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Abstract

The development of automotive propulsion has been guided in recent years by policies for the reduction of pollutant
emissions. To comply with the imposed regulations, engine adaptability is one of the most effective strategies for meet-
ing efficiency requirements in the case of the diverse operational conditions found in urban traffic. A variable stroke and
compression ratio engine is the solution to this requirement. In addition to its advantages, its design inevitably increases the
engine’s complexity. Thus, it is necessary to conduct studies on the feasibility of such a technology. This work describes a
variable stroke and compression ratio engine mechanism and presents a developed kinematic model that is used to evaluate
the requirements for the implementation of this mechanism. The results of the evaluation confirm the possibility of using

this alternative mechanism to obtain a higher efficiency in internal combustion engines.

Keywords Internal combustion engine - Variable compression ratio - Variable stroke engine - Kinematics of multi-link

mechanisms - Flexfuel engines

1 Introduction

The existing environmental issues and health concern in
urban centers have resulted in an increase in the amount of
attention focused on the development of thermal machines.
Most part of urban pollution is emitted by LDV (light-duty
vehicles) [3]. The development of the LDV presents a chal-
lenge for the automotive industry as an engine for this appli-
cation is required to be able to work efficiently in urban traf-
fic conditions. The wide variability in the duty of the engine
results in the necessity of a machine capable of adapting
itself to each condition of operation, which includes speed,
load, acceleration, and deceleration, and yet be capable of a
quick cold start and stable idle operation.
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As the ability of the engine to adapt to its operating con-
ditions improves, its complexity also increases. One strat-
egy that has been recently explored is the VCR (variable
compression ratio). The compression ratio is a parameter
that is theoretically linked to the thermal efficiency of the
engine (Fig. 1). Furthermore, higher values of compression
ratio benefit the combustion by increasing the flame speed
and consequently reducing the combustion duration [7].
However, the supersonic auto-ignition, known as the knock
phenomenon, limits the compression ratio in spark-ignition
engines. The conditions in which the knock is critical are
related to the induction time of the auto-ignition, i.e., when
the air—fuel mixture is exposed to a high pressure and high
temperature for a period of time that is sufficient for auto-
ignition to occur. This condition becomes more feasible at
low speeds. Furthermore, when the engine is running at full
load, the amount of mass that is admitted into the cylin-
der is sufficient to cause an increase in pressure, which in
turn results in a dramatic decrease in the induction time of
the auto-ignition, thus leading to the knock phenomenon.
Therefore, the full-load and low-speed conditions limit the
compression ratio. As a consequence, the engine runs away
from the conditions of knock at partial loads and/or high
speeds. Moreover, VCR technologies would be convenient
for multi-fuel engines. This type of engine is very common
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Fig. 1 Effect of the compression ratio on thermal efficiency (adapted
from [5])

in Brazil and was implemented in up to 90% of the vehi-
cles sold until 2011 [11]. This flexfuel engine operates with
hydrous ethanol, gasohol (gasoline with a 27% volume of
anhydrous ethanol as an anti-knock agent, which is a com-
monly adopted fuel in Brazil), or a mixture of any proportion
of both fuels. However, ethanol has characteristics that are
different from gasoline and has a higher heat of vaporization,
which requires a higher compression ratio for a more com-
plete burn, while gasoline has a lower octane number (value
related to sensitivity to auto-ignition), thus requiring a lower
compression ratio. As a consequence, flexfuel engines with
an intermediate compression ratio are produced, which oper-
ate with a low efficiency when fueled with ethanol working
at a lower compression ratio than necessary and when fueled
with gasoline by retarding the spark-at-knock condition that
occurs a greater number of operating conditions. By adjust-
ing compression ratio, the engine could operate at the ideal
compression ratio according to the fuel being used.

Other solutions that promise an increase in efficiency in
the case of partial loads include the reduction of the throttle
operation by limiting the power output by other means. The
main motivation is to avoid the pump work that arises when
the engine operates at partial loads. When the throttle is not
in the fully open position, it generates a pressure drop in the
intake manifold, which leads to a high pumping work, thus
resulting in a decrease in thermal efficiency. One strategy
that mitigates pump losses is controlling the power output
by reducing the cubic capacity. This adjustment is done by
changing the stroke length of the piston, and this engine is
known as a VSE (variable stroke engine). This reduction in
stroke length results in not only advantages in the form of
a reduction in work by preventing the occurrence of pump
losses but also an increase in the mechanical efficiency due
to a decrease in the piston’s friction [1].

An interesting proposal is the use of a VSE with a VCR
comprising a multi-link mechanism [2]. Some preliminary
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Fig.2 Comparison of specific fuel consumption results between a
conventional engine and the proposed engine (adapted from [5])

results were shown in [5] that explored the fuel economy poten-
tial of such an engine. By setting the compression ratio and
spark advance as constants, a gain in fuel economy is observed
(Fig. 2). A study of how this fuel economy can be improved
by combining the adjustment of cubic capacity in parallel with
that of the compression ratio with the engine operating at the
MBT would be interesting. The initial simulations indicated an
expected increase of around 20% in thermal efficiency.

To perform further evaluations of the aforementioned tech-
nology [2], this paper establishes relations of the VSE mecha-
nism—which were studied in [S]—that will be implemented
in a thermodynamic model for predicting the performance of
the proposed engine. The laws of motion for the mechanism
are developed. A strategy is also presented for determining the
mechanism behavior as a function of a desired set of values of
the compression ratio and cubic capacity. In addition, a com-
parison of the kinematics characteristics is performed between
the new mechanism and the conventional one. The objective
of this comparison is to indicate the changes in the motion of
the piston that results from the implementation of the novel
mechanism. This work will be detailed into the description of
the mechanism, presentation of the strategy for controlling the
stroke length and compression ratio, and the components of the
mechanism. The methodology adopted for mapping and devel-
oping a relation between the input parameters and the configu-
ration of the components is then presented. Subsequently, the
kinematics of the mechanism and its comparison with a con-
ventional engine are exposed. Finally, the concluding remarks
are presented, and the scope for future works is described.

2 Description of the mechanism

It was mentioned previously that the redesign of the engine
and its components comprise the challenge of the devel-
opment of a VSE. Siegla and Siewert [8] state that a VSE
should ideally provide the capacity for varying the stroke
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length without adding weight, volume, and mechanical
losses due to friction. However, the design of a minimalist
mechanism that allows real-time control over the piston’s
kinematics is not a trivial task. Any mechanism that is aimed
at improvement in operational adaptability will present a
greater complexity and a higher number of components as
compared to the simple crank-rod mechanism used in con-
ventional engines. Although the addition of components
appears to be a contradiction to the downsizing trend in the
automotive industry, the increase in efficiency justifies the
use of smaller engines, thus compensating for the increase
in components.

The stroke—bore ratio is a fundamental parameter for
the VSE. Siewert [9] presents a study showing that small
stroke—bore ratios induce thermal losses. The increase in
the area—volume ratio favors heat losses whenever the stroke
length is reduced. Furthermore, a decrease in the flame
speed was experimentally observed, which resulted in a
decrease in thermal efficiency.

In the mechanism proposed in [5], a lever that con-
nects the piston to the crank-rod mechanism is adopted
(see Fig. 3). As the position of the pivot of the lever can
be altered, the arm length of the lever can be adjusted, and
the stroke length is controlled. Furthermore, the inclination
of the lever determines the position of the TDC (top dead
center), which controls the compression ratio by regulating
the clearance volume.

The addition of a lever modifies the kinematics of the
piston. Several multi-link mechanisms cause this modifica-
tion, which alters the velocity and acceleration of the piston
around the TDC and bottom dead center (BDC). However,
there is no consensus in the literature on how the piston’s

Piston
Rod

Fig.3 CAD model of the mechanism

kinematics affects the combustion. Hence, we assume that
the kinematics of the proposed mechanism is desired to be
similar to that of the conventional crank-rod mechanism.
This hypothesis is considered as further evaluation of the
effects of kinematics on the development of combustion
would require a complex multi-dimensional simulation or
experimental tests, which are impossible to execute at the
present moment since we are still developing a software and
a prototype.

It should be noted that there are two actuators for control-
ling the horizontal and vertical displacement of the pivot as
the mechanism has three degrees of freedom. One possible
arrangement of the mechanism is pointed out in Fig. 3. We
highlight that there are several arrangements of the mecha-
nism for controlling the pivot’s displacement. Thus, it is
assumed in this study that the pivot position is being defined
by an actuation system without detailing the layouts and
arrangements of the actuation system.

The piston is pinned to a rod, which does not execute an
alternative motion as in the case of conventional mecha-
nisms. As a consequence, the lateral forces that act on the
side of the piston’s head are absorbed by the rod as it is in
direct contact with the crank case (Fig. 3). This character-
istic is highlighted as another advantage of the proposed
mechanism because the reduction of the lateral forces acting
on the piston can increase its durability.

The dimensions defined in this work are that of a proto-
type that is fabricated and assembled. The dimensions are
given in Table 1.

It should be noted that the lever amplifies the motion of the
crank-rod mechanism to the piston. This means that the crank
radius R must be shorter than the crank radius in the conven-
tional mechanism, thus resulting in a weight reduction estimated
on about 35%. We found a weight increase of 80% when com-
paring the conventional mechanism, formed by piston, connect-
ing rod and crankshaft, with the proposed mechanism, which
has the additional parts lever and piston rod. It should be noted
that most of this weight increase is due to the adopted mecha-
nism solution that was chosen with the main idea of evaluat-
ing the new concept and not with the objective of choosing an

Table 1 Dimensions of the
mechanism

Dimension Value (mm)

Cylinder diameter 68
155.4
60

18

8

36

60
117.8
356.2

~~ S~ AOm® >

@ Springer
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Fig.4 Model of the prototype

optimized technological solution for mass production. A com-
putational model of the prototype is shown in Fig. 4.

3 Kinematic model

The kinematics of the mechanism proposed in [5] is devel-
oped in this section. The equations are separated for the dis-
placement, velocity, and acceleration. By implementing the
analytical dynamics equations of motion [6], the nonlinear
relations for the displacement can be seen in Sect. 3.1. This
nonlinearity implies that it is opportune to fit a model into the
region of interest to determine the pivot position given a set
of compression ratio and cubic capacity. The following rela-
tions are given for the variables displayed in Figs. 5 and 6.

3.1 Displacement

Initially, we consider that the inertial referential is fixed with
its origin coinciding with the crankshafts center of rotation.
According to the nomenclature adopted here, the position of
any point is represented by the vector w.

The angular position of the crankshaft is given by 8, and
its radius is given by R. Hence, the position w, (with respect
to the inertial referential, which is considered to be fixed at
the center of rotation of the crankshaft) is determined:

S cos@ —sinf 01 _J —Rsiné 1
“” |sin@ cos@ R 7\ Rcosé 1
Similar to the conventional crank-rod mechanism, the con-

necting rod is pinned to the crank. Its length is considered
to be L, and its inclination is given by y, which gives us the

position w,:
cosy —siny 0\ _J —Rsinf —Lsiny
siny cosy L[ | Rcosf+Lcosy

@

W, =W, +

@ Springer

_ _ Head Position

0y

Fig.5 Dimensions and variables of the kinematic model

The point at which the piston’s rod is connected moves
according to the alternative displacement of the lever. By
using the point b as the origin of the referential coordinate
system, the position w, is given by
cosa —sina —-B,
WL' =Wb + .
sina cosa B,
3
_J —Rsin@ —Lsiny — B, cosa — B sina
“ | RcosO+Lcosy — B, sina + B, cosa

where B is the length of the lever’s left arm, and the position
of point d is given by

_ 01 _ —J
wo=wos =1 T @)

It should be noted that the piston executes a reciprocating
movement in the vertical direction. Thus, the horizontal
position can be used as a boundary condition for the solu-
tion of the equations.

—Rsin® — Lsiny — B, cosa — B sina = =/ (5)
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Fig.6 Angles and points used in the analysis

Furthermore, the piston’s displacement S is given by
§=1-Rcosf —Lcosy +B,sina — B, cosa — A (6)

The position of the piston determines the instantaneous vol-
ume V of the combustion chamber:

T
V=8—+ (N

in which the diameter of the cylinder is represented by d...
The dislocated volume gives the cubic capacity (CC):

ﬂ'dg
CC = [max (S) — min (S)] 2 3
and the compression ratio (CR):
_ CC 41
min (S) ®)

There are three unknown variables: a, y, and C,. Therefore,
it is necessary to obtain another two boundary conditions
in order to solve the equations. The position of the pivot is
defined by the actuation system and, as a result, is known.

300 +

250 +

200 +

150

Y [mm]

100 |

50 F

-200 -100 0 100 200
X [mm]

Fig. 7 Trajectory of each point at the maximum cubic capacity

The position of the pivot can be represented by w,, which
can be found as follows:
W =w. + | €8¢ —sina C,

e b sina cosa C,

_ J —Rsin@ —Lsiny + C,cosa — Csina
~ | Rcos@+Lcosy + C,sina+C,cosa

(10)

The above relation must represent the imposed position of
the pivot; thus,

—Rsin® — Lsiny + C,cosa — Cysina | _ [ Wy
RcosO + Leosy + C sina+ Cycosa [~ | W,

v

an
As the unknown variables are trigonometric function’s argu-
ments, an analytical solution cannot be easily found. There-
fore, the system was solved numerically by implementing
the Newton—Raphson method [4].

Figures 7 and 8 present the trajectory of each point for
a full revolution of the crank, while Figs. 7 and 8 show the
conditions of maximum and minimum cubic capacities,
respectively.

The trajectory of d is shortened as e is positioned far from
b as it can be perceived when comparing point ¢ in Figs. 7
and 8.

3.2 Velocity

The velocity relations are derived by assuming that the
crankshaft is rotating at a constant speed that is represented
by 6. Thus, the velocity of point a is given by differentiat-
ing Eq. 1:

[ =BRcos6
Wa =\ —6Rsin6 (12)

@ Springer
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Fig.8 Trajectory of each point at the minimum cubic capacity

Similarly, the velocity of point b is obtained by the differ-
entiation Eq. 2:

W - —ORcos® — yLcosy
b7\ —6Rsin® — yLsiny (13)

And for point ¢, Eq. 3 is differentiated, obtaining:

. [0
we=13 g (14)

As point d follows point c, their velocities are the same, i.e.,
W, = W_, and as the piston executes a reciprocating trajec-
tory in the vertical direction, the horizontal component can
be used as boundary condition:

As in the displacement model, there are three unknown
variables—the angular velocities y and & and the rate of
change in the arm length C —and consequently, it is neces-
sary to obtain three boundary conditions to solve the equa-
tions. As this study involves a mechanism operating at stable
conditions, the pivot is assumed to be static, and thus, the
velocity of the pivot is null.

—ORcosf — yLcosy — &C, sina — aCycosa + C,cosa
¢ —ORsin® — yLsiny + aC,cosa—aCysina + CX sina

o
"o (15)

The velocity of the piston is given by Eq. 14. It should be
noted that this relation does not depend on C,. Therefore,
using the boundary conditions given by Eqs. 14 and 15, it is
possible to eliminate C, and define & and j using analytical
expressions:

a _9Rsin(0—a)+)7Lsin(y )]
B C

X

16)

@ Springer

__6R c >s1n(0—a)—cos€
T

( B, sina—B, cos a

an

B, sina—B, cosa

cosy — ( c. ) sin(y — a)

C, is determined by using one of the relations given by
Eq. 15:

ORcos 0 + yLcosy + a(C,sina + C, cos a
C = ( y ) (18)

" cos @

It should be noted that any of the components of Eq. 15
could be used to determine C,. However, it was preferred to
use the horizontal component as the relation obtained has
cos a as the denominator, and as « assumes values near zero,
the equation is computationally stable.

3.3 Acceleration

As cited previously, this analysis is performed while consid-
ering the crankshaft to be rotating at a constant speed. By
differentiating the relations of velocity found for each point,
the following relations were derived:

W - 6>Rsin 0

a7\ —6°Rcos 0 (19)
. 0%Rsin@ + y*Lsiny — yLcosy
W _{ —0?Rcos O — 7*Rcosy — yLsiny (20)

W = 6’Rsin6 + y>Lsiny — yLcosy
€7\ —62Rcosf — y>Rcosy — yLsiny
+&*(B, cosa + B sina) — &(—B, sina + B, cos a)
—dz(—Bx sina + B, cos a) - &(Bx cosa + B, sin a)
2D

The above relation comprises the first boundary condition
for solving the equations of acceleration as it represents the
acceleration of the piston, of which the horizontal compo-
nent is zero:

. [0
We=1 g 22)

In order to determine the remaining variables, the accelera-
tion of point e is used again as a boundary condition:

W = 0?Rsin@ + y*Lsiny — jLcosy — &*(C,cosa — C,sina)
¢\ —6?Rcosf — y*Lcosy — yLsiny — dz(Cx sina + C cos a)
—&(Cx sina + C, cos a) —2¢C,sina + C, cosa _J0
+02(CX cosa —C, sina) +2aC . cosa+C.sina [~ | 0
(23)
The unknown variables are &, ¥, and CX. On using the three
given boundary conditions, we obtain
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67Rcos (6 — @) + 7> Lcos (y — a) + yLsin (y — a) + @*C, — 2aC,

i

C;
(24)
sin(y — ) -
7y :{L[cosy + 2—(—Bx sina + B, cosa)] }
{6°Rsin0 + y*Lsiny + &* (B, cosa + B sina)
B ,cosa — B, sina) .
— ( 2 ) [02R cos (0 —a)
CX
+7%Lcos(y — a) + d2Cy - 20:C'x] }
(25)

and the acceleration of the piston is given by Eq. 22.

4 Interpolation of the control parameters

A model for linking the cubic capacity and compression
ratio to the position of the pivot is described in this sec-
tion. In the previous sections, the need for developing such
a relation was explained, as the relations of motion are not
linear. Moreover, as a simulation of the engine performance
would require the evaluation of the mechanisms operation

130

at several different conditions, ad hoc adjustments would
not be convenient.

The adopted strategy comprised the mapping of the entire
range of operation of the mechanism, while defining the
compression ratio and cubic capacity of each pair of coor-
dinates of the pivot, as shown in Fig. 9. The mechanism was
set to operate with a cubic capacity going from 315 to 400
cm?® and a compression ratio going from 6:1 to 20:1.

However, it is desired to obtain the position of the pivot
as a function of the cubic capacity and compression ratio
instead of obtaining the cubic capacity and compression
ratio as a function of the position of the pivot. Therefore,
the coordinates were determined as a function of the engine
parameters as shown in Fig. 10.

Although both components of the displacement influence
both the cubic capacity and compression ratio, the horizontal
component is strongly linked to the cubic capacity while the
vertical component is strongly linked to the compression ratio.
Thus, we opted to develop the following two expressions:

W, = W, (CC, CR) — W, (CC, f(CR)) (26)
and
W, = W, (CR, CC) —» W,(CR,f(CC)) (27)

By performing regression, it was found that

By, Cy,
Wy, = Ay, exp o + oc? (28)

120 —

110 —

100 —

90 —

80 —

Vertical displacement W, [mm]

60 |
@ Cubic Capacity [em?]
@ Compression Ratio

| \

50

100 120 140 160

180 200 220 240 260

Horizontal displacement W}, [mm]

Fig. 9 Base map for interpolation
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Fig. 10 Map for the position set of the pivot

wherein

AWh =0{AWh + ‘BAwh In (CR) (29)
ﬁBWh 5Bwh

By, =ag, + R R (30)

Cw, =ac, +bc, M(CR)+6c, In? (CR) (1)

In the case of the vertical component, it was found that

W, = Ay, exp <i_u}; + EIZVZ) (32)

wherein

Aw, =y, + by, In(CO)+6,4, In* (CC) (33)
Ps, s,

By, =ag, exp< CCV + CC;> (34)

@ Springer

Cubic Capacity [cm?]

ﬂCW\’ 6CW\’

35
CC + cC? (35)

CWv =(xCWV +

The variables proposed were determined by the implementa-
tion of the least squares method, which resulted in the values
presented in Table 2.

These relations represent an average percent devia-
tion [10] of 0.44% for both W, and W,. It should be noted
that there is a difference between the desired values of
the compression ratio and cubic capacity and the effective
values of both. On comparing the results obtained with
the assigned values, an average percent deviation of 0.94%
and 0.17% was found in the compression ratio and cubic
capacity, respectively.

5 Results

The described model was implemented and run using For-
tran code. The generated results were then loaded to the
platform MATLAB to perform the analysis. This analysis
comprises the verification of the desired characteristics
mentioned in the previous sections, which is described in
this section. The aforementioned desired characteristics
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Table 2 Parameters of the

. ! Parameter Value
interpolation
. —224.856647
ﬂAwh 119.792433
@, —1582.807539
ﬁ'BWh 7892.012552
6 By, 39677.439377
ac,, —821563.554214
ﬁ'cwh 730561.355817
5th —110027.677793
X, —23936.295463
ﬂva 7977.219991
5Aw\ —661.899957
o, 137589.999804
ﬁBw‘, —7830.134472
5Bwv 1380900.8319
ac,, 89.819454
,BCWv —78474.864516
(SCW\ 17192106.2599

are the stroke—bore ratio, effects of the cubic capacity and
compression ratio variation on the kinematics, and a com-
parison with the kinematics of a conventional engine.

5.1 Stroke-bore ratio

As explained previously, a small stroke—bore ratio is unde-
sirable as it decreases the engine efficiency. Thus, it is
important to verify how the stroke—bore ratio varies with the
cubic capacity for the configuration of the mechanism. The
stroke length was calculated for each condition of the cubic
capacity (it should be noted that this parameter does not
depend on the compression ratio) and is shown in Fig. 11.

The components of the mechanism were designed in a
manner such that the stroke length—bore ratio would not be
less than 1 for the entire range of the cubic capacity, as can
be verified in Fig. 12:

It is mentioned in [9] that the effects of heat transfer
and flame speed are only observed in small values of the
stroke—bore ratio (less than 0.5). Therefore, we do not expect
to find that the efficiency decreases with a reduction of the
stroke length.

5.2 Influence of compression ratio on kinematics

In Fig. 13, how the position profile of the piston behaves as
the compression ratio varies is shown. The increase in the
clearance volume with the decrease in the compression ratio
and how this relation is nonlinear is highlighted.

The displacement profile practically suffers no modifica-
tion with a variation in the compression ratio (Fig. 13). The

—

=

0
T

]

—_
o
~

100+

96 -

Stroke length [mm

92+

88+

320 340 360 380 400
Cubic capacity [em?]

Fig. 11 Stroke length as a function of the cubic capacity

1.6 +

Stroke/Bore ratio
5

320 340 360 380 400
Cubic Capacity [em?]

Fig. 12 Stroke length-bore ratio

140

—10:1

120

100

80

60

40

20

Piston’s displacement [mm]

0 90 180 270 360
0 [°CA

Fig. 13 Effect of the compression ratio on the position profile of the
piston

adjustment of compression ratio is performed by altering the
inclination of the lever. This causes a shift in the TDC and
BDC, which is explained in Sect. 5.4.

@ Springer
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5.3 Influence of cubic capacity on kinematics

The increase in the stroke length is accompanied by the
increase in the cubic capacity as stated by Eq. 8 and illus-
trated in Fig. 14. Another aspect of the displacement when
the cubic capacity is adjusted is the position of the TDC
(Fig. 14). A variation in the position of the TDC occurs
whenever the cubic capacity is set without changing the
compression ratio. This occurs because the compression
ratio is given by the ratio of the maximum and minimum
(clearance volume) volumes of the combustion chamber. If
the dislocated volume is changed, the clearance volume must
vary in order to maintain a constant ratio (12:1 in the case of
Fig. 14). This feature is a great disadvantage in VSE mecha-
nisms, which only allow the adjustment of the stroke length.
In such cases, it is impossible to adjust the cubic capacity by
maintaining a constant compression ratio.

The variation in the cubic capacity affects the velocity
profile by increasing its amplitude as the cubic capacity
increases. This occurs because the lengthening of the stroke
requires a higher velocity for the piston to run its stroke in
the same period of time (see Fig. 15). Moreover, the position
of the pivot affects the motion of the lever, thus changing
the position of the velocity peak to approximately 90° CA
(crank angle degree). Figures 15 and 16 were generated at
an engine speed of 3500 rpm. The effect of the engine speed
is only related to the amplitudes of both the velocity and
acceleration. Thus, the effects on the profiles will be same
irrespective of the engine speed.

As in the case of the velocity profile, significant changes
are not observed in the acceleration profile with a reduc-
tion in the stroke length except in the case of a decrease in
amplitude (see Fig. 16).
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Fig. 14 Displacement profile of the piston
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Fig. 15 Velocity profile of the piston

5.4 Phase shift of TDC and BDC

The nature of the trajectory of the components, mainly the incli-
nation of the lever, creates a phase shift in the TDC and BDC.
In Figs. 7 and 8, it is shown that the mechanism is static at
0 = 0° CA, and it is observed that the connecting rod is slightly
tilted, which means that the TDC does not occur at exactly
0 = 0° CA nor does the BDC center occur at § = 180° CA.
On comparing both figures, it is noted that the TDC and BDC
positions depend on the configuration of the mechanism. For
the entire range of the compression ratio and cubic capacity, the
phase shifts in the TDC and BDC were calculated and mapped.
The obtained results are presented in Figs. 17 and 18.

The phase shift in the TDC is strongly related to the
compression ratio, which assumes values from + 3° to
+ 5.2° and is always positive. In contrast, it is verified
that the phase shift of the BDC is almost symmetrical and
varies from — 1.5° to + 2°; it is strongly dependent on the
cubic capacity.
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Fig. 16 Acceleration profile of the piston
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Fig. 17 Phase shift in TDC
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Fig. 18 Phase shift in BDC

This phase shift is not to be considered as a drawback
as the ECU can be easily calibrated to identify the shift
and correct events that are dependent on the TDC and
BDC, such as the spark advance. Even if the engine does
not allow the control of the valve phasing, the magnitude
of the phase shift in the TDC and BDC would not harm
the gas exchange process. This effect of the phase shift is
already observed when a conventional crank-rod mecha-
nism presents an eccentricity, i.e., when the axis of the
cylinder is not aligned with the crankshaft axis in order
to minimize the lateral forces acting on the piston’s head.

5.5 Comparison with the conventional mechanism
One of the main concerns in the design of the proposed

mechanism is to preserve the kinematics characteristics
observed in a conventional crank-rod mechanism. Therefore,
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Fig. 19 Comparison of the position profile between the proposed
engine and a conventional engine
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Fig.20 Comparison of the velocity profile between the proposed
engine and a conventional engine

the kinematics of a conventional mechanism was simu-
lated with the same cubic capacity as that of the proposed
mechanism in the simulated condition. As the crank radius
is greater in a conventional engine for reasons explained
in Sect. 2, the connecting rod of the simulated model was
increased in order to maintain the same ratio of rod length
to crank radius.

The profiles of the displacement, velocity, and accelera-
tion are given in Figs. 19, 20, and 21, respectively.

There is a slight difference between the kinematics of
a conventional engine and the proposed one (Figs. 19, 20,
and 21). It is verified in Fig. 21 that the acceleration profile
is symmetrical in the conventional engine, whereas in the
proposed mechanism it is slightly asymmetrical. For all
conditions of cubic capacity and compression ratio, this
difference was evaluated. However, a characteristic to be
considered in this analysis is the variation of the maximum
amplitude between the conventional and proposed mecha-
nisms, which is small.
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Fig.21 Comparison of the acceleration profile between the proposed
engine and a conventional engine
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Fig.22 Minimum velocity deviation

At a large cubic capacity, the compression ratio has a
strong relation with the minimum velocity (see Fig. 22).
This occurs because of the inclination of the lever in that
specific condition. For small values of cubic capacity, the
velocity is almost independent of the compression ratio.
For all conditions, the compression ratio has little or no
influence on the velocity (Fig. 23). It is thus concluded
that the mechanism reduces the maximum velocity in the
trajectory from the BDC to TDC (negative values) while it
increases the maximum velocity along the trajectory from
the TDC to BDC (positive values). In addition, the maxi-
mum absolute deviation found was 8%. Similar effects
were verified with respect to the acceleration; its maxi-
mum value for the BDC-to-TDC trajectory is presented
in Fig. 24, and its maximum value for the TDC-to-BDC
trajectory is presented in Fig. 25.

A large deviation is observed in the acceleration as com-
pared to the velocity. Nevertheless, the maximum deviation
is less than 20%. To our understanding, these results present
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effects that are not expected to significantly influence the
engine performance.

6 Conclusions

Variable stroke and compression ratio engines have been
studied in the recent years as a potential to provide a signifi-
cant improvement in efficiency and reduction in pollutant
emissions. In order to evaluate the impact that such tech-
nology would have on the automotive sector, research and
extensive tests have been conducted. One of the first tasks
in this direction is to study the kinematic behavior of the
engine. Based on the kinematics, it is possible to evaluate the
features of the technology. Moreover, the study of the kin-
ematics provides fundamental information that is required
for the dynamics evaluation and design of components, as
it provides information that is required for a performance
analysis through a phenomenological, i.e., thermodynamic,
simulation. This work presents the kinematic study of a VSE
mechanism proposed in [5] and also involved the develop-
ment of tools for determining the engines operational con-
figuration (in this case, the position of the pivot) according
to the desired set of cubic capacity and compression ratio
values.

Subsequent to the development of the described tools,
some requirements for the implementation of the mechanism
were evaluated. The obtained results showed that the mech-
anism meets the established requirements of independent
adjustment of stroke length and compression ratio. It is pos-
sible to control the stroke length in a significant range from
315 to 400 cm?, with the possibility of redesign that results
in a greater range. On the other hand, the compression ratio
range is very flexible with the same actuator. Although the
configuration studied ranges from 6:1 to 20:1, it is possible
to achieve higher compression ratios with the same solution
without any system recalculation. The preservation of the
motion obtained in a conventional crank-rod mechanism is
another requirement that was satisfactorily met.

The work presented in this paper provides a basis for
future studies that could quantify the impact of the imple-
mentation of such technology in the transportation sector.
Prospective research will use the developed model to per-
form simulations on engine performance and emissions as
well as for design and structural analysis purposes.
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