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As an electronics engineer interested in model engineering, 
I have always been interested when electronics is brought 

to bear in some model engineering project. I read the first one 
or two articles about battery electric traction for models with 
uncritical interest, but after a spell working on the design of 
ancillary circuits for full sized electric vehicles, I looked again 
with a more critical eye.

I had become particularly aware of the various factors that 
constrain the switching frequency in a switched mode design, 
and found that some of the rules were being broken.

In January 1982 an article appeared in Model Engineer 
about the construction of a battery electric loco. It intrigued me 
for several reasons. Some reasons which were to do with circuit 
design, I will look at another time, but the choice of switching 
frequency really worried me. Eventually I figured out what was 
going on, and it wasn’t what the author of the article thought!

In some electronic circuits, particularly in filters for 
communication circuits, it is an advantage to have a resistor that 
can have its value changed at will. Of course a resistor value can 
be changed with a “pot” such as is used for a volume control, 
but what about changes that the circuit can make itself with no 
moving parts?

This is commonly done, and the technique is used in 
modems and similar equipment. We can take advantage of the 
fact that if in a circuit we are interested in a certain band of 
frequencies, it might matter very little what happens at some 

frequency far removed. If we are to pass a current in a resistor at 
1 kHz, then if the signal is chopped about a bit at 50 kHz, then 
this might not matter at all.

Consider the circuit in Figure 8

If the switch is periodically opened and closed at 50 kHz 
but with a known but variable duty cycle (that is: proportion 
of time the switch is “on”), then the current in the resistor will 
flow in short bursts. If the bursts don’t matter, and the average 
is what matters, then the average current will vary with the duty 
cycle of the switch.

If the resistor has an actual value of Ra
and the duty cycle of the switch is Ds
and the effective value of the resistance of the circuit is Re
then current in the circuit when it is flowing
 I =  E  
       Ra
When averaged over many cycles of the switch, the average 

current
Ia = D x I

Thoughts on Electric Traction Control Circuits
2. “Switched Mode” –  Two types of circuit

(... and one that is not switched)
by Richard Schurmann

Editor's note: In the table on page 47 of the last issue, right 
column, 5th row: "Provides for input..." should read "Provides for 
output ...". My error and my apologies. ... dp
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   = D  x   E
              Ra
The Effective resistance of the circuit:
Re =   E   =   E  x  Ra    =   Ra
          Ia         D x E            D
So we have a variable resistor that can be varied by varying 

D
The lowest value we can obtain for Re is Ra when D = 1 

(the switch is closed all the time)
The highest value we can obtain for Re is infinity when D 

= 0 (the switch is open all the time)
Of course, we can get any value in between.
Up until 1982, I had only seen this trick used in 

communication circuits. Then I realized that it was the 
technique being used for model loco speed control. The ME 
author explained it clearly. His design aim was that the armature 
current would be proportional to the duty cycle of the switch.

In Figure 9, I show the current waveform claimed for that 
1982 Model Engineer design. This is not exactly the ME diagram 
for copyright reasons, but it shows a redrawing of exactly the 
same information.

If the switching waveform repetition frequency is in the 
range of (say) 50 Hz to 200 Hz, which corresponds to the cycle 
time (“T” in Figure 9) in the range 20 milliseconds down to 
5 milliseconds, then the motor armature and the drive train 
inertia will average out the torque and the velocity components 
at the switching frequency.

The important point is that the voltage difference between 
the battery voltage and the motor back e.m.f. is all accounted for 
as volt drop in resistance. That means power lost as heat. Thus 
in terms of efficiency, this switched resistance traction circuit is 
just the same as a variable resistor type of control. Whereas with 
a variable resistor control, however, the resistor is an identifiable 
component which can be designed with provision for the heat 
that has to be dissipated. As implemented in model locomotives, 
however, the switched resistor control circuit utilizes the internal 
resistances of the battery, the wiring, the switch (transistors or 
FETs) and the motor armature. The heat has to be dissipated in 
these components.

When it comes to heat dissipation, the switched resistance 
circuit is very 
different from 
the true variable 
resistance circuit. 
Consider a switched 
resistance circuit 
with an additional 
resistance in series. 
Compare the two 
circuits in Figure 
10.

In Circuit 10A 
a variable resistor is 
used for loco speed 

control. Let us say 
that the variable 
resistor is set so that 
when combined 
with battery 
resistance and 
wiring resistance, 
R1A is set to 1.1 
ohms.

To this we 
add the armature 
resistance Ra of 0.1 
ohm to get a total 
circuit resistance 
Rtot of 1.2 ohms. 
The loco is travelling at a speed which gives us a back e.m.f. of 
12 volts.

Battery volts minus back e.m.f. = 12 volts and this is the 
voltage dropped across the total circuit resistance Rtot.

Armature Current  Ia = 12   = 10 amps.  
                                    1.2
What is the power dissipation in the armature resistance 

Ra?
P = I2R = 100 x 0.1 = 10 watts
In Circuit 10B the battery resistance, wiring resistance and 

the switch resistance are relied on to provide the volt drop to the 
motor terminal. 

For the sake of the example, I will choose the sum of the 
above resistances R1A = 0.2 ohms.

Let us say that the armature resistance is 0.1 ohms. The 
total resistance Rtot = 0.3 ohm.

To get the same average current as with the Figure 3A 
circuit, the switch is operated with a duty cycle D = 0.25.

 Current when switch is closed = Ic =  12 = 40 amps
                                                           0.3
Average current = Ic x D = 40 x 0.25 = 10 amps. This 

is the same as the average current in the Figure 10A circuit. 
The operation of the locomotive will be much the same in both 
cases.

What is the power dissipation in the armature resistance 
Ra?

During the switch “on time”,
P = I2R = 1600 x 0.1 = 160 watts
But the switch is only “on” for D, or a quarter of the time, 

so Average power in the armature resistance = 160 x D = 40 
watts.

Thus we have:

It has been remarked that with a switched resistor controller 
that “the motors get hot” (see Footnote).

Yes. In my example, which is admittedly chosen to make 
the arithmetic simple, the power dissipation in the armature is 
four times that for a variable resistor control.

In the last issue, I described a control strategy based on the 
“Buck Converter” circuit.  Let us compare the switched resistor 
with that.

Back e.m.f 
12 volts at 
this speed

Armature resistance 
Ra = 0.1 ohm

Figure 10b

R1B

BAT1
24V

SW1

Switched Resistor Circuit

Figure 9 — Current waveform for 1982 Model Engineer 
design

Figure 10a — Variable Resistance 
Circuit

Back e.m.f 
12 volts at 
this speed

Armature resistance 
Ra = 0.1 ohm

Figure 10a

R1A

BAT1
24V

Variable Resistance Circuit

Figure 10b — Switched Resistor 
Circuit

             Variable Resistor        Switched Resistor 
                                     Circuit                      Circuit
Back e.m.f.             12 volts                     12 volts
Average armature          10 amps                     10 amps
current
Power dissipation in       10 watts                    40 watts
armature resistance of
 0.1 ohm

Motor 
Current

timet
T
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Circuit Description:  
Switched Resistor
Provenance
This sort of circuit has been used for many years to 
change the effective value of a resistance. It does that 
well as long as the switching frequency is faster than 
the system that will be controlled by the “variable” 
resistance. Often used for tunable filter circuits (e.g. in 
a modem) Not widely used for traction circuits (see 
advantages and disadvantages below).
Rationale
A circuit that will provide for varying the current in a 
motor as long as the motor speed is less than maximum.
Mode of operation.
Switch the armature current on and off so that the aver-
age current will be lower than the peak value.

At the chosen switching frequency, the resistance and the 
inductance of the circuit acts as a resistor. The induct-
ance causes transients at switching, but these last much 
less time than the “on” or “off” period.

Note that input current = output current
(it is the same current)
Circuit has NO CURRENT GAIN

Circuit Dia-
gram
Diode D1 is in-
cluded to sup-
press spikes due 
to circuit in-
ductance when 
switch goes 
from “on” to 
“off

Circuit Description:  
Buck Converter
Provenance
Widely used in “switched mode power supplies” where 
greater efficiency than a linear regulator is required. 
Used with a traction motor in battery electric industrial 
vehicles and in modern trams (street cars)
Rationale
A circuit that will provide a variable output voltage to 
the armature of a traction motor with the highest pos-
sible efficiency.
Mode of operation
During “on” time of switch, volt drop appears across in-
ductor, storing energy in the magnetic field. During “off” 
time, energy is returned from the magnetic field and 
contributes to armature current.
At the chosen switching frequency, the resistance and the 
inductance of the circuit acts as an inductor.

Note that for maximum efficiency, the output power is 
equal to the input power. That is:

Einput x Iinput = Eoutput x Ioutput

If output voltage is lower than the input voltage then the 
output current will be higher than the input current. 
Circuit has CURRENT GAIN

Circuit Diagram
Diode D1 is not 
a suppression 
component. It 
carries the in-
ductor current 
when the switch 
is off. At low out-
put voltages, the 
diode will carry 
more current 
than the switch.
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Assume: 1 volt drop in switch and in diode D1
                Inductor is lossless
Notes:
1.  95.8% efficiency is the highest that can be achieved due to 

static switch loss
2.  At back e.m.f. = 95.8% of supply volts, switch is on all the 

time.
Advantages
1.  Highest efficiency
2.  Possibility of designing for continuous motor current so that 

peak motor current is not much higher than average. Less 
stress on brushes and less I2R loss in windings.

Disadvantages
1.  Higher switching frequency requires careful circuit design
2.  Not suitable if inductance has high losses.

Assume: 1 volt drop in switch

Notes:
1.  95.8% efficiency is the highest that can be achieved due to 

static switch loss.
2.  At back e.m.f. = 95.8% of supply volts, switch is on all the 

time.
Advantages
1.  Switching frequency is low so special care to minimize 

switching losses not required.
2.  Circuit design task is simpler
Disadvantages
1.  Low efficiency, especially at low speed. The efficiency is not 

higher than with a variable resistor between the supply and 
the motor.

2.  Particularly at low speed, the peak current is very high, and 
this places a high demand on the brushes.

3.  Power loss (I2 R) is very high in battery equivalent series 
resistance and in motor winding resistance.

Unfortunately, we cannot identify for comparison the 
dissipation in the armature resistance in the Buck Converter 
case, as this will depend on the extent to which the armature 
current varies over the switch cycle.
Conclusion

I have compared three types of electric traction control 
circuits:

1. Variable Resistor
2. Switched Resistor
3. Buck Converter.
Whereas, one would assume that the variable resistor 

would be the least efficient, I have shown that the switched 
resistor is just as bad in this respect. Power dissipation in major 
components (I chose the motor armature for my example) is 
actually worse in the switched resistor. Whereas in a variable 
resistor circuit, the variable resistor can be designed for the 
power dissipation, in the switched resistor circuit, lost power 
dissipation occurs where it is not wanted (battery, and motor 
windings). This gives rise to a need for fans in some cases. Fans 
are not generally used in electric fork trucks, golf buggies etc. 

which use a Buck Converter circuit.
The Buck Converter is the highest in efficiency, being the 

only circuit of the three in which the average armature current 
can exceed the battery current. Comparison is complicated by 
the confusing similarity between the switch resistor and the 
Buck Converter circuits. Indeed when the circuits are simplified 
to show only the heavy current parts, they are identical.

Next, I would like to look at the task of that Demon who I 
identified in the last issue (#145, July-Aug 2009). That is “What 
strategies can we use in deciding when to switch on and when 
to switch off.” 

In the last issue the author asked for help with copies of 
some ME articles, which he required for research in this series. 
He now has them thanks to readers Mike Kingham (UK) and 
Peter Brown.  Thanks Guys!

Footnote:  1. A 5" gauge NSWR 422 class Diesel Outline 
Locomotive Part 10.  AME no. 49 (July-August 1993)  “C-40’s 
do run hot”.  This is P76 in NSWGR 422 Class Diesel Electric 
Locomotive AME publication.

Efficiency of Switched Resistor

Back e.m.f.                        Proportion of input power
                                        that is available for
Supply Voltage                   conversion to mechanical
(proportional to speed)     energy at motor
95.8%       95.8%
80%       80%
60%       60%
40%       40%
20%       20%

Efficiency of Switched Resistor

Back e.m.f.                        Proportion of input power
                                        that is available for
Supply Voltage                   conversion to mechanical
(proportional to speed)     energy at motor
95.8%       95.8%
80%       94.75%
60%       93%
40%       89.5%
20%       79%


