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CHAPTER 5 

Vehicles and Propulsion Systems 
With some exceptions, trolley buses in the United 
States and Canada have been completely dependent on 
external electricity. But in Europe the practice 
has been to provide some form of auxiliary drive 
system. European trolley buses built before 197 0 
usually had a battery-powered auxiliary drive, ade
quate for maneuvering within the garage or moving 
out of an intersection in case of power failure. 
Speed was a walking pace, and the battery would be 
exhausted after only 100 yards or so. The new trol
ley buses built for the Vancouver system have such 
an auxiliary drive unit. A system that uses a chop
per to convert the battery power to a higher voltage 
and thus obtain greater speed will be tested in 
Dayton as noted earlier. 

Most European trolley buses made in the last 
decade use a small gasoline-engine generator. Small 
diesel engines are also used, notably in the newer 
French trolley buses that have an air-cooled unit 
rated at about 60 kW. The greater power and the 
durability of the diesel enable these buses to be 
used for some regular off-wire service. 

Without these special provisions, trolley buses 
can only operate on power from electrification. 
Because the vehicle can be driven away from the 
overhead wires, the question posed is: Should a 
trolley bus be able to operate at all away from the 
electrification and, if so, to what extent? Dif
ferent users, as well as manufacturers, have devel
oped different answers. Some of them are high
lighted here in a consideration of modern propulsion 
systems, of specific off-wire operations, and of 
procurement, maintenance, and design . The Selected 
Materials section of this chapter includes both 
specially prepared papers and summaries of slide
only presentations. 

PROPULSION SYSTEMS 

Four representatives of manufacturing companies in 
the United States and abroad joined in a panel dis
c ussion of propulsion systems with proven track rec
ords. The participants were George Swartz, Swartz 
Engineering Company, Lynnwood, California; Kurt 
Vollenwyder, Brown Boveri (Canada), Ltd., Quebec; 
Jacques Soffer, Alsthom Atlantique, New York City; 
and Thomas C. Matty, Westinghouse Electric Corpora
tion, West Mifflin, Pennsylvania. 

The companies all had recently manufactured DC 
chopper propulsion systems for trolley bus fleets in 
Seattle, Philadelphia, Edmonton, Vancouver, St. 
Etienne, and Nancy . Brown Boveri produced the first 
chopper for a North American trolley bus, supplying 
a prototype to Vancouver in 1977. Although the 
design philosophies of the four companies (systems) 
are different, the fact that all focus on choppers 
suggests that this technology has become well ac
cepted. 

A DC chopper is electronic in nature and regu-

lates the power delivered to the DC traction motor 
by rapidly switching line power on and off. The 
pulses are produced at a rate of about 200 to 400/ 
sec. By varying the width of the pulses, the aver
age "on" time can be controlled from a few percent 
to nearly 100 percent. The circuit is arranged so 
that the current in the motor builds up or decays 
slowly, requiring the time of several pulses to ap
proach steady state. Therefore, the current can be 
regulated to a reasonable approximation of DC at any 
desired value within wide limits. 

Three-axle trolley bus of Solingen, West Germany, under the Wuppertal Mono
rail, was built in 1972 and has axuiliary propulsion via a VW engine (photo
graph by J.P. Aurelius) 

The chopper is theoretically lossless, so the 
system is more efficient than older rheostatic de
signs that dissipate power in resistors while the 
vehicle is accelerating to running speed. varying 
claims for energy savings have been made, but it is 
reasonable to expect savings of about 25 percent 
compared with rheostatic control on heavy in-city 
routes with schedule speeds of about 10 miles/hr. 
Electrical propulsion systems usually do much of the 
vehicle's braking, with the energy of motion dissi
pated in a resistor instead of in friction ele
ments. With chopper systems it is possible to re
generate much of this energy back into the overhead 
wires so that another coach can use it, thus reduc
ing overall energy consumption still further. Both 
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the Westinghouse and the Alsthorn-Atlantique choppers 
are equipped for regenerative braking 

The duration of the chopper pulses is regulated 
in a stepless fashion. In contrast, the mechanical 
switches in a rheostatic control vary the resistance 
in discrete steps, typically with about 15 to 20 
levels. The smoother control and reduced jerk rate 
improve ride quality and reduce driver effort. The 
improvement is especially noticeable at low speeds. 

Last, the chopper does its heavy-current switch
ing with electronic devices (thyristors) rather than 
with mechanical contactors. Contactors, when oper
ating under high loads, draw arcs that erode and pit 
the contact tips. They must be inspected regularly 
and the tips must be dressed or replaced as nec
essary. Conventional controls have mechanical parts 
such as relays, cams, and drums that require adjust
ment to function properly. The chopper saves main
tenance cost by eliminating much of this frequent 
inspection, minor repair, and adjustment. 

A critical item in designing chopper systems is 
cooling the power semiconductors. In some early 
designs the power used by low-voltage fans was 
underestimated and the vehicle battery would run 
down. Fans move a lot of air, which inevitably 
involves a considerable arnoun t of dirt. It is a 
serious design challenge to first minimize ingestion 
of dirt, road salt, and water, and then to remove 
the remainder with a filtering system that is effec
tive and easy to maintain. The four chopper systems 
discussed handle cooling in different ways. 

Tne Randtronics unit (described by Swartz) and 
the Brown Bover i unit use fan cooling. Some 219 
trolley buses were built with Randtronics systems 
and have been in service for about 3 years. Despite 
considerable care in design, there has been some 
trouble with ingested salt, and there are signs of 
gradual dirt buildup on the heat sinks. The fans 
also require maintenance. The Brown Bover i trolley 
buses for Edmonton have not been in service as long, 
but the firm's European arm has been building trol
ley bus chopper systems since 1968. 

The Westinghouse chopper is cooled by natural 
convection. The heat sinks are massive, with large 
passageways for slower-moving air. This approach 
avoids the energy consumption of the fans and pro
vides surfaces that can be cleaned when necessary. 
It is more difficult, however, to filter the air 
when it is not moved by fans. The Vancouver fleet 
is just entering service, so it will be a while be
fore the success of this approach is proven. 

Alsthom-Atlantique places the power semiconduc
tors in a sealed vessel filled with R 113 freon. 
The vessel is fanned and cooled by natural convec
tion, with no filters needed. The vessel is costly, 
but it is compact, provides full insulation for the 
power components, and avoids contamination of the 
electronic devices. The liquid is in intimate con
tact with the surfaces of the semiconductors and 
allows higher current ratings at acceptable junction 
temperatures, compared with metal heat sinks. The 
freon-cooled vessel has been used on rapid transit 
and railroad equipment as well as on trolley buses. 

Advances in electronics have enabled reductions 
in the size and component count of chopper cir
cuits. Comparison of choppers designed to fit the 
space of an engine cradle shows the Brown Boveri and 
Westinghouse units (designed in 1980-1981) to be 
simpler and less crowded than the Randtronics unit 
(designed in 1977-1978). Lower costs for power 

semiconductors make it practical to use thyristors 
for the power/brake transition (Alsthorn and Westing
house) and the reverser (Westinghouse). Much of the 
logic in the Westinghouse unit is software-driven 
using a microprocessor. This approach simplifies 
the hardware and makes it easier to debug and opti-
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Electronic chopper equipment appears in a Philadelphia trolley bus (photograph 
by J.P. Aurelius). 

rnize the system. Software changes can be retro
fitted in an existing fleet by replacing read-only 
memory chips, which are inexpensive plug-in cornpo
n ents. Chopper propulsion systems can, and should, 
be of modular design with diagnostic features so 
that in the event of a failure the subassembly con
taining the fault can be isolated and quickly re
placed. 

In the future the trend to better cooling, lower. 
component count, and replacement of mechanical parts 
with semiconductors will continue. Choppers wil 1 
operate at higher frequencies, allowing the use of 
smaller inductors and capacitors in the input fil
ter. Microprocessor logic and regenerative braking 
will probably become more common. Fault memory 
would be a useful feature so that intermittent-type 
failures can be detected and located when the bus 
gets back to the garage. 

Thyristors start the flow of current on command 
but cannot stop it; a separate "commutating" circuit 
using another thyristor does this. The gate turn
off thyristor, just becoming available, can both 
start the current and stop it. This greatly simpli
fies chopper circuits. In fact, the gate turn-off 
thyristor may make three-phase inverter systems 
practical for trolley buses, suppl'anting the chop
per. This circuit is more complete but it drives an 
induction motor, which is lighter and less costly 
than the DC traction motor and has no commutator or 
brushes to maintain. 

OFF-WIRE PROPULSION 

Torn E. Parkinson of Vancouver, representing BC Tran
sit, and Charles Weinstein, Garrett AiResearch Manu
facturing Company, joined to explore off-wire pro
pulsion systems. The former presented his views in 
a paper and the latter in a slide presentation. 
Both are summarized here. 

Most North Arner ican trolley buses have no off
wire propulsion capability; without 600-V overhead 
power they cannot move at all. This minimizes 
weight, complexity, and cost, but creates opera
tional problems when a street is blocked or a bus 
stops on an insulator. Off-wire capability mini
rnizes these difficulties, and some overhead wiring 
can be eliminated in maintenance areas, some short
term loops, and emergency routings. 

The question was asked: Is it worthwhile to put 
batteries or an engine-generator on every trolley 
bus to gain these advantages? Auxiliary propulsion 
adds 0.25 or 0.50 ton to the weight of the bus and 
costs perhaps $4,000 to $10,000. These are low-
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performance systems with a top speed of 6 miles/hr 
for a simple battery and 18 miles/hr for Garrett's 
battery system with chopper or a smaller gasoline
engine unit. The speed is much less uphill with 
these systems, decreasing to about one-third on a 5 
percent grade. 

The dual-mode vehicle operates in regular service 
both on the wire and off-wire. A large fleet of 
"all-service vehicles" was operated in New Jersey in 
the 1930s and 1940s. They had an engine and genera
tor, traction motor(s), trolley poles, and a control 
system. They were also equipped with motorized 
retrievers and mechanical latche,s so that the driver 
could raise and lower the poles without leaving the 
driver's seat. Special guiding funnels were placed 
in the overhead at locations where the buses came 
back to the wire. Both elements are necessary if 
buses are to operate on and off the wire in regular 
service. 

Dual-power buses can use diesel propulsion or 
stored energy when off-wire; batteries and flywheels 
are the principal means for storing energy. A sec
ond full-performance propulsion system is both heavy 
and costly. For diesel propulsion an engine of at 
least 150 kW output is needed, plus a hydraulic 
transmission, drivelines, clutches, and at least 60 
gal of fuel capacity. 

The flywheel system developed by Garrett adds 
about 1 ton to the weight of the bus and stores 16 
kWh of energy. A battery of similar storage capa
city will weigh as much or somewhat more, in addi
tion to the weight of the charging equipment. 
Equipment to raise and lower the poles is addi
tional. Operating character is tics of the two sys
tems differ, but in gross terms they can perform a 
similar mission. This amount of energy will give 
full performance for about 5 miles without heating 
or air conditioning. 

This series of three pictures shows the automatic rewiring sequence on the Ger
man Duo-Bus developed by Mercedes-Benz and Dornier under a West German 
federal research program (photograph by J . P. Aurelius). 

The lifetime requirements for a successful energy 
storage dual power vehicle are stringent. Trolley 
buses average about 25,000 miles/year or nearly 100 
miles/weekday. With a 16-kWh energy storage system, 
about 20 charge-discharge cycles would be needed for 
an average daily mission. If the route is half 
wired so that the storage system is charged while 
the bus continues in service, the number of cycles 
is cut in half. Each dual-power vehicle must dis
connect from and connect to the overhead wires about 
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10 times daily in all kinds of weather. Thus, the 
rewiring system and the energy storage system need a 
lifetime on the order of 50,000 cycles (with perhaps 
one or two renewals) if the bus lasts 20 years. 

The speakers asked: Is there a future for dual
power buses? Is it reasonable to carry around a 
diesel system and an electric system--and keep both 
maintained or will an energy storage system with 
constant transitions on and off the wire and con
stant cycling of the storage element work well and 
deliver attractive cost savings? To these questions 
there are no universal or easy answers. As the 
technology and applications of trolley buses ad
vance, answers may evolve. At the moment, though, 
dual-power applications may be site-specific; i.e., 
specific area transit needs may necessitate vehicles 
designed specifically for those needs. 

PROCUREMENT AND MAINTENANCE 

The types of auxiliary propulsion available and the 
1 imited number of manufacturers and suppliers are 
among the hurdles to be cleared by transit opera
t ions considering trolley bus purchases. With this 
in mind, Michael w. Voris of Seattle Metro outlined 
some considerations in the procurement and mainte
nance of a new trolley bus fl~et. 

The market for trolley buses in North America is 
different than in the past. In 1950 a transit prop
erty in the United States and Canada had a choice of 
six vehicle manufacturers and two propulsion suppli
ers. Until the mid-1970s transit agencies still did 
not have much of a choice--a fact exacerbated by the 
decline in the trolley bus mode during those preced
ing 20 years. With the renewal of interest in the 
trolley bus, however, the situation has changed. 

About a dozen fleet orders of trolley buses have 
been built in North America in the last 15 years. 
There is some continuity and progression in their 
procurement--from a new body with rehabilitated 
electrical gear, to an all-new trolley bus with a 
1940 propulsion system design, to the chopper
controlled vehicles built since 197 8. The early 
vehicles in the group had special structures added 
for the propulsion equipment, and all were made by 
one supplier (Flyer Industries). 

The later buses with chopper controls have less 
modification to the motor bus body, with the propul
sion system in a cradle structure as used in the 
diesel version. Bodies by Flyer, AM General, and GM 
Diesel Division have been used. This approach sepa
rates the task of building a bus from that of build
ing the propulsion system--a factor that should have 
as much attention as any other when considering pro
curement and subsequent maintenance. One of the 
existing chopper fleets has air conditioning, and 
the complete heating and air-conditioning subsystem 
was supplied as a module that can easily be removed 
in its entirety and then replaced. 

The hypothetical property, for example, purchas
ing in 1970, 1980, and 1990 could be looking at 
switched resistors, DC chopper, and AC drive, re
spectively, but with no procurement continuity, no 
usable maintenance history, and probably no propul
sion supplier of long standing. Because trolley bus 
purchases are made much less frequently than stan
dard diesel buses, procurement requires a much 
longer time frame due to the many considerations 
involved and the new design plans that may be re
quired. 

Some of the procurement criteria that should be 
examined are compatibility with the planned or ex
isting character is tics of the DC distribution sys
tem, including overhead hardware; electromagnetic 
interference and noise; safety for drivers, passen
gers, and maintenance personnel; performance for the 
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duty cycle; a propulsion system that is maintainable 
at a reasonable cost; an attractive and functional 
design comfortable for drivers and passengers; econ
omy of power use; and off-wire capability. Through
out the procurement process it must be remembered 
that purchasing a trolley bus is not the same as 
purchasing a motor bus, because the trolley bus has 
a number of elements (propulsion system, construc
tion of insulated doors, and battery storage, for 
example) that must be viewed as a system before pur
chase is feasible and practical. 

The goal of a propulsion system that is maintain
able at a minimal cost includes a variety of items; 
such a system requires input from all parties-
transit operators, designers, planners, manufactur
ers, and suppliers. Some of these items are reason
able performance-oriented specifications, a good, 
tested design from the propulsion supplier, coopera
tion between the propulsion supplier and the body 
builder in the all-important component integration 
phase, and high standards of quality control by all 
suppliers and assemblers. 

After vehicles are purchased and delivered to the 
transit agency, a maintenance shop must be staffed 
and equipped. Documentation for proper maintenance 
of the propulsion system is critical, and it should 
be supplied by the manufacturer. The same applies 
to spare parts, chassis components, and other power 
distribution elements. 

DESIGNING AND DEVELOPING TROLLEY BUSES 

Arthur J. Deane of AM General Corporation explored 
different aspects of the construction and design of 
trolley buses in a slide presentation, which is sum
marized here. In 1972 the renewed and revived trol
ley industry started with 1930 technology. Manufac
turers and suppliers were not spending much time or 
financial resources in trolley bus technology; they 
were co.ncentrating instead on the development of 
motor buses for public transit. However, gradually 
they became interested in the technology necessary 
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to convert motor buses to electric fleets as well as 
to design entirely new coaches. 

It was concluded that conversion of diesel buses 
to electric traction would minimize development and 
manufacturing costs. It was further concluded that 
designers could draw from an existing technical data 
base for a product configuration already recognized 
by operators and passengers, and that the commonal
ity of service parts and maintenance requirements 
would introduce considerable cost reductions for 
municipalities. 

A single prime contractor, preferably the body 
supplier, should be responsible for the work of con
version. Essential is the presence of 100 percent 
propulsion supplier service support in the body 
builder's plant and at the transit property to check 
out and correct propulsion defects. 

High-quality vehicles can be delivered fully ser
viceable and ready to operate provided that all 
vehicles are tested on an in-plant dynamometer and 
that strong in-house quality control programs 
exist. The use of a separate propulsion module pre
tested at the propulsion supplier's plant results in 
significant reduction in trolley bus manufacturing 
start-up cos ts. 

Design considerations must place special emphasis 
on roof structure, rear end, heaters, driver con
trols, pedal controls, and hot coach detectors. 

Air compressors that are already commercially 
available, as well as air-conditioning systems and 
propulsion systems, have been proven effective in 
the conversion process. Chopper propulsion systems 
have also been proven effective. A reliability fac
tor in excess of 7, 500 miles between failures was 
achieved within 12 months of putting an AM General 
system into service. This compares with approxi
mately 3,500 miles between failures for a cam system 
trolley bus. 

Finally, there is a need to develop and establish 
industry-accepted standards for the next generation 
of trolley buses. various features, however, must 
be developed and tested before becoming a part of 
these standards or specifications. 

SELECTED MATERIALS 

Freon-Cooled Choppers for Trolley 

Bus Applications 
J. Soffer 

The first trolley buses were built 60 years ago by 
VETRA with Alsthom electrical equipment. Production 
continued up to 1950 with the VA 3 B2, which is 
still in service today in certain French cities. 
However, three reasons con tr ibu ted to the collapse 
of the French and the world markets for this type of 
equipment: the drop in the price of oil, the depen
dence of the trolley bus on overhead equipment, and 
the proved reliability of the internal combustion 
engine. In 1974 two factors arose that led to re
newed interest in the trolley bus: the increase of 
oil prices and the increased awakening of public 
attitudes about pollution and the environment. 

After detailed market research Alsthom-Atlantique 
decided to revive the electric vehicle projects. 

Due to the newly developed technologies the follow
ing improvements over the earlier trolley buses with 
rheostatic equipment were obtained: improved com
fort for passengers and driver, improved equipment 
reliability, reduced energy per kilometer costs, and 
reduced maintenance costs. 

CHARACTERISTICS OF ALSTHOM-ATLANTIQUE TROLLEY 
BUS EQUIPMENT 

To improve passenger comfort the chopper technique 
was chosen. Stepless rates of acceleration and 
deceleration are thus obtained even in heavy traffic 
areas, and the abrupt stop-start movement associated 
with the power notching and resistances incorporated 
in conventional trolley buses is avoided. 

To reduce noise, mechanical vibration, 
and volume, it was decided to place all main 
components inside a freon-filled container. 

weight, 
chopper 
In the 
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