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In just a few short years, fuel injection has gone from being a rarity (or notable feature) in the
snowmobile industry to being quite commonplace. While the reasons for this trend are numerous
(many relating back to recently adopted EPA exhaust emissions regulations), the fact remains
that the carburetor, a device that has served the snowmobile industry well for many years, is
going the way of the dinosaur. In this month’s Atelier, we will endeavour to shed light on the
development and workings of fuel injection systems.
Definition
Any discussion on fuel injection systems should rightfully
begin with a definition of what they are. Here, then, is a
definition:
Any of several methods or mechanical systems by which a
fuel is reduced to a fine spray and injected into the
cylinders of an internal-combustion engine.
Taken literally, this definition can be interpreted in such a
way as to include the carburetor since, in its basic
functions, it reduces fuel to a spray (actually small droplets
in this case) and feeds it to the engine. For the purpose of
this article, however, we will limit our definition of fuel
injection to include only those systems that provide fuel
to the engine as a pressurized spray.

The engine’s needs
Any and all internal combustion engines require three
things to run: oxygen (air), fuel and a spark. Maximizing
the efficiency of the combustion process w ithin the
engine, which in turn optimizes power and minimizes
harmful by-products, requires that the mix of the air and
fuel occur in set proportions. This is generally referred to
the stoichiometric ratio. In the case of gasoline, this ratio
(expressed as an air/fuel ratio by weight) is 14.64:1. When
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this condition is met, a gasoline engine (operating under
“normal condition”) will generate the most power and
least pollutants. It must be said, however, that deviations
from stoichiometry are typically required during nonstandard operating conditions such as heavy load or cold
operation. The goal, then, for engineers is to find the
means of delivering fuel to the engine in such as way as
to ensure that the ideal ratio is achieved at all times. It
should be noted too that this ratio changes as a function
of the fuel used (diesel, gasoline, ethanol, methanol,…).
Since meeting the condition of providing the engine with
the perfect air-fuel ratio at all times is exceedingly difficult
to achieve, engine designers have had to learn to deal with
the three primary types of toxic emissions (as a result of
imperfect combustion conditions) from an internal
combustion engine: Carbon Monoxide (CO), unburnt
hydrocarbons (HC), and oxides of Nitrogen (NOx). CO and
HC result from incomplete combustion of fuel due to
insufficient oxygen in the combustion chamber. NOx, in
contrast, results from excessive oxygen in the combustion
chamber, or excessively high combustion temperatures.
The opposite causes of these pollutants make it difficult
to control all three simultaneously.

fuel injection
In the beginning: the carburetor
The process of determining the amount of fuel, and its
delivery into the engine, are known as fuel metering. As
one would reasonably expect, evolution of fuel metering
technology has closely shadowed that of the internal
combustion engine. Shortly after humans learned how to
release the chemical energy contained in hydrocarbons
(and other similar fuels) and convert it into mechanical
power, work began on ways in which to feed the fuel into
the engine’s combustion chamber in the most efficient and
effective way possible. While the initial objective was
primarily enhancing power production, the quest for
power has been joined in recent years by the need to reduce
fuel consumption as well as harmful exhaust emissions.
Since its invention by Wilhelm Maybach in 1889 the
carburetor has evolved greatly and its modern incarnations
work amazingly well. However, the carburetor is still a
mechanical device that relies on the vacuum created by
intake air rushing through it to add the fuel to the
airstream. In essence, a carburetor directs the induction air
through a venturi, which generates a minute difference in
air pressure. The minute air pressure differences both
emulsify (premix fuel with air) the fuel, and then acts as
the force to push the mixture from the carburetor nozzle
into the induction air stream. The carburetor, then, is a
self-contained fuel metering system, and an economical
one at that, hence its long life and widespread use in
numerous applications. The carburetor, however, no
matter how sophisticated, is not without its shortcomings
and these essentially relate to its inability to give the
engine exactly what it needs at any given time. What the
carb does is give the engine an approximation of the fuel
quantity it requires at any given time and in any given
condition. Unfortunately, in a modern world where
increased power is desired, and perhaps more importantly
cleaner emissions are mandated, close just doesn’t cut it
anymore.

By Michel Garneau
greater viscosity and the need to overcome the high
pressure of the compressed air in the cylinders. Following
its use in commercial diesels since the mid 1920’s, the
concept was adapted for use in gasoline-powered aircraft
during World War II where the systems gave the airplane
engines greatly enhanced operating flexibility and
consistency. From there, FI made its way onto automobiles
i n t h e l a t e 1 9 5 0 ’s a n d e a r l y 1 9 6 0 ’s a s va r i o us
manufacturers introduced models equipped with
innovative mechanical fuel injection systems. Finally, in
1966, electronic fuel injection was developed which
enabled careful controlling of the fuel and air delivery to
the cylinders thereby allowing an engine to run at its most
efficient.

Feel the pressure
The primary functional difference between carburetors
and fuel injection is that fuel injection atomizes the fuel
by forcibly pumping it through a small nozzle under high
pressure, while, as we noted previously, a carburetor relies
on the vacuum created by intake air rushing through it to
add the fuel to the airstream. The end result is that fuel
injection offers a more homogeneous air/fuel mixture due
to better atomization of the fuel entering the cylinders.
As alluded to previously, early injection systems used
mechanical methods to meter fuel but modern systems are
nearly all electronic and most are similar in design. A mass
airflow sensor or manifold absolute pressure sensor is
located at the intake, typically mounted either in the air
tube feeding from the airbox to the throttle body, or
mounted directly to the throttle body itself. As its name
implies, the mass airflow sensor measures the mass of the
air the flows past it, giving the computer an accurate idea
of how much air is entering the engine. The next

And along came fuel injection…
So, if the carburetor is on the way out, there must
something out there to replace it, right? Indeed, and that
something is fuel injection. Unlike the carburetor, fuel
injection systems give engineers the means to more
precisely control the quantity of fuel delivered to the
engine. In addition to this, various fuel injection systems
can also allow one to control not only the timing but also
the location of fuel delivery. One doesn’t have to be an
engineer to appreciate the tremendous potential offered
by such systems.
Ironically, just as Maybach was busy inventing the
carburetor, one Frederick William Lanchester was hard at
work carrying out what were possibly the earliest
experiments with fuel injection. Interestingly, it was
originally used in diesel engines because of diesel fuel's

The throttle-bodies used in the Yamaha FX Nytro’s fuel injection system.

component in line is the throttle body, which has a throttle
position sensor (TPS) mounted onto it (typically on the
butterfly valve) and it reports the position of the throttle
butterfly valve to the computer. The ECM then uses this
Novembre 2007
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reading to calculate the load upon the engine. A coolant
temperature sensor is also used and it reports the engine
temperature to the ECM, information which is also used
to help calculate the proper fuel ratio required.
Another sensor that is often found as part of the fuel
injection system is the oxygen, or O2, sensor which is used
to detect the amount of (unused) oxygen in the exhaust.
This data is used by the ECU to adjust the air-to-fuel ratio
in real-time. The addition of the oxygen sensor has
allowed more precise and
more rapid control of the
mixture at all times and its
use is largely the result of the
need to meet ever more
stringent exhaust emissions
regulations. Systems that
use an O2 sensor (sometimes
referred to as a LambdaSond sensor) are referred to
as “open loop” type whereas
O2 sensor
those that do not are known
as closed loop. Obviously,
closed loop systems are not
as accurate and are largely being phased out.
The fuel system consists of a fuel pump (typically mounted
in-tank), a fuel pressure regulator, fuel lines (composed of
either high strength plastic, metal, or reinforced rubber),
a fuel rail that the injectors connect to, and the fuel
i n j e c t o r ( s ) . T h e m o d e r n i n j e c t o r, t y p i c a l l y a n
electromagnetic (solenoid-operated) device consisting of
a nozzle and a valve, acts as the fuel-dispenser by injecting
liquid fuel directly into the engine's air stream. The
optimum amount of injected fuel depends on conditions
such as engine and ambient temperatures, engine speed
and workload, and exhaust gas composition (the latter in
open loop systems only). Compensation for these and
many other factors are programmed into the ECU's
software.
The electronic fuel injector is normally closed, and opens
to inject pressurised fuel as long as electricity is applied to
the injector's solenoid coil. The duration of this operation,
called pulse width, is proportional to the amount of fuel
desired. Pulse width is inversely related to the pressure
difference across the injector inlet and outlet. For example,
if the fuel line pressure increases (injector inlet), or the
manifold pressure decreases (injector outlet), a smaller
pulse width will admit the same fuel. A fuel-pressure
regulator maintains a controlled fuel pressure at each
injector, or a controlled differential pressure across the
injector. Fuel injectors are available in various sizes and
spray characteristics as well.

Types of EFI systems
The fuel injection systems typically used in gasoline
engines (exception being direct injection systems) inject
the fuel into the air before it enters the combustion
chamber. This task can be accomplished virtually
anywhere within the intake stream and FI systems are
generally classified according to where this occurs.
The first, and most elementary type, is known as throttlebody injection (TBI) as the injector is located outside of
the throttle-body is such as a way as to inject the fuel as
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the induction mixture passes through the intake runners
(like a carburetor system). This technology was introduced
in passenger cars in the mid 1980s as a transition
technology toward individual port injection, its main
virtue being low cost (as many of the carburetor's
supporting components could be reused). The main
disadvantage of this system is that while it does provide
more precise calibration possibilities than carbs, it doesn’t
allow very precise control on the timing of the injection
event. In an era of stringent exhaust emissions regulations,
this has proven to be sub-optimal as it can, and does,
permit fuel-rich air to escape unburned out of the engine
(which results in high HC readings, in both two and fourstroke engines). The fuel injection systems used in current
Arctic Cat/Suzuki two-stroke engines is of this type.

Throttle-body injection (TBI) as used on the 2005 Arctic Cat Sabercat 500.

Port fuel injection (PFI, or sometimes known as multipoint fuel injection) was the next evolution. In this system,
fuel is injected into the intake port just upstream of the
cylinder's intake valve(s), rather than at a central point.
While more expensive to produce than TBI systems (need
minimum one injector per cylinder, for example), PFI gives
much greater control over the timing of the injection
event. This means that fuel can
be added at the last possible
moment (just before the closing
of the intake valves in a fours t ro k e ) w h i c h re d u c e s t h e
engine’s HC emissions
significantly (while also
improviong fuel economy). PFI
has no direct application in so far
as a two-stroke engine is
concerned.
Two-strokes, however, have
evolved with what has become
known as semi-direct injection
systems. Pioneered by Rotax in
2003, the SDI system places the
injectors in the transfer ports and allows the injection
event to be withheld until the last possible moment (just
prior to the ports being closed by the rising piston) thereby
greatly limiting the escape of unburned gases into the
exhaust. Like PFI in four-strokes, SDI engines have greatly
reduced HC emissions and fuel consumption. In addition
to Ski-Doo, Polaris now offers a similar system in its
Cleanfire engines.

stratified charge is surrounded by mostly air which keeps
the fuel away from the cylinder walls for lowest emissions.
The combustion typically takes place in a cavity on the
piston's surface, thereby enabling the use of ultra-lean
mixtures impossible with carburetors or conventional fuel
injection.
Stoichiometric mode is used for moderate load conditions.
Fuel is injected during the intake stroke, creating a
homogeneous fuel-air mixture in the cylinder. From the
stoichiometric ratio, an optimum burn results in clean
exhaust
Full power mode is used for rapid acceleration and heavy
loads (as when climbing a hill). The air-fuel mixture is
homogeneous and the ratio is slightly richer than
stoichiometric, which helps prevent pinging. The fuel is
injected during the intake stroke.

The Liberty 600 HO CFI engine utilises a form of semi-direct injection.

Direct injection (DI) is a variant of fuel injection employed
in modern two- and four- stroke gasoline engines and
involves squirting fuel directly into the combustion
chamber just prior to combustion. This is not a novel idea
as virtually all diesel engines use this type of fuel delivery
and have been doing so for some time. The major
advantages of a DI engine are increased fuel efficiency,
high power output and, perhaps more importantly,
dramatically reduced emissions, particularly in low load
conditions. DI allows precise control over amount of fuel
and injection timings which are varied according to the
load conditions. Interestingly, the benefits of direct
injection are even more pronounced in two-stroke engines,
although four-stroke engines also benefit from the
technology.
In a DI engine, the engine management system continually
chooses among three combustion modes (each being
characterized by the air-fuel ratio): ultra lean burn,
stoichiometric, and full power output.
Polaris’ 750 cc turbo engine utilises fuel injection in place of carburetors
as it is better suited to turbocharged applications.

FI and the snowmobile industry

Example of stratified combustion.

Injector used in Evinrude/BRP E-Tec
direct injection engines.

Ultra lean mode is used for light-load running conditions,
when little or no acceleration is required, and can involve
ratios as high as 65 to 1. The small amount of air-fuel
mixture is optimally placed near the spark plug. This

Recently introduced exhaust emissions requirements for
snowmobiles have, for all intents and puposes, sounded
the death toll for carburetors. It is reasonable to expect
that they will disappear from sleds in the near future,
leaving behind fuel injected models only. In addition to
carburetors, expect to see much of the FI technology
currently in use in snowmobiles to disappear as well as it
gets replaced with closed loop (in four-strokes) and direct
injection (in two-stroke) systems. The future, then, will be
filled with engines offering more consistent performance,
greater adaptability and versatility, and reduced fuel
consumption. Of course, the cost of this new technology
will be reflected in higher sticker prices across the board,
lending proof to the adage that there is no such thing as
a free lunch.
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