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SHRNUTI

Clanek se zabyva prezentaci nastroje pro syntézu mechanismd motoru zaloZeny na DASY a jeho vyuZiti pfi navrhu parametrd
experimentalniho jednovélcového motoru. Nastroj obsahuje parametricky model motoru zaloZeny na DASY. Model umozni simulovat
termodynamiku motoru a jeho mechanismy. Sklada ze submodel(i, které fesi termodynamiku, kinematiku a dynamiku rozvodového
mechanismu, jeho femenovy pohon a hydraulicky okruh nataceni vackovych hfideli. Metodik syntézy mechanism( bylo vyuZito pro
nalezeni hodnot kalibracnich parametrl. Nasledné byly parametry submodelii validovany experimentalnimi daty a jejich hodnoty
jsou obsaZeny v DASY. Ze submodelli byl sestaven model experimentdlniho jednovalce, ktery ovéfuje jeho konstrukci, umoziuje
optlmallzovat jeho parametry a predpovidat jeho chovani v riiznych simulovanych stavech.

KLiCOVA SLOVA: VARIABILNi VENTILOVY ROZVOD, VACKA, VENTIL, VACKOVA HRIiDEL, HYDRAULICKY PRESUVNIK VACKOVE
HRIDELE, SIMULACE, EXPERIMENTALNI ZAZEHOVY MOTOR, DYNAMIKA, VYPOCET, GT-SUITE

ABSTRACT

The article presents a tool for the synthesis of engine mechanisms based on DASY and the use thereof for designing the parameters of
an experimental single-cylinder engine. The tool includes a parametric engine model based on DASY. The model will make it possible to
simulate the engine thermodynamics and its mechanisms. It consists of sub-models which deal with the thermodynamics, kinematics
and dynamics of the valve timing mechanism, its belt drive, and hydraulic circuit for camshaft adjustment. The methodologies of
synthesis of mechanisms were used to determine the values of the calibration parameters. The parameters of the sub-models were
subsequently validated by experimental data, and the values thereof are included in DASY. The sub-models were used to assemble
the model of an experimental single-cylinder engine which validates the design thereof, makes it possible to optimize its parameters
and predict its behavior in different simulated conditions.

KEYWORDS: VARIABLE VALVE TRAIN, CAM, VALVE, CAMSHAFT, HYDRAULIC CAM PHASER, EXPERIMENTAL SI ENGINE,
SIMULATION, DYNAMICS, CALCULATION, GT-SUITE

1. INTRODUCTION AND RESEARCH

The creation of the model of the single-cylinder parametric
model was based on a four-cylinder engine. Parameters of the
different parts were available for this engine from CAD models.
Data such as valve acceleration curves, actual speed and the
forces acting on the rocker arm were available from experiments.
The entire parametric model was divided into sub-models which
were subjected to calibration according to this available data.

A conventional approach to the simulation of the dynamics
of the mechanism consists of modeling individual subsystems
separately and subsequently using the results of its marginal
conditions for another sub-model. It is advisable to approach
the analysis of the individual interactions between individual
subsystems holistically. It is possible to use commercial or
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university software. The commercial software includes, for
example, GT-SUITE, a Ricardo software suite (Valvedyn, Wave,
Engdyn...), or SIMPACK. University software includes, for
example, MBSim of the Munich Technical University. Individual
solutions are offered by modeling of a system of 1D/2D/3D bodies
using an approach where the bodies can be solid or flexible. The
finite element method is used to address the deformations of
each body.

Depending on the complexity of the model and the required
results, it is important to pick a suitable approach with respect
to the time-intensity of the calculations. The advantage of
modeling of individual subsystems separately is a greater
number of parameters which describe the real model in greater

Tool for the Synthesis of Mechanisms of New Engines based on DASY

MECGCA 02 2017 PAGE 1



detail and contribute to greater capability of calibration of the
model with a relatively low time-intensity of the calculation.
Synthesis of the individual mechanisms therefore increases the
number of parameters which are used for sufficient description
of the entire mechanism, and thus the calculation demands. It
is necessary to optimize the number of parameters, such as to
achieve a reasonable calculation time and describe all important
dynamic phenomena. Out of the freely available sources, we can
mention — as an example of holistic approach to the synthesis of
mechanisms in [1].

The software used for calibration of the parameters of the
individual sub-models was DASY as a multi-parametric solver
that uses a genetic algorithm.

2. DESCRIPTION OF THE SUB-MODELS

The creation of the parametric engine model involved division of
the entire model into sub-models. The parameters of these sub-
-models were calibrated according to the available measurement
data; see Chapter 3.

2.1 THERMODYNAMIC SUB-MODEL

The thermodynamic sub-model makes it possible to simulate the
thermodynamics of the engine such as, for example, a model of the
SI combustion, heat transfer to the cylinder walls, fluid dynamics
in the pipes. The sub-model can be used for determination of
the performance characteristics of the engine, specific fuel
consumption, and other parameters. An important capability
of the thermodynamic model is determination of the optimal

FIGURE 1: Schematic single-engine model in GT-ISE.
OBRAZEK 1: Schematicky model parametrického jednovalcového motoru.
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timing of the intake and exhaust valves to maximize the torque
and minimize consumption, which should ensure reduction of
the emissions in the exhaust gases. The determination of the
optimal timing must be considered with regard to the design
limits of the engine, respecting for example the collision of the
piston and the valves.

2.2 MODEL OF THE INTAKE AND EXHAUST VALVE DYNAMICS

One of the more sophisticated sub-models for calibration is the
model of the intake and exhaust valve dynamics. Their models
are identical and only differ by the cam profiles used and input
parameters of the individual elements. The specific type of the
valve-operating mechanism used in the model is DOHC. For
the single-cylinder engine model it includes two intake valves
and two exhaust valves. For calibration and acceleration of
the calculation time, the sub-model was simplified to include
one separate valve in order to find the values of the calibration
parameters. The model is described by a total of 37 parameters
with which it was calibrated. The calibration parameters are
divided into two parts. The first part is physical, input parameters
of the elements such as stiffness of the individual parts (valve,
rocker arm...) which were determined using the FEM. These
parameters remain constant with the changing rotation speed.

The second group is parameters of the contact points (Figure 3)
which are generally used for mathematic transmission of
information between the individual elements and the value
of which is difficult to determine. It is assumed that they can
change with the change of the actual rotation speed. The reason
is that some of these elements ensure convergence of the
numerical solution. For example, the ramp function of stiffness
simulates the flexibility upon contact of two bodies and deals
with the step change of stiffness of the contact which would
cause the complications in the numerical solution. The model
includes an active predictive tribological model dealing with the
elastohydrodynamic contact between the individual elements.

2.3 MODEL OF A TIMING BELT WITH HYDRAULIC CAM PHASER

The model includes a toothed belt pulley with hydraulic cam
phaser on the intake and exhaust side, a toothed belt pulley on
the crankshaft, idler and tensioner, and a toothed belt. The GT-
-ISE environment models a toothed belt as a system of flexible
beam elements and rigid bodies in the form of teeth. The beams
are considered loaded with axial and shear stress and bending
moment. The entire system is discretized using the principle of
the finite element method. The number of teeth represents the
number of the finite elements which are connected in nodes. In
physical terms, the belt consists of a rubber body and steel cord.
It is the steel cord that increases the overall stiffness of the belt
and reduces the amplitude of inherent oscillation. Based on the
density of the composition of the rubber and the steel cord, the
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FIGURE 2: Single-cylinder engine thermodynamic model with intake
and exhaust system.
OBRAZEK 2: Termodynamicky model jednovélcového motoru.

Kinematic model from VT-DESIGN

Input RPM map

Contact points

FIGURE 3: Model of single-valve mechanism.
OBRAZEK 3: Model saciho ventilu.

weight and the moment of inertia of one element are estimated
for the model. More accurate values of these parameters
were determined based on calibration the results of which are
provided in chapter 3.2.

The parameters of the hydraulic cam phaser and the other inlet
pipes and volumes were measured out from the available CAD
data. For the cam phaser were important moments of inertia
of the stator and rotor, number and volume of the advance
and retard chambers and the maximum angle of the phase
change and the size of the effective area of the rotor blades.
Measurement data was not available for the hydraulic part,
and therefore the results of the hydraulic model only server as
prediction. The model of a drive of timing mechanism with cam
phasers is shown on Figure 4.

3. CALIBRATION AND VALIDATION
OF THE SUB-MODELS

The calibration of individual sub-models was performed
according to the available measurement data, at multiple
rotation speed points. This approach ensures that a broader
interval of dynamic phenomena is covered.

The calibration and validation of the sub-models was performed
using the DASY software in the case of the intake and exhaust
valve dynamics and the thermodynamic sub-model. This software
uses a genetic algorithm which is based on the principle of
evolution biology and uses processes such as crossbreeding,
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Exhaust side

Intake side

Timing belt mechanism

FIGURE 4: Model of timing belt with pulleys and hydraulic cam phaser
OBRAZEK 4: Model femenového rozvodu a hydraulického camphaseru

mutation, natural selection or hereditability. The advantage
of this software is that it solves optimization tasks with many
variable parameters and looks for the optimal solution according
to the predefined criteria. GT-SUITE includes a program called
GT-POST which is used for displaying the simulation results. The
results are divided into two types. The first type is display of the
calculated values of magnitudes such as continuous function
depending on time or angle in one or more operation cycles. The
other type is display of the value of the magnitude as a single
integral value in the form of average, maximum, minimum, or
cumulative value integrated over a cycle. An example is effective
mean pressure, average torque, average consumption, etc. This
form of result is called RLT.

3.1 OPTIMIZATION OF THE THERMODYNAMIC MODEL

Optimization of the valve timing is based on the RLT-type results.
The optimization was performed in order to determine the
maximum torque along with the minimum specific consumption.
The results file of the GT-POST program exports output RLT
magnitudes of the specific consumption and torque into a text
file. This file, together with the model from GT-ISE, is uploaded
to the DASY environment where independent and dependent
parameters are chosen. The independent parameters are defined
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as input values, i.e., starts of valve lift. In addition, an interval
is defined in which the input variables should change in order
to prevent collision of the piston and valves. The dependent
parameters are output magnitudes, i.e., values of the specific
consumption and torque. A sample of the parameter settings
together with a simple flowchart is shown on Figure 5.

The output is a set of results from which the compromise
between the maximum torque and minimum consumption
must be selected manually. In addition, it is necessary to respect

E0 bsfe

10 tg
cazovani_opt

Parameter Value Units Limits Block

Known
EQ 250 Input parametrs  [220: 2...  casovani_opt
[ 10 10 [-20: 20]  casowani_opt

Lnknown
[ bsfe 30981 Qutput parametrs Mo Limits  casovani_opt
(i 764 Mo limits casovani_opt

FIGURE 5: Setting the known and unknown parameters in DASY
OBRAZEK 5: Nastaveni zndmych a neznamych parametri v DASY
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TABLE 1: Results of valve timing optimization
TABULKA 1: Vysledky hodnot optimalniho ¢asovani ventilil

RPM 10 before TDC [CA] EO before BDC [CA]
1000 17 29

2000 16 37.5

3000 14 42

4000 13 28

5000 10 25

6500 2 24

FIGURE 6: Comparison of simulation and measured data for intake valve
acceleration
OBRAZEK 6: Srovnani simulace a méfeni zrychleni saciho ventilu
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FIGURE 7: Flowchart for calibration of the rotation speeds of camshafts in DASY
FIGURE 7: DASY set for camshaft RPMs

FIGURE 8: Comparison of the intake camshaft RPM from simulation
and from measurement

OBRAZEK 8: Porovnani pribéhu okamZitych ota¢ek na saci vackové
hfideli ze simulace a méfeni
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the rotation speed of the engine for which the optimization
was performed. The optimal timing determined for the version
used in this model, i.e., single-cylinder, unsupercharged engine
with external formation of the mixture, is shown in Table 1.
The optimization was performed for maximum engine load.

3.2 CALIBRATION OF THE DYNAMICS OF THE INTAKE

AND EXHAUST VALVE

Calibration of the dynamic characteristics of the valve train
mechanism was also performed using the DASY software. The
process and evaluation of the calibration is identical as in the
case of [3]. For the evaluation of the objective function, the
genetic algorithm searched for the minimum value of the sum
of the squares of the deviations between the objective function
and the current curve from the simulation at the reference
points. The deviations were observed on the valve acceleration
curve in the time and frequency domain.

The measured curve was decomposed by Fourier transform into 64
harmonics where 15 reference points were determined (see [3]).

3.3 CALIBRATION OF THE TIMING BELT TRANSMISSION
Curves of actual rotation speed from the measurement and
from the simulation results were compared in the toothed belt
mechanism. As stated above, the material properties of the belt
were used as parameters for calibration.

The available data from the measurement, however, was for
a four-cylinder engine, not for the single-cylinder engine under
review. Therefore, an auxiliary, purely mechanical model of four-
-cylinder engine was built. This model was composed of the
timing mechanism and intake and exhaust camshaft where
the data from chapter 2.2 was used as the values of the valve
mechanism parameters. This model was used only for more
accurate determination of the toothed belt parameters. The
basic material properties and the nominal pretensioning of the
belt were determined by an estimate, and the more accurate
value thereof was determined by calibration. The identical
process was used as in the calibration of valve acceleration. In
this case, however, there was sufficient decomposition into 32
harmonics using Fourier transform of the actual rotation speed
of the camshafts and only 6 reference points because the curve is
periodical. The diagrammatic model from the DASY environment
is shown below. The model includes the input parameters in the
form of the material properties of the belt and the pretensioning
thereof. The output is the reference points on the decomposed
curve of the actual rotation speed.

The best match was achieved at 2000 rpm. The parameters
corresponding to this curve were used in the other rpm points.
The value of the nominal pretensioning of the toothed belt
was based on simulation of 253 N. According to the available
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information, this value ranges between 305+380 N in a real
four-cylinder engine. This can be considered sufficiently accurate
approximation to reality, to which also the below-pictured curve
of the actual rotation speed corresponds.

4. REFERENCE RESULTS OF THE
PREDICTIVE MODEL

Connection of the sub-models resulted in a predictive model of
asingle-cylinder engine which was used for calculations supporting
the design of the parameters and design of a real engine. The
parameters obtained from the auxiliary calibration sub-models
were put in this predictive model for each rotation speed point.
They are parameters of the toothed belt, the intake and exhaust
valves. The predictive model of a virtual single-cylinder engine
can be used also for prediction of the behavior of a real engine
in different conditions which cannot yet be performed on a real
engine as it is still under development. This can prevent conditions
in which the timing elements would be damaged.

A synthesis of the thermodynamic and mechanical model can be
used to predict the load upon the timing system parts. The mechanical
model provides the thermodynamic model with information on the
lift curves and, on the other hand, receives information on the curve
of the pressure in the channels, in the cylinder, and temperature
gradients, which includes these influences on the calculation of the
dynamics of mechanisms.

The following three sub-chapters include the reference results of
the single-cylinder engine. This data has not yet been validated
experimentally.

4.1 DETERMINATION OF THE MAXIMUM ROTATION SPEED

The determination of the maximum rotation speed (rpm) of
the timing mechanism is based on the monitoring of the valve
lift curve and dynamic influences. The limit condition is one
where the masses of the timing mechanism are accelerated
and the valve spring is excited with a frequency approximating
its natural frequency. At this moment the spring loses its pre-
-tensioning and ability to close the valve in accordance with
the defined cam profile. The valve seating velocity is also
higher than the pre-scribed velocity, and valve separation
occurs. This condition is undesirable because it increases
the load and wear and tear of the entire mechanism. One of
the possible methods to determine the limit rotation speed
is monitoring and comparing the kinematic and dynamic lift
curve of the valve. In the optimal scenario, the dynamic lift
curve is lower than or equal to the kinematic curve due to the
flexibility and stiffness of the different parts. To determine the
valve separation from the seat, the Valve Separation element
was used. It is element, which compares difference between
dynamic and kinematic valve lift. The positive value of valve
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FIGURE 9: Valve separation dependence on relative camshaft RPM
OBRAZEK 9: Pribéh odskoku ventilu od sedla v zavislosti na otackach
vackové hiidele

separation (exceeding zero value) represents the separation
of the valve from the seat. Based on the analysis of this curve,
the maximum operating rotation speed of the valve train
was determined. The chart below shows the curve of valve
separation at the rotation speed limit where no separation
occurs yet. After having exceeded this value, separation
occurs after valve seating (the critical zone is depicted
in red). It is the first identifiable condition where stroke
occurs in the valve seat. The valve train, however, can be
operated further up to higher speed because the limit value
of valve separation is determined by the design limits of the
mechanism. For example it means the maximum possible
gap between valve and valve seat after valve bounce defined
by designers. Valve seating velocity gradient increases with
the increasing rotation speed, which is also associated with
excitation of the valve spring. As | have stated above, due to
the loss of pretensioning of the valve spring by the excitation
with natural frequency the valve separation is not absorbed
by the spring. This results in increased stress on the entire
valve train.

FIGURE 10: Valve lift curves and the impact on the actual rotation speed
of the camshaft

OBRAZEK 10: Prabéh zdvihovych kfivek ventilG a vliv na pribéh
okamzZitych otacek vackové htidele
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4.2 ACTUAL ROTATION SPEED CURVE

The actual rotation speed curve periodically oscillates around
the mean value of relative rotation speed of the camshaft.
The action of the exhaust cam on the valve overcomes the
pre-tensioning of the valve spring and reduces the actual
rotation speed. Upon closure of the valve, the pre-tensioning
in the spring increases the rotation speed. The same principle
operates in the intake valves. After they have been closed, the
actual rotation speed stabilizes around the mean value, which
is manifested by decrease of the amplitude thereof. A partial
test was performed because of the impact of the oscillation
of the actual rotation speed in the region of closing of the
valves, whether more significant deviations occur. No greater
oscillation of the belt occurs, according to Figure 10, in the
deviation of the amplitude of the actual rotation speed from
the value of mean rotation speed in the region outside of the
valve lift. It means the sufficient value of pretensioning of the
toothed belt, which can be used to predict good adjustment
thereof.

4.3 INTERRUPTION OF THE SUPPLY OF PRESSURE OIL
One of the possible conditions in which a single-cylinder engine
can be found is a condition of certain failure. For example, in
an experimental test, the oil circuit may be interrupted and
the pressure jumps to a lower value. The mechanism includes
a hydraulic cam phaser which is operated by pressure oil.
Upon the loss of oil pressure, the valve timing may change,
leading to a collision of the piston and valve in the event that
the cam phaser rotor is not locked by a pin. Therefore in the
design of the mechanism, it is necessary to take this risk into
account and set the range of the cam phaser and valve timing
such that a collision of the piston and valve can never occur.
Decrease in oil pressure in the cam phaser chambers adds
a degree of rotor freedom of the system between the stator
and blades of the rotor of the cam phaser. The chart below
shows the curve of the phase change of the cam phaser in
the event of a step change of the oil pressure. The added
degree of freedom of the mechanism between the pulley
and camshaft causes a phase change due to the momentum
transmitted through the pulley and the angular momentum
of the system. Decreasing angular speed due to valve springs
can cause overturning of the rotor blades against the stator
between its walls. This will result in chaotic actual rotation
speed of the pulley or, more precisely the camshaft.

The type of failure where the rotor oscillates against the
stator due to the sudden drop of oil pressure and, at the
same time, the pin locking does not occur is very unlikely. But
if it happens, it will have impact on the entire mechanism.
According to Figure 11, there is an apparent oscillation of
the phase change of the cam phaser after oil pressure loss
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in a very short time interval. One of the effects of this cause
is the form of the resulting lift curve in comparison with the
kinematic curve. This difference is shown on the picture below.
The separation of dynamic from kinematic lift means greater
valve acceleration than the one for which the mechanism
is designed. In the first lift curve we can observe greater
separation, which is also associated with the impact of the
rocker roller all the way to the base of the cam. The spring
does not manage to absorb the impact of the valve, and an
additional valve separation occurs.

Therefore, only from mechanical point of view a short-term
interruption of oil supply is not dangerous because increased
stress of the individual parts, such as valves, valve seats etc.,
only occurs locally. But on the other hand, total oil pressure
interruption is dangerous for whole engine, if engine does not
stop as soon as possible. With this phenomenon is connected
secondary problem, which is the deviation of the lift curve
from the required curve. See Figure 12.

5. CONCLUSION

The article presented the application of a tool for synthesis of
engine mechanisms based on DASY. The application includes
creation of a computer parametric model of variable valve
train with toothed belt, and a thermodynamic model of
a single-cylinder engine in the environment of the GT-SUITE
software. DASY software with genetic algorithm was used

FIGURE 11: Dependence of cam phaser phase angle on oil pressure
OBRAZEK 11: Zavislost fazové zmény camphaseru na tlaku oleje

FIGURE 12: Impact of oil pressure loss on valve lift curve
OBRAZEK 12: Vliv poklesu tlaku oleje na zdvihovou kfivku ventilu
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for calibration and optimization of the model. The optimal
approach seems to be looking for the objective function of
the continuous function such as valve acceleration or actual
rotation speed curve using a set of reference points and
evaluation using the method of minimum value of the sum of
the squares of the deviations. Calibration of individual models
according to the data measured is more time-intensive also
after having used certain simplifications, but a connection
thereof leads to the resulting model with a relatively accurate
predictability. The holistic approach to the mechanical part of
the model seems beneficial in terms of examination of the
mutual interactions between the mechanism members. With
respect to the uniqueness of the prototype of the experimental
engine, the computer model is a useful tool because it makes
it possible to simulate conditions which cannot be performed
on a test engine because it is still under development. Some
design modifications can be made, if applicable. Last but not
least, the simulation can prevent conditions where damage
could occur to the engine, a fact that has been verified also
by several predictive simulations.
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LIST OF NOTATIONS AND ABBREVIATIONS

DASY Design Assistance System
B_D_C  Belt Damping Coefficient
B_E_A  BeltAxial Stiffness

B_E_| Belt Bending Stiffness

B_S M  Belt Sectional Mass

B_S_M_I| Belt Sectional Moment of Inertia
B_S_S  Belt Shearing Stiffness

BSFC Break Specific Fuel Consumption
DOHC  Double Over Head Camshaft

EO Exhaust Valve Open

10 Intake Valve Open

RPM Revolution Per Minute

TQ Torque

SI Spark Ignition
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