems 
that can move energy around 
there are two quantities that 

are required for energy transfer. The product of these is the rate 
of transfer. In the electrical case, there is voltage and current. 
The product of these is power. In the mechanical world there 
is force and velocity. The product of these is power. Of course, 
in a rotary system, then we would look at torque and angular 
velocity.

So, we can map from one domain to the other 
like this:
Voltage      corresponds to    angular velocity
Electric current    corresponds to   torque.

In the case of traction circuits, the electric 
motor is our transducer for transferring between 
the electrical and mechanical domains. The simplest 
motor to consider is a motor where the field is 
constant, such as a permanent magnet motor. In 
such a motor, the Voltage is directly mapped onto 
velocity by way of the “back e.m.f.”, and the current 
corresponds to the torque. Other d.c. motor types 
can be considered as a permanemt magnet motor in 
which the field strength can be varied. 

Most readers will understand what resistance is 
in an electrical circuit, and it is easy to see that there is resistance 
to motion if we have (say) a disc brake on our motor shaft. But 
electrical resistance is not just a concept: it is a quantity that we 
can express as a number. It relates the voltage to the current. The 
formula, Ohm’s law has appeared in these pages many times.

E = I x R           This gives R = E/I
(There are historical reasons that we call the voltage “E” 

and not “V”)
It is exactly the same in a mechanical system. 

If the disc brake on the motor shaft is applying a 
torque to that shaft, then the mechanical resistance 
is given by:
                                             Angular Velocity
Mechanical Resistance   =     ---------------------
                                                   Torque

In the electrical domain we like to think in 
ideals like “voltage sources” and “current sources”. 
Some real components come pretty close to the 
ideals. A lead acid battery is, for example, pretty 

close to an ideal voltage source.
It seems that in the mechanical domain, real things are 

less close to the ideal. This doesn’t mean that the ideals aren’t 
powerful aids to thinking. An O gauge clockwork locomotive 
is pretty close to an ideal “force source”. The clockwork motor 
pushes with a force determined by the spring, and that force 
does not vary much with speed up to a point. The speed of the 
train is determined by the way the drag forces increase with 
speed. A permanent magnet motor on an HO model, when 
lightly loaded, is pretty close to a “constant velocity source”. The 
velocity is determined by the voltage from the controller.

The HO modeller finds that the friction forces dominate 
his train. If he cuts the power, the train just stops, quite 
unrealistically. So he has to provide realistic acceleration by 
gradually increasing and gradually decreasing the voltage to his 
little traction motor.

On the other hand, a full size locomotive is much more 
like the clockwork loco. To a first approximation, it is the 
traction force that the driver controls. He manipulates the 
drawbar pull to accelerate his train. A full sized locomotive 
that had a constant velocity relationship between the control 
handle and the driving wheels would be quite unmanageable. 
The control handle would have to be moved within the very 
tight constraints determined by the velocity profile that could 
actually be obtained with the given train mass (and weight if 
there is an upgrade) and the locomotive power. Any attempt to 
set the controller for any speed outside the ability to accelerate 
the train would just cause wheel slip.

Double heading would be impossible. Whichever 
locomotive was set to a slightly higher speed would do all the 
work, and the other locomotive would be working just as hard 
to pull the speed back to whatever speed it had been set to.

This is the reason that in full size practice, a series wound 

Investigate Black Boxes by varying the voltage applied
 First Box Pair        Second Box Pair          Third Box Pair
Switch   12 volt    10 volt     12 volt    10 volt         12 volt     10 volt
Position and
Voltmeter
reading
Change in -2 volts          -2 volts             -2 volts
Voltmeter
reading, ΔV
Ammeter  1 Amp      0.8333 Amp     1 Amp    0.75 Amp     1 Amp      0.5 Amp 
reading

Change in -0.16667 Amp     -0.25 Amp         -0.5 Amp
Current, ΔI
ΔV/ΔI 12          8          4

Electrical Quantity           Mechanical quantity in        Relationship
in Figure 13           Figure 12   

Voltage above "Earth"       Height above the floor        100 mm corresponds to 1 volt

Current            Tension in the rod or        1 Newton corresponds to 1 
            spring          Amp

Resistance of 1 ohm         A tension spring which        1 ohm (one volt per Amp)
            has zero length at zero       corresponds to
            tension, and 100 mm          100mm/Newton
            length at 1 Newton

Figure 14

“The input voltage is up here, but 
the output voltage is down here!”



Australian Model Engineering46 November-December 2009

motor is always 
selected for d.c. 
traction. It does 
not mean that 
we cannot use 
a permanent 
magnet motor 
on a five inch 
gauge model, so 
long as we set 
out to control 
the motor 
torque, rather 
than the motor 
speed.

With a 
p e r m a n e n t 
magnet motor, 
the speed is 
determined by the voltage, and the torque is determined by 
the motor current. Our traction circuit then must provide a 
relationship between controller position and motor current.

I should stress that having a controller that controls either 
the speed or the torque of the driving wheels are both theoretical 
ideals. In the real world, any traction arrangement will be 
somewhere in between. The clockwork loco drawbar pull will 
reduce as speed increases, as more of the spring force is taken 
up by drag in the mechanism. An HO electric loco will slow 
down as load is applied as electrical resistance takes up some of 
the supply volts.

As described in the previous article, a circuit can operate as 
a Switched Resistor Circuit or a Buck Converter, even though 
the circuit diagram might appear to be unchanged. In Switched 
Resistor operation, the locomotive will behave as if the speed 
is controlled by a variable resistor between the battery and the 
motor. When the speed is low, the available volts will be mostly 
taken up by the resistances in the circuit, and only a small part 
by the motor back e.m.f. In these circumstances, the controller 
is controlling the current, and not the speed. This would give the 
locomotive the desired sort of response to the control handle.

If the proportion of time that the switch (transistors) is 
on, that is the “duty cycle”, is varied directly by the controller 
on a Buck Converter, it will be the speed, not the torque, that 
is controlled directly. Fortunately, we can choose a control 
strategy to give us whatever traction characteristics we choose. 
(We are coming back to where we started with the loco driver 
and demon strategies.)

One method of control of switching traction circuits that 
has been very popular in the small locomotive field is to use a 
triangle waveform oscillator. The triangle waveform is compared 
with a voltage derived from control handle position. Whenever 
the control voltage is higher, the switch (transistors) is turned 
on. Whenever the triangle is higher, the switch is off.  This is the 
system used in the AME 422 Class project.

Characteristics of this system are:
1. The switch cycle time is fixed. It is determined by the 

oscillator frequency chosen at design time. The relationship 
between switching cycle time and the L/R time constant of 
the motor armature circuit might not be known, or taken 
into account.

2. The duty cycle of the switch responds only to controller 
position: none of the prevailing conditions of the circuit 
such as armature current or motor e.m.f. are taken into 
account.

3.  If the full range of  duty cycle is to be provided for on the 
controller, then the driver has to restrict himself to the 
range that is appropriate at any moment. If the locomotive 
is stationary, for instance, and the controller is thrust 
quickly to “Full Speed” position, we will have the the motor 

armature connected directly to the battery and on all the 
time. I believe that there was a warning in the 422 Project 
articles that such a move would trip the circuit breaker.

The use of an oscillator to determine switching time events 
is a very different stategy from that used by the steam loco driver 
with his light engine move. He opens the regulator when he is 
not moving fast enough and closes it when he does not wish to 
increase the speed further. As I remarked before, he does not 
have to  worry about event timing with this strategy. The timing 
will take care of itself. What is important is that he is monitoring 
the movement of the locomotive, and using that information to 
determine his control decisions. This comes under the category 
of “feedback” which we will go into more fully later.
Current Mode Control

The steam loco driver is watching his engine speed and the 
Demon was watching how far his spring was wound up, but 
we can devise a traction controller to monitor traction motor 
current directly. There are several ways of doing this. I will 
describe three.
1. Clocked Current Mode Control

In this scheme, we use an oscillator. When an oscillator 
is used to provide a periodic timing signal in an electronic 
circuit, we call it a “clock”. In this scheme we have provision 
for monitoring the instantaneous armature current. The 
“clock” turns the switch on. When the current rises to a value 
determined by the controller position, we turn the current off. 
The current stays off, regardless of current until the next clock 
event. This scheme is very popular in power supplies in electronic 
equipment. In some circumstances, the ability to determine the 
frequency of switching is important. Melbourne readers will be 
familiar with the buzz from a thyristor controlled electric tram. 
With some trams the buzz gets louder as the driver calls for 
more power, but the frequency does not change. Those trams 
use this scheme.
2. Hysteretic Control

This is most similar to the action of the loco driver in the 
last issue.

In the simplest form of this, the frequency of the switching 
is not predetermined at all.  The switching is controlled by a 
very simple set of rules.

The driver’s controller position determines a maximum 
current.  The simple rules are:
 Rule 1. If the switch is off and the armature current falls to 

less than some fixed proportion of the maximum current 
(say two thirds of it), turn the switch on.

 Rule 2. If the switch is on, and the rising current reaches the 
maximum current value, turn the switch off.

3. Discontinuous Current
In the above control schemes, the armature current is 

flowing continuously with a triangular waveform. However it 
is possible, when current demand is low, to have discontinuous 
current. One way of doing this is to turn the switch on, and 
then off again when the predetermined current is reached. The 
current is then allowed to fall to zero. A pause with zero current 
after such a pulse, will give an average current that will depend 
on the length of the pause. We can thus control the average 
current by varying the pause time.

For the small locomotive application, there is a problem 
with a clocked scheme. At what frequency should the clock be? 
We don’t know, and any design developed in a context such 
as the pages of AME might be called upon to work with any 
of a variety of motors. The other two show promise. Maybe a 
scheme which uses them both would be the go. Next time we 
will start to look at circuits that can play out these strategies.

Richard is at rwombat@exemail.com.au
Richard acknowledges the CAD work on Figure 13 by Ian 

O’Brien, and the work of David Proctor in making the other 
diagrams look acceptable.
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Figure 15 - Traction motor characteristics


