DIESEL
TECHNOLOGICAL

BREAKTHROUGHS
THAT DID IT

- Amung all Iucumutlve advancements ' Wl “’ﬁ E
these eight really moved the needle ' .

by Don Graab

iesel-electric locomotive technology has advanced significantly since World War II.
Experience leads me to list these eight technological breakthroughs as the most important
in the postwar period. Important technology developments preceded World War I, but
we began with the era after General Motors’ Electro-Motive Division introduced “The
Diesel that Did It;” the FT [see “FT ... the diesel that did it,” May 1965]. This cab unit
stormed U.S. railroads, demonstrating the value of diesel-electric locomotives. The FT set
performance standards as technology stabilized around a platform of electromechanical systems, chang-
ing the way railroads operated for decades.

Listed chronologically, these eight breakthroughs span 50 years. They do not include diesel engine
advances, as those easily fill another article. Some of the breakthroughs discussed are no longer perti-
nent today, but played a critical role in advancing locomotive technology.

Diesel-electric locomotives find their origin in streetcars. By 1900, lightweight vehicles with two-axle
trucks, wooden carbodies, little heat, and no air conditioning were trundling along many urban streets
powered from above by direct current. A decade later, their big cousins — the interurban cars —
emerged, connecting urban areas. Interurbans owned their own rights-of-way, and often traveled at
frightening speeds, but were early casualties of the automobile. Streetcars and interurbans shared tech-
nology. They both used spring-loaded pantographs, whose carbon brushes grabbed 600-volt DC power
from above, sending electricity to axle-mounted traction motors. Their series-wound shunt motors were
ideal for variable speed control from an eight-position rheostat. Early on, the goal became to say good-
bye to overhead wires and take the power-generating source along aboard the passenger vehicle.
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BREAKTHROUGH:
AUTOMATIC TRANSITION

Automatic transition for diesel-electric
or electric locomotives is analogous to an
automatic transmission for highway vehi-
cles. Why don’t locomotives have mechan-
ical transmissions? A transmission is nec-
essary to reduce the high rotational speed
of the diesel engine to the low speed, high
torque of locomotive drive wheels. Me-
chanical transmissions lack the flexibility
and durability needed for North American
road locomotives. A hydraulic coupling of
the diesel engine and drive wheels is possi-
ble and was briefly used in the 1960s on
locomotives imported by the Southern
Pacific and Denver & Rio Grande Western.
This arrangement lacked flexibility and
incurred high maintenance costs.

& -

An electrical coupling — an electric
generator (later alternators) connected
directly to the diesel engine crankshaft —
is practical. Such rotating equipment pro-
vides the current for electric motors geared
to the driving axles. Thus, we have on-
board power generation replacing over-
head wires supplying electrical power to a
true electric locomotive.

One more step is necessary to make this
work: transition. When the armatures of
DC motors rotate, they create counter or
back electro-motive force that bucks the
applied generator voltage. Back EMF is a
function of motor design and rotational
speed. The faster the locomotive goes, the
more back EMF traction motors create. At
some point, the back EMF becomes great
enough that, when combined with arma-
ture resistance, the locomotive cannot

A Technological advancements in rail diesel
propulsion came together in the Electro-
Motive Division FT — “the diesel that did it" —
with enough success to move motive power
away from steam for good. Trains collection

accelerate further. This can be overcome
with more generator voltage; however, a
rotating generator has its limitations. There
is another solution, requiring changes in
the traction motor power circuit. Since
each traction motor has a certain amount
of inherent resistance, the power circuit
can be rearranged to diminish resistance.
When the traction motors are placed in
series, each motor experiences the most
current and offers the highest resistance.
When placed in parallel, the total motor set
resistance is cut dramatically, and a re-
duced amount of current is available for
each motor. Between the initial series cir-
cuit and subsequent parallel power circuits,
there is an intermediate step. The motors
can be arranged in a circuit that is partially
in series and partially parallel, called series-
parallel, which provides a more modest
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EMD GP7
The road switcher version of the FT

Above, EMD; right, Trains collection

KRAUS-MAFFEI ML-4000
Hydraulic transmission

A DYNAMIC BRAKE The electric energy created by dynamic braking is dispelled as heat from
resistors via the large fan (center) atop the locomotive. This is a new EMD GP60 in 1990. EMD

drop in resistance without as large a reduc-
tion in available current.

The concept works because DC-series
shunt motors excel at producing low-rota-
tional-speed torque but require much cur-
rent to do so. On the other hand, DC service
shunt motors at high rotational speeds need
more applied voltage to keep turning, but
not nearly as much current. The characteris-
tics of DC-series shunt motors fit perfectly
with freight locomotive requirements.

In the early days, operators had to man-
ually throw a transition lever, once or some-
times twice at prescribed speeds, to affect
the circuit change, gaining the necessary ac-
celeration. The reverse was also true. Early
diesel-electric locomotive engineers had to
move a transition lever to actuate “back-
wards” transition when slowing down —
like downshifting in a manual-transmission
truck. In extreme cases, the engineer moved
the brake handle, throttle, and transition
lever, all in short order. Hence, EMD engi-
neers came up with an automatic transition.

For any DC traction motor, whether the
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locomotive utilizes four or six motors, the
point at which transition becomes neces-
sary is definable in terms of current (amps)
and voltage. The EMD solution used cur-
rent transducers and voltage readings to
pick up relays at defined levels. In turn,
these activated power contactors (large,
electrically controlled power switches)

to reconfigure the traction motor power
circuit arrangement. Another version of
combatting back EMF involved placing
resistors in parallel with the field coils of
each traction motor. In some designs,
many steps of changing the amount of par-
allel resistance were included. Eventually,
the output of larger traction alternators,
and the introduction of AC motors, made
transition unnecessary.

BREAKTHROUGH:
DYNAMIC BRAKE

Dynamic braking utilizes the traction
motors as generators retarding forward
motion. For rotating electrical equipment —

motors — there are two inputs and one out-
put. For a motor, the inputs are power to the
armature and field coils. The output is rota-
tional torque. As a DC generator, the same
machine receives inputs of power to the field
coils and rotational torque to the armature,
resulting in an output of electrical energy.

In the early days of diesel-electric loco-
motives, dynamic brakes were viewed by
some railroads as an unnecessary, expensive
option. Dynamic brakes added about 40%
to the electrical circuits of pre-microproces-
sor locomotives. Additionally, the large
resistors (called grids), used to dissipate the
electrical energy as heat, slowly deteriorate
with use. Illinois Central, with flat terrain,
was inclined to use George Westinghouse’s
traditional automatic air brakes. On the
other hand, a mountainous railroad like
Norfolk & Western saw wisdom in the
dynamic brake and ordered this option on
its first diesel units. Doubtless, dynamic
braking on mountainous terrain has aided
operations and prevented accidents.

After the conversion to diesels, dynamic
braking functionality improved. Southern
Railway experimented with extended-range
dynamic braking, which unlike earlier ver-
sions was effective at slow speeds. Dynamic
braking advanced again when a “high ca-
pacity” brake was introduced during the DC
locomotive high-adhesion era (1980-2004).
Dynamic braking became more effective
with AC traction motors, making it possible
to almost stop a train. Even before AC loco-
motives, every North American railroad was
specifying the high-capacity, extended-range
dynamic brake for new road power.

Dynamic brakes are easy to operate,
retard a train’s motion promptly, and con-
sumes none of the compressed air needed
for emergency applications, which might
be made in mountainous territory. Further,
brake shoe wear is minimized, and over-
heated or slid-flat wheels are avoided.



EMD GP40
AR10 traction alternator

Above, Robert Krone; right, Robert Kaplan

EMD SD40-2
Exane™ wiring

A RECTIFYING DIODES are installed on a new EMD AR-10 alternator in 1965. The diodes con-
vert AC generated by the alternator to DC for use by the traction motors. Two photos, EMD

Use of dynamic braking “bunches the
slack” between couplers. This can also be
accomplished with an independent applica-
tion — a brake application independent of
the automatic air brake application on the
cars and locomotives — of the locomotive
air brakes. This practice is contrary to
operating rules due to the probability of
generating flat spots. Further, dynamic
brakes have far more train braking power
than the independent locomotive friction
brakes. Releasing the dynamic brakes is
faster and simpler than releasing the auto-
matic application of the train’s air brakes.

BREAKTHROUGH:
RECTIFYING DIODES

For a long time, locomotive designers
were looking forward to switching from

DC generators to AC alternators. When

it comes to rotating electrical equipment,
brushless motors and generators are desir-
able. Any design that eliminates carbon
brushes reduces maintenance, which
improves reliability.

In 1966, EMD settled on a diode
technology sturdy enough to withstand
the locomotive environment. EMD’s first
traction alternator, the AR10 (Alternator
Rectifier), produced AC current that
was then rectified to DC (for the motors,
since AC traction motors were still many
years away) after passing through diode
banks mounted on the outside of the trac-
tion alternator.

The diode technology expanded
alternator output. This eventually elimi-
nated transition, which further improved
reliability.

BREAKTHROUGH:
EXANE" WIRING

The problems of locomotive wiring
with neoprene insulation were well known
to maintenance workers and EMD by the
1960s. As a result, EMD engineers devel-
oped a new specification for insulating
materials for both control wiring and
power cables. At the time, the issue came
to a head in the extreme heat and humidity
of a Brazilian customer’s mining railroad.

The solution was a new insulating
material. The product, from International
Telephone and Telegraph Co., nearly
matched the specifications EMD devel-
oped. Initially called ITT Surprenant
Cable, this wire with superior insulating
material came to be called Exane™ wiring.
Irradiated with X-rays, the cable was used
on transit cars, oil rigs, and in nuclear
power plants. It performed well in temper-
atures from minus-67 degrees to 257
degrees Fahrenheit, while resisting the
effects of oil, abrasion, impact, water, and
flame. The downside of Exane™ is that for
large conductors, the cable is stiff.

A EXANE WIRING There are miles of wire
inside a diesel locomotive. Being better suit-
ed to the locomotive environment, Exane wire
extended running life to more than 50 years.
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GE B36-7

DC high-adhesion units with solid-state controls

Above, Michael S. Murray; right, Mike Danneman

Exane™ wire, introduced in 1972, great-
ly extended locomotive life, earning it a
place in the top eight. By the mid-1990s,
some late-1960s GP38s had wiring with
crumbling insulation — locomotive arteri-
al heart disease. With no economical reme-
dy, the solution was rewiring the entire lo-
comotive. As a result, many locomotives
were retired after 20-25 years, while thou-
sands of Exane™-wired GP38-2s, GP40-2s,
and SD40-2s remain in service today —
some running more than 50 years.

BREAKTHROUGH:
WHEEL CREEP

Low resistance between steel wheel and
rail makes the railroad fuel efficient. What is
good for railcars, however, creates locomo-
tive problems, particularly in wet weather.
Tractive effort — a locomotive’s pulling
force — divided by the locomotives weight
equals adhesion. Adhesion defines how well
wheels grip the rail. Adhesion increases with
tractive effort, but when adhesion is greater
than the friction between rail and wheel, the

A WHEEL CREEP A Pan Am Railway GP40 loses it footing at a higher speed, causing a shower of sparks. The slippage could damage the trac-
tion motors, wheel, or the rail. One way to decrease wheel creep is with high-adhesion trucks. Union Pacific No. 5355, a General Electric
ES44AC, rides on Hi-Ad trucks introduced with the Dash 9 series in the early 1990s. Left, Robert A. Stein; right, Jeff Wilson
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wheel will slip. It doesn’t take much wheel
slip for tractive effort to decrease. Steam
locomotives had issues with wheel slip, as
did the first diesel-electric locomotives,
which depended upon the engineer to turn
on the sanders and reduce power.

In the 1960s, EMD developed the
Wheel Slip (WS) module and later the
Instantaneous Detection and Correction
(IDAC) module to automatically control
wheel slip. This early system reduced
power to the traction motors when wheel
slip was detected. Even with these systems,
the all-weather average dispatchable loco-
motive adhesion on units like the Dash 2s
was just 18%.

Through years of testing, EMD engi-
neers came to suspect limited, controlled
wheel slip could be advantageous, particu-
larly when compared with severing power
to all motors. Adhesion is greatest when
the wheels are slipping just a little, which is
known as creep. EMD introduced this phi-
losophy with its Super Series system on the
GP40X and increased adhesion to 24%.
The GP50s and SD50s used this technolo-

EMD GP50

gy. Enhancements were made to the wheel
creep control systems until the SD70s pro-
duced 28% adhesion. Today, AC locomo-
tives locomotive can achieve all-weather
dispatchable adhesion of 33%. On good,
dry rail, 44% adhesion is possible.
Controlled wheel creep systems work by
monitoring traction-motor power demand,
torque, the rotational speeds of one or more
motors, and knowing the true ground
speed. At first, motor speed was obtained by
using axle alternators. Today, speed probes
mounted on each traction motor are com-
mon. EMD determines true ground speed
with a radar unit mounted behind the front
pilot. Controlled wheel creep works with a
closed feedback loop system. Utilizing the
known traction-motor electrical torque and
speed characteristics, the horsepower ap-
plied to the rail, wheel speed, and true
ground speed, the control system will allow
limited wheel creep to deliver more horse-
power. Wheel creep is continually adjusted
based on traction-motor torques, horsepow-
er and rotational speeds. Once the full avail-
able horsepower is applied to the rail, wheel
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EMD SD50

Above, Michael S. Murray; right, GE

A MICROPROCESSOR CONTROLS govern
numerous aspects of modern diesel locomo-
tives. They can be programmed to fine-tune
control of a unit and provide the crew with
real-time operating data. Eric Powell

creep stops. Typically, wheel creep is utilized
at low speeds, whereas full horsepower is
applied at high speeds.

EMD patented this technology, but GE
Transportation quickly developed a clever
electrical engineering solution that accom-
plished the same results for its B36-7 and
C36-7 units. Later, the benefits of wheel
creep were reproduced by software in
microprocessor control systems, first with
DC and later with AC traction motors.

AC traction provides superior wheel creep
characteristics as the inverters can better
control power to the motors. This is one of
the factors contributing to the superior
tractive effort of AC locomotives.

BREAKTHROUGH:

MICROPROCESSOR
CONTROLS

By the 1980s, relay logic, often com-
bined with solid state circuits, was rapidly
being replaced across all industries by

GE C36-7

Programmable Logic Controllers (PLCs).
Companies such as Allen Bradley, Fanuc,
and General Electric were producing PLCs
for process control. It was inevitable that
PLCs would be used in diesel-electric con-
trol systems, first appearing aboard the six-
axle GE C39-8 and EMD SD60.

Just as in automobiles, microprocessor
control changed locomotives into soft-
ware-driven vehicles. Thanks to an array
of sensors, locomotive functions from
engine coolant temperature to fuel
consumption are under programmable
control. In fact, separate microprocessors
have been introduced for subsystems such
as diesel engine fuel injection and pneu-
matic brakes. Today, customized software
is written for everything from emission
control to helpful operator information.
When locomotive modifications are
necessary, rather than upgrade or replace
physical components, most changes are
made with new software releases.

BREAKTHROUGH:
ACTRACTION MOTORS

When it comes to fixed-speed applica-
tions, AC motors have dominated for
decades. Adapting AC motors to variable-
speed applications, in lieu of DC motors,
was a slow process. Variable-speed AC mo-
tors were adapted to manufacturing plants,
rolling mills, conveyor belts, mining, and
other applications. With the vigorous de-
mands and complexity of motor controls,
locomotives were one of the last applica-
tions to change to variable-speed AC.

AC motor design was not as much of a
challenge as designing the motor control
system. This was made possible when gate
turn-off thyristor (GTO) technology was
developed by GE. GTOs are high-powered
semi-conductors that function as an in-
verter when controlled by a microproces-

sor, converting DC to AC current. Invert-
ers, however, do not produce a true
sinusoidal wave form. Rather, they gener-
ate pulse-width modulation that resembles
a sinusoidal wave form. The combination
of GTOs and microprocessors make vari-
able-speed AC motors practical in robust,
high-power applications.

Eager to take the lead in AC propulsion,
EMD partnered with Siemens for control
systems and inverters. Siemens adapted an
existing traction motor design to the North
American market with one GTO inverter
driving each three-axle truck. After a few
SD60MAC proof-of-concept units, Electro
Motive rolled out three AC models: the
SD70MAC (4,000 hp); the limited-produc-
tion SD8OMAC (5,000 hp, 710 V-20 en-
gine) and the less successful SD9IOMAC
(intended for the 6,000-hp H engine; most
received a 4,300-hp 710 engine). The new
AC motors increased torque by a whopping
20% over DC predecessors, performed

A AC TRACTION MOTORS, like this GE GEBI13,
have simpler design, allowing finer control
and making them nearly impossible to burn
out from overloading. Greg McDonnell
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EMD SD60OMAC
Prototype AC power

Above, EMD; right, Craig Williams

dramatically better at low speeds, and elim-
inated the “short time” motor ratings re-
quired to avoid overheating DC motors.
GE quickly replicated EMD’s initial suc-
cess with AC traction, introducing its
AC4400 (4,400 hp) locomotive. Despite
BNSF’s huge order of the EMD SD70MAC
for coal service, GE produced more AC
units in the first generation of this locomo-
tive type. An important difference between
the SD70MAC and AC4400 was the use of
GTO inverters. EMD used one inverter per
truck to drive three traction motors. GE
used one GTO inverter per traction motor.
GE developed an extensive marketing cam-
paign directed towards railroad manage-
ment on the advantages of six inverters.
This, combined with the higher horsepower
and reliability of the AC4400 units, led to
widespread acceptance. By 2017, Progress
Rail was also using one inverter per traction
motor — now called “single-axle” control.

BREAKTHROUGH:
DISTRIBUTED POWER

The advantages of long, heavy trains
have been known for decades. Longer
trains require fewer crews and reduce fuel
costs when heavy trains are closely
matched to the tractive effort of the loco-
motives. Today, all Class I railroads are
running more distributed-power trains.

Distributed Power™, as we know it, be-
gan on the Southern Railway during the
innovative time of President D.W. Brosnan
[see “When little trains made big trains,”
February 2023]. As diesel-electric locomo-
tives became more powerful, Brosnan es-
poused the vision of a “1,000-axle train,”
utilizing remote-control, mid-train loco-
motives to make 250-car trains possible.
To achieve this, he tasked the electrical
engineers of his Signals and Communica-
tions department to design a system mim-
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EMD SD70MAC
First-generation AC power

icking the actions of an engineer on the

lead locomotive.

Combining germanium (a shiny gray
semimetal) logic transistors with Westing-
house Air Brake’s electrically controlled
spool valves, the communication engi-
neers used radio (VHF initially, later
UHF) to remotely control the mid-train
locomotives. Southern Railway supplied
drawings and specifications to North Elec-
tric Co. of Galion, Ohio, which produced
the RCE (Radio Controlled Equipment) or
RCS (Radio Control System). Southern
began testing the system in the early
1960s. The first production systems were
introduced in 1965. (North Electric was
purchased by Radiation Inc. of Mel-
bourne, Fla., in 1963.) The hardware was
large and clumsy by today’s standards.
Southern opted to place the radios, circuit
boards, and air brake equipment for re-
mote units in ballasted, M.U.-equipped
boxcars. The perceived advantage was the
ability to use any locomotives in the re-
mote consist. Dedicated control locomo-
tives at the front of the train had hardware
placed on the control stand and in South-
ern’s characteristic high short hood.

In addition to crew and fuel savings,
distributed power offers other advantages:
 Reduced in-train forces make longer

trains less susceptible to coupler and
draft gear failure that leads to break-in-
two events.

o Reduced in-train forces help track struc-
ture by lowering lateral forces between
the wheels and rail in curves.

« Faster, more uniform application and re-
lease of train brakes, as remote units im-
mediately respond to the automatic
brake valve.

o Compared to trains of the same length
and tonnage, distributed-power trains
move across the railroad faster and may
require less power.
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A DISTRIBUTED POWER has become a com-

mon tool giving railroads a number of advan-
tages. Here a Canadian National ES44AC runs
as the rear DPU on a CSX train. Waylon Moore

o Reduction in string-line derailments,
where lightly loaded or empty cars on the
head end are pulled off the rail in curves.

In retirement, D.W. Brosnan, who was
heralded for his many productivity accom-
plishments, promoted using RCE trains.

Santa Fe, Canadian National, Canadian Pa-

cific, and the Quebec, North Shore & Lab-



GE AC4400CW

Above, Nate Shedd; right, Waylon Moore

rador railroads all embraced DPU technol-
ogy. By the 1970s, independent control of
remote locomotives was possible and
Southern Railway began experimenting
with multiple remote consists. After Harris
Corp. acquired Radiation, Inc. in 1967, Lo-
cotrol™ IT was introduced, with smaller
hardware installed in the locomotive cab
and short hood. Locotrol™ I1I followed and
was compatible with Wabtec’s EPIC and
New York Air Brake’s CCB electronic brake
systems. With the introduction of Distrib-

GEET44AH
Tier IV locomotive

uted Power™, GE heralded a technology
that could handle multiple remote consists,
a feature increasingly used today.

While locomotives are assembled on
virtually every continent, North American
designs have been the preferred heavy-
haul motive power. Not only have Ameri-
can locomotives set the standard for rug-
ged, dependable, pulling power, but they
have paved the way for new technology. As
a result, locomotives from EMD, now
Progress Rail, and GE Transportation, now
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Wabtec, continue to offer unrivaled value
for their owners as far away as Africa,
Australia, India, and numerous other
Asian countries. 1

DON GRAAB, a career railroad
mechanical department manager, spent
most of his time in locomotive mainte-
nance-related areas. His railroad career
spanned 39 years. Graab retired as Norfolk
Southern vice president-mechanical, a post

he held for half a decade.
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