Some science of balance © Tony Foale 2007.

Readers who started riding before the 1970s, will easily remember the incredible vibration that we
used to have to suffer, particularly with British single and twin cylinder machines. In addition to that,
we also had to endure quite severe vibration from road shocks generally because of poor
suspension. However, with the advent of the Japanese multi-cylinder machines, Lanchester
balance shafts and the drive towards better suspension, today we can enjoy a much greater
freedom from annoying vibration. In this article, we will only consider the vibration caused by the
engine. This vibration has two basic sources, the least severe of which stems from the irregular
torque output of reciprocating internal combustion engines. However, the biggest problem is due to
the inability to balance inertia forces due to the piston motion in certain types of engine
configuration. There can be two sources of mechanical imbalance, they are; rotating and
reciprocating.

Rotating balance

Any rotating object can produce nett rotating forces if not properly balanced. Typical items of
concern to us, would be the clutch assembly, alternators, flywheels and crankshaft. These out of
balance forces are due to asymmetrical mass distribution about the rotating axis of the object in
question. The clutch, alternators and any external flywheels can be fully balanced. However, due
to the needs of reciprocating balance, certain configurations of engine, rarely allow us to achieve
perfect rotating balance of the crankshatft, single cylinder engines, for example. There are two
aspects of rotating balance which need to be considered. These are usually termed static and
dynamic. Itis possible for an object to be statically balanced, whilst being unbalanced dynamically.
The reverse is not true however, any object, which is in dynamic balance is also in static balance.

All particles within a spinning object produce what is commonly called centrifugal force*, this force
acts radially outward from each particle. If the resultant of all these forces equates to zero, then
the object is balanced.

Static balance.

The test for static balance is quite simple. If the object is mounted in low friction bearings with the
axis of rotation horizontal. Then the object will remain stationary, regardless of its initial starting
position. If any static imbalance exists within the object, it will always tend to come to restin a
position with the heaviest section at the bottom. This technique is illustrated in the photo showing
motorcycle wheels undergoing a static balance test. The criteria for static balance is illustrated in
figures 1a,b & c.
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Fig. 1 a. This figure shows an object with two identical masses, the condition for static balance is simply that each
mass is the same distance away from the axis of rotation.

b. In this case one of two masses has a mass twice that of the other. To achieve balance each mass must produce
an equal and opposite moment about the axis, this demands that the lighter mass be mounted at twice the radius

from the axis.
c. The general condition for balance with numerous masses is that the vector sum of all the moments equates to

zZero.

Dynamic balance.

Figure 2a illustrates the concept of dynamic imbalance. The object shown is clearly in static
balance, because the moments of the two masses balance each other about the spin axis as in
figure 1la. The offset of the two masses along the spin axis gives rise to what is often known as a
rocking couple. As such an object rotates, the orientation of this couple also rotates, attempting to
move the axis in a conical manner. To achieve dynamic balance, we must rearrange the masses
such that the rocking couple disappears. In practice, this is done by either removing material from
the object, or sometimes by adding material. Figure 2b shows how the addition of two extra
masses can achieve dynamic balance, which also guarantees that the object is statically balanced.
The idea of the possible generation of a rocking couple is very important to the subject of engine
balance.

m ]
r r
0 o
r r
Centrifugal force = Mro? M
M
2a.
M M
r r
[0
0 1 >‘°
U
r r
M M
2b.

Fig. 2 a. Each of these two masses create centrifugal forces, and because of their separation along the axis or
rotation these forces produce a rocking couple.

b. The addition of two opposite but otherwise identical masses is one way to remove the couple and restore
dynamic balance.



A typical scene at race meeting. A
tyre technician is balancing a
wheel statically. The relative
narrowness of such wheels does
not often allow for significant
dynamic imbalance. Although the
rear tyres of large racing machines
are now of a width where it is
becoming more likely that dynamic
imbalance might cause problems.

Reciprocating balance

The piston in an engine moves along a straight line, defined by the axis of the cylinder. However,
its velocity is continually changing throughout a cycle, it is stationary when at both TDC and BDC,
achieving maximum velocity somewhere around the mid-stroke. Oscillating forces must be applied
to the piston to cause these alternating accelerations. If these inertia forces are not balanced
internally within an engine. They must pass through the conrod to the crankshaft then on to the
main bearings and onto the crankcase, from the crankcase they are passed into the frame through
the engine mountings. The rider feels these forces as annoying or incapacitating vibration,
depending on their severity.

The motion of the piston is approximately sinusoidal, and therefore so too are the acceleration
forces. If the connecting rod was infinitely long, that motion would actually be truly sinusoidal, but
most conrods are approximately twice the crankshaft stroke in length. This relative shortness of the
rod means that, except for the TDC and BDC positions, the rod will not remain in line with the
cylinder axis through a working cycle. The angularity of such a short conrod throughout a complete
crankshaft revolution modifies the piston motion, see figure 3. With a very long conrod we would
expect that the maximum velocity (and hence zero acceleration) of the piston would occur at 90° of
rotation from TDC. With a 2:1 conrod length to stroke ratio, maximum velocity occurs just past 77°.
In fact an infinite number of higher order harmonics are introduced into the piston acceleration.
These harmonics complicate the balancing of an engine. Fortunately, as the harmonics increase in
order, their magnitude decreases, and so they become less important. In practice, itis usual only to
consider the first and second harmonics when doing balance calculations. The reciprocating forces
with a frequency equal to the engine RPM are known as primary forces and the reciprocating forces
from the second harmonic, which cycle at twice engine speed, are known as secondary forces.

It is interesting and somewhat alarming if we calculate the magnitude of the reciprocating forces
produced in typical engines. This force is proportional to the square of the rpm. Assume an engine
with a 64 mm stroke revving at 10,000 rpm. Then for every hundred grams of reciprocating mass a
force with a peak magnitude of close to 360 kgf. will be generated at TDC. Therefore with a
reciprocating mass of 350 gms. the force will be nearly 1300 kgf. It is hardly surprising that
vibration can be a big problem when we have this size of alternating force bouncing around in a 200
kg. machine.
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Fig. 3 This clearly
shows how the relative
shortness of an
average connecting

rod causes the
angularity which
modifies the form of
the piston motion and
inertia forces. Instead
of attaining maximum
velocity at 90°, that
occurs at 77°. The RHS
sketchis a
representation of an
infinitely long rod.
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Fig. 4. Primary and secondary forces are shown separately and combined. Positive values represent the

reciprocating forces pulling on the conrod. At TDC both primary and secondary forces act in the same direction
resulting in a 25% increase in the total force, compared to the primary forces alone. At BDC the separate forces
oppose and the peak force is reduced by 25%

For a conrod length to stroke ratio of 2:1, the peak magnitude of the secondary force is one quarter
that of the magnitude of the primary force. Figure 4 illustrates how the primary and secondary
reciprocating forces sum together. Although the primary and secondary forces combine to produce
a single overall effect, it is both convenient and normal, for analysis purposes, to consider them



separately. The piston is accelerated only in a straight line along the axis of the cylinder, and so the
reciprocating forces only act along the axis of the cylinder. However, the conrod is a bit more
complicated to consider. The big end clearly rotates with the crankshaft and hence can be perfectly
balanced by a counterweight to the crankshaft on the opposite side. The mass of the small end of
the conrod reciprocates in exactly the same manner as the piston and so can be directly added to
the total reciprocating mass of the piston and gudgeon pin, but that section of the conrod which
connects the big and small ends will experience a combination of rotational and linear motion. To
enable a simplified balance analysis to be made, it has been usual to make the approximation as
shown in figure 5. Thatis; to assign part of the conrod mass as purely rotating and the remaining
amount as purely reciprocating. Let’s now look at some different engine configurations and see
how these factors impact on each type.
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Fig. 5 Although modern computer aided design tools allow us to, relatively easily, analyze the forces from the
complex motion of the conrod, it is still common practice to make an approximation by lumping its mass
distribution into two parts. One fully rotating and the other fully reciprocating. If the conrod and piston assembly
are supported at the axes of the big and small ends, then the weight as measured at those supports is used to
represent the relative contributions to each part.

Single cylinder analysis

Primary forces.

In order achieve a good understanding of the principles involved in engine balance is first
necessary to understand the concept of balance factor, as it applies to the primary forces of a single
cylinder engine. Figure 6 LHS shows how the piston applies an upward force on the conrod, at top
dead centre, and also how when close to mid-stroke (RHS sketch), the piston moving at maximum
velocity produces no in-line primary force. As shown in the LHS the addition of a counterweight can
be used to cancel the force from the piston. Unfortunately, this simple idea is not the answer, as we
can see when the piston is at mid-stroke. The counterweight will still produce a centrifugal force,
but which is no longer balanced by that from the piston. So all we have done is replaced an in-line
reciprocating force with a lateral alternating force of the same peak magnitude. When the
counterweight exactly balances the primary reciprocating forces at TDC or BDC like this, we say
that we have 100% balance factor. If no attempt is made to balance the piston force, that is; the
crankshatt is in static balance after allowing for the mass of the rotating part of the conrod. We say
that we have a zero balance factor. Factors between zero and 100% give rise to a combination of
rotating force and reciprocating force.

Fig. 7. shows plots of the primary inertial forces throughout a complete crankshaft revolution, for
balance factors of 0, 50 and 100%. Inline and lateral forces are shown, as well as the magnitude of
the resultant of these two forces and the direction in which it acts at any particular crankshaft angle.
The lower set of plots drawn on polar axes gives a different perspective of the resultant and its
direction. The upper row shows the magnitude against the range of crank shaft positions, and the
lower row shows the same magnitude plotted against the angular position relative to the orientation
of the cylinder.
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Fig.6 The LHS and RHS sketches show how fully balancing the reciprocating mass at TDC only creates an equal
primary alternating force acting at 90°. The central sketch shows the actual situation with a real conrod. With the

crank at approximately 77° there is no piston force and the full counter weight force acts as shown. This force
varies in magnitude and direction throughout a rotation.
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Fig. 7. The upper three sets of plots show the primary inertial forces throughout a complete crankshaft revolution,
for balance factors of 0, 50 and 100%. The lower set shows the resultant magnitude re-plotted on polar coordinates
giving a different perspective to the same data.

Max. force: 1.00

Let us study these graphs in more detail because they illustrate some interesting aspects of engine
balance. The zero balance factor case shows that we have a sinusoidal in-line force but zero
transverse force through the range of rotation. In other words the unbalanced forces vary in
magnitude but always act up or down in-line with the cylinder. The bottom right plot shows the force
direction to be 0° (360°) or 180° from TDC. The lower polar plot also shows the inline nature of the
forces whereas the upper one shows how the magnitude varies with crank angle.

The 50% factor case is quite different. Firstly, notice that the peak value of the in-line force has
reduced to half of the previous value due to the counter-weight force. Secondly, note that we have
now introduced transverse forces, also of the same magnitude, but shifted in phase by 90° of
crankshaft rotation. The resultant of these two forces always sums to a constant value pointing
radially outward from the crank axis. The polar plots also show this nicely. This constant radial force
actually rotates in the opposite direction to that of the crankshaft rotation, as shown in figure 8. This
balance factor also gives the least magnitude of the resultant of all balance factors, being 0.5 times
the unbalanced peak reciprocating force.

Looking at the 100% balance factor curves, we see that the direction of the forces has simply
switched from in-line to transverse with the same magnitude. At TDC and BDC the reciprocating
forces are perfectly balanced by the counter-weight, which then leaves transverse forces only. The
polar plots easily show that this case is just the same as the zero factor situation except that
everything has shifted through 90°.

Balance factors other than these three values will give rise to resultants of between 50% and 100%
of the unbalanced reciprocating force, and with force directions being a combination of linear and
rotational, depending on the actual BF.

We now understand the effects of different balance factors but that doesn’t answer the question of



which is the best value to use in practice. There is no easy answer to that, because the overall
vibration characteristics vary so much with the vibration modes of the whole motorcycle, not just the
engine. At first sight, aiming for the minimum peak force, as with 50% BF, would be desirable and
the old Matchless and AJS 500 cc. parallel twins used that value. Generally, balance factors need
to be determined by experimentation, test riding a machine under various conditions. Sometimes
annoying vibration will be noticed only at a particular RPM range. Changing the balance factor can
move that range up or down the RPM scale, giving the possibility to move it away from the most
used RPM. In practice, balance factors are usually between 50% and 85%.

A couple of years back | had first hand experience of using the “wrong” factor. | was asked to race
a classic 350 cc. Aermacchi single cylinder machine in the USA. These have the cylinder
orientated close to horizontal. The owner of the bike took the crank-shaft to an “expert” in
balancing, and against my advice it was rebalanced to around 70% or 80%. The motorcycle
vibrated so badly that it was necessary to ease off on the throttle, just to hold on to the handlebars.
It also cracked the frame in places. The “expert” hadn’t allowed for the fact that a horizontal
cylinder produces its forces at 90° to those of an upright engine. When it was rebalanced to around
20% or 30% the machine became much smoother.

Fig. 8 The special case of
50% balance factor.
At TDC and BDC the
Resultant counterweight balances half
= 50% of the reciprocating force. At
TDC the resultant acts
upwards. At 90° of crankshaft
rotation there is no primary
reciprocating force and so
the centrifugal force of the
counterweight is left
unbalanced, acting
transversely. Note that
although the crank has
rotated anti-clockwise the
resultant force has moved
from upwards towards the
right. In other words the
O -;'V direction of the resultant
o force is clockwise, exactly
opposite to the crank
rotation. This holds true
Crank through a complete

H revolution.
rotation
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Balance shafts

Many modern engines are fitted with balance shafts. The principle behind these was originally
proposed by Dr. Lanchester around a hundred years ago. In order to understand how a balance
shaft works. Firstly, we need to consider that special case of a 50% balance factor again. We saw
that this value gives the minimum resultant unbalanced force, which is of constant magnitude
throughout the revolution of the crankshaft, although rotating in the opposite direction.

A constant rotating force can easily be balanced by another constant rotating force spaced 180°
apart. However, it is not as easy as adding another counterweight to the crankshaft, because this
force rotates in the opposite direction, as we have seen, and therefore can only be balanced by a



counterweight rotating in the opposite direction. This is the reason that balance shafts rotate in the
opposite direction to the crankshaft. Normally, only one balance shaft is used, but we can see from
figure 9. (left) that although the forces are balanced, we have created a moment between the
crankshaft and the balance shaft, due to the distance between the lines of action of the separate
forces. Figure 9. (right) shows how the use of two smaller balance shafts can eliminate this couple.
Cost, packaging and weight are the reasons that it is more common to see only one balance shaft.
An alternative to a conventional balance shaft is to mount the balancing mass on a rotor concentric
with the crankshaft, as has been done by Husaberg. In this design, a balance disc is mounted right
next to the crankshaft and driven in the reverse direction via a chain of gears. This still leaves a
small rocking couple, due to the spacing between this disc and the centre line of the conrod. This
rocking couple is considerably less than would be obtained with a single conventional balance
shaft.
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Fig. 9. On the left is a typical balance shaft layout. The crankshaft has 50% balance factor, and the balance shaft
creates a further 50% to balance the reciprocating force when at TDC. At 90° rotation there is no reciprocating force
but because the balance shaft rotates in the opposite direction the two centrifugal forces cancel out, leaving zero
unbalance force through a full revolution. However, the spacing between the two shafts creates a rocking couple.
As seen on the right, the use of two balance shafts, which each balance 25%, can eliminate that couple.

So we have seen how we can do a fairly good job of smoothing out the large reciprocating primary
forces from a single cylinder engine. Prior to the common usage of the Lanchester balance shatft, it
was usual to adjust the vibration characteristics of a particular motorcycle, by means of the balance
factor. We have seen that different balance factors, allow us to alter the direction of the peak force.
The optimum balance factor in each case would be determined by the vibration characteristics of
the chassis. For example, if it was easier to excite vertical rather than horizontal vibrations in a
particular chassis. Then we would select high balance factor, in order to reduce the vertical forces
and emphasise those acting horizontally (this assumes an engine with a vertically orientated
cylinder).



¢ w €

Husaberg engine. Instead of the usual balance shaft, this This typical balance shaft is fitted to a Kawasaki
design uses a balance disc (marked by the red dot) parallel twin cylinder engine with 180° crankshaft.
concentric with the crankshaft. This reduces the value of Such a crankshaft already has perfect primary

the usual unbalanced rocking couple. balance but creates arocking couple due to the

separation of the two cylinders. In this case the
balance shaft is there to smooth out that couple.

Secondary forces.

In a single cylinder engine, the secondary forces provide us with a harder problem to solve. The
concept of balance factor is applied to the crankshaft is not relevant in this case, because by
definition, the secondary forces vibrate at twice the rate of the crankshaft rotation. We could add a
balance shaft that rotates at twice the engine speed but that would only replace the in-line forces
with lateral ones, as in the case of 100% balance factor with primary forces. However, if we used
two counter-rotating balance shafts, geared so they ran at twice the speed of the crankshaft, then
we could in fact, eliminate the secondary forces. As we shall see, four cylinder engines suffer badly
from secondary forces, and twin secondary balance shafts were developed by Mitsubishi for their
Astron engine, and followed by several other manufacturers, including Porsche. Refer to figure 10.
to see how the secondary forces change the situation when compared to the primary only situation
of figure 7.

Now that we have covered the basics let us look at the balance characteristics of various common
types of engine.
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Fig. 10. These plots are similar to those in fig. 7. except that they include the addition of the secondary forces and
so represent the realistic case. Compare these with those in fig.7 to get an idea of the influence of the secondary

effects.




Twin cylinder engines

There is a multitude of configurations of twin cylinder engines that have been used on motorcycles.
An interesting aspect of these different types is that they can mostly be considered as a particular
type of V-twin. For example, a boxer engine such as used by BMW is a V-twin with a 180 degree
included angle. The in-line or parallel twin is simply a V-twin with a O degree angle.

V-twin

It is engines such as Ducati and Harley Davison that we normally refer to as V-twins. A V-twin with
a 90 degree included angle, such as Ducati, the SV Suzuki and others, can achieve perfect primary
balance without the use of a balance shatft.

Direction of ™
secondaries -/
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Fig. 11. The use of a balance factor of 100% of one set of reciprocating masses will balance out the primary
reciprocating forces of either piston at TDC. In fact this balance is maintain through a full revolution providing
perfect primary balance. A small rocking couple is introduced due to the offset of the side-by-side conrods. This is
minimal. Secondary forces from the two cylinders sum and always act in the direction shown.

Consider the first V-twin illustration, figure 11. Imagine that we have added a counter-weight so as
to achieve 100% balance factor of one cylinder. This will completely balance the primary
reciprocating force from the piston at TDC. Now consider the second illustration. The crankshaft
has rotated 90 degrees from the first. With a single cylinder engine we saw that the counter-weight
would introduce a lateral force in this position. It still does with the 90 deg. V-twin but this time it is
balanced by the force of the second piston, which is now at its own TDC. This balance is achieved
throughout the rotation of the crank-shaft. Because the connecting rods sit side-by-side on the
crankpin, the reciprocating forces cause a small primary rocking couple. However, this is normally
of minor importance.

Although the secondary forces of each individual cylinder of a 90° V-twin act in line with each
cylinder. They always sum together such that they act in a direction at right angles to the line
bisecting the two cylinders. The peak magnitude of the combined secondary forces is 1.4 times the
peak magnitude from either cylinder.

Of course, we all know that not all V-twin engines have the cylinders separated by 90°. Harley-
Davison is probably the most well-known of these with the angle less than this figure. Engines like
the Harley sharing a common crankpin cannot have all of the primary forces, totally balanced with
out the aid of a balance shaft. There are, however, some narrow angle V2 engines which use
staggered crankpins. For any particular angle between the V, it is easy to calculate the angle of
offset between the crankpins and a balance factor, which is necessary to provide complete primary
balance. The optimum angular offset is simply: (2 x Av - 180 ) where Av is the angle between the
V. The optimum balance factor is equal to: ( sin(Av) ). For example to achieve perfect primary
balance a V-twin with an included angle of 70° would need a crankpins to be offset by 40° and
balanced to 94%. These values are plotted in figure 12.
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When is atwin, not atwin? When it is a single.

When Ducati wanted to build a single cylinder racing bike, the Super-Mono. The obvious thing to
do was to remove one cylinder from its already successful V-twin. To control vibration, the
designers came up with an ingenious solution to provide the same perfect primary balance of the V.
engine. They could have retained both cylinders and pistons and simply disabled one, but this
would have entailed excessive frictional and pumping losses. To circumvent these problems the
piston was replaced by an oscillating link, minimal friction losses and no pumping losses were
introduced by this design. The inertia of the link replaced the inertia of the missing piston.

The Ducati Super-mono. Note how the missing piston has been replaced with a link which oscillates about its
forward pivot as it is actuated by a normal conrod. The balance characteristics are almost identical to those of the
V-twin.



In-line twin (Parallel twin)

There are two configurations that have been used in this type of engine. Those with the crankpins
in line with one another, known as a 360° twin, and those with the crankpins spaced at 180°. The
360° engine offers even firing intervals, but at the cost of the poor balance characteristics of a
single cylinder engine. On the other hand, the 180° engine offers primary balance, but an uneven
firing order. This type also gives rise to primary a rocking couple as can be seen in figure 13. Both
configurations suffer identical secondary imbalance, with the secondaries from each cylinder always
acting in the same direction. An in-line twin has a zero included angle, so applying the formulas
given for V2 crankpin offset, we can calculate that the optimum crankpin offset should be 180° with
a balance factor of zero.

BMW produce an 800 cc. 360° twin. To remove primary and secondary forces and prevent any
rocking couples, they have adopted a solution similar to the Ducati Super-Mono mentioned
previously. However, unlike the Ducati they appear not to use an identical conrod to those in the
cylinders. Published illustrations show the connecting rod to the rocker as being shorter. In order
for this balance mechanism to maintain the correct ratio between primary and secondary forces,
needed to balance those from the pistons, the stroke would need to be reduced also. Packaging
was probably the reason for shortening the stroke and conrod length of the balance mechanism.
This option was not available to the Ducati engineers because the balance conrod had to share the
same crankpin as the working rod.

ST ™
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Fig. 13. The 360° twin on the left has the same balance characteristics as a single with equal total reciprocating
mass. The 180° twin has perfect primary balance, due to the downward motion of one piston opposing the upward
motion of the other. Unfortunately, the secondaries add together rather than balance out. The offset between the
cylinders causes arocking couple with the 180° design.



The BMW 800 cc. Parallel twin. The central
conrod forces the pivoted link to oscillate up
and down. The inertia forces so produced
cancel out both primary and secondary forces
and the symmetrical layout introduces no
rocking couple. This is arecipe for avery
smooth engine.

Opposed twin (boxer).

This engine type, generally associated with BMW motorcycles, has naturally excellent balance
characteristics, because both pistons are always working in opposite directions, both primary and
secondary forces are totally cancelled leaving only primary and secondary couples due to the offset
between the two cylinders, figure 14. The latest versions of the BMW boxer engines are actually
fitted with balance shafts to deal with that couple. Considered as a 180° V-twin we can see from
figure 12. that the crankpin stagger should be 180° and the balance factor be zero.
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Fig. 14. Primary and secondary forces clearly balance out in a boxer engine, but the offset of the cylinders spoils
the otherwise perfect balance by introducing primary and secondary couples.



Geared or double crankshaft twin.

In this case two single cylinder crankshafts rotate in opposite directions. We can see from figure
15. that if each crankshaft has a balance factor of 100% then this type of engine has perfect primary
balance. Unfortunately, it is subject to the usual secondary forces. There is no residual rocking
couple generated with this type of engine. The very successful Rotax twin cylinder 2 stroke engine
was of this type.
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Fig. 15. Geared twin. With 100% balance factors on each crankshaft, the primary forces are balanced at TDC and
BDC. Due to the counter-rotation of the cranks, the two counterweights balance each other at other crank
positions. This type of engine is only left with secondary forces.

Three cylinder engines.

Several manufacturers have fitted motorcycles with three cylinder engines, Triumph, Yamaha and

Laverda have produced road-going in-line four strokes. Kawasaki and Suzuki, both made in-line 3
cylinder two-strokes and before the start of the new MotoGP racing class came into existence, there
were several V3 2-stroke engines used in the world Championships.

The most common crankshaft layout for an in-line three cylinder engine is with each crankpin
spaced at 120°. This symmetrical layout completely balances primary and secondary forces.
However, due to the width of the crankshaft, serious primary and secondary rocking couples are
introduced. In addition to making 120° triples Laverda also produced one with a 180° crankshaft.
The outer two cylinders had in-line crankpins, and hence the pistons moved up and down together,
but the central cylinder has its crankpin 180° away. The reasoning behind this layout is to eliminate
the rocking couple. In so doing, the otherwise perfect primary and secondary balance of the 120°
engine is lost. The overall primary forces are equal to those from one cylinder alone, but the
secondary forces of all three pistons add together, figure 16.



! e T
PI2 PI2 — —

*51’2 iSIZ

Fig. 16. Two different3 cylinder crankshaft configurations. On the left is a 120°, when one piston is at TDC
then another will be 120° past TDC with the remaining one 120° before TDC. At 120° after or before TDC the
reciprocating forces are 50% of those at TDC but acting the opposite direction. So all forces are balanced.
Unfortunately, the opposing forces are offset along the crankshaft and create a rocking couple. The 180°
design on the right has no rocking couple but only 2/3rds of the primary forces are balanced out and the
secondaries from all three cylinders sum together.

Four-cylinder engines

In-line four-cylinder engines are a common fitment to modern motorcycles. Although different
crankshaft configurations have been tried. The most common is with the two outer pistons moving
together, and likewise the inner pistons moving together, but 180° out of phase from the outer pair,
figure 17. This engine layout gives perfect primary balance, with no residual rocking couples.
However, the secondary forces from all cylinders add together, and hence motorcycles with these
engines are often subject to annoying high-frequency vibration, which would need two balance
shafts rotating at twice engine RPM to eliminate.

Cylinder pressure induced vibration

The cylinder pressure varies with time and it follows that the torque produced also varies. This
torque variation can be smoothed out by the use of high inertia rotating parts, such as a massive
flywheel. However, excess rotation inertia has several other disadvantages, such as reducing
acceleration and slowing corner turn-in. This torque variation is ultimately reacted into a pulsating
chain force and pulsating loads on the engine mountings. In other words it is a source of vibration
for machine and rider, although generally of less concern than the forces due to the imbalance
discussed before.

| have often seen it written that the combustion pressure on the piston adds to the overall un-
balanced forces. This is not true because any downward force on the piston from this source is
exactly balanced by an equal force pushing up on the cylinder head. This only produces internal
stresses within the engine, not any external reactions, figure 18.
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Fig. 17. Common design of 4 cylinder in-line engine. Although the primary forces balance out due to the opposed
motion of the pistons, the secondary forces all add together. No rocking couples are produced.

Fig. 18. Cylinder pressure is
balanced internally within the
engine and transmits no
external vibration forces,
except those due to irregular
torque.
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* Note on centrifugal force. Physics purists argue that this does not exist, there is no force
acting outwards due to rotation, rather there is a centripetal force acting inward to force a
curved path on the particles of rotating objects. | agree, this is true. However, for most people
the idea of centrifugal force is an understandable, real and useful concept and to avoid this term
in the interests of purity would only serve to distract the average reader away from the central
theme of this article.

Footnote:

The software used to generate the graphs in this article is freeware and is available for free
download and use from the author’s web site www.tonyfoale.com , just click on the “Freeware”
button.




