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Abstract

Reducing mechanical losses in internal combustion engines has been a recurrent
research topic over the past few decades. Despite mechanical losses are a key
issue that should be carefully addressed to reduce fuel consumption and emis-
sions, its distribution amongst engine elements is barely covered in literature.
Recent work has shown the potential advantage of using low viscosity engine
oils to reduce fuel consumption, however, there is reduced knowledge on me-
chanical losses distribution under transient conditions. In this work, a model
is presented that predicts not only the total friction losses of an engine, but
determines the amount of friction energy lost in piston-ring assembly, engine
bearings, camshaft and engine auxiliaries in driving cycles representing a real
driving route. The final results of the simulation predicts, with 2% error, fuel
consumption, energy expended by the driven wheel and mechanical losses of
the engine. This methodology reduces the computational cost to estimate key
engine parameters in a real driving cycle such as: mechanical losses and its
distribution, fuel consumption... as the total calculation time is 10 seconds per
cycle simulated.
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1. Introduction

The transport sector is a contributor to climate change, accounting about
22% of the energy related world GHG emissions [I]. Furthermore, the transport
sector is a large consumer of fossil fuels, as well as other types of fuel [2], [3]. In
a typical passenger car, 21% of the energy introduced into the engine is used to
move the vehicle and the remaining 79% is released to the ambient[4]. Around
17% of that lost energy is dissipated to move mechanical elements with relative
movement to each other. European regulations are becoming more demanding
with pollutant emissions from light-duty vehicles to reduce the impact on climate
change [5], thus C'Oy emissions, main issue for greenhouse effect, has been set
to 95 g/km in 2020 for the average fleet on each car manufacturer [G].

The fuel consumption of a vehicle depends, mainly, on the base engine.

Several strategies have been taken in account along this field:

e The downsizing philosophy, which consists of reducing the total displace-
ment engine for a given vehicle mass and in coupling the engine to a

turbocharger [7],[8].

e Improve thermodynamic engine cycle performance by means of improving

combustion efficiency [9], [10].
e Reduce engine friction by means of surface texturing and coating [11], [12].

e Modify the viscosity of the engine lubricant and oil composition [13],[14].

And also, other external factors that can influence the fuel consumption: driving
mode, traffic [I5], [16], [I7] and optimal gear-shifting strategy [18].

One way to estimate the polluting emissions and fuel consumption of a ve-
hicle is by simulating real driving cycles. Authors in [I9] simulate a cycle devel-
oped in a city to compare the consumption of various vehicles. Also, in [20] the
use of GT-Drive software is proposed to model driving cycles to estimate fuel
consumption and polluting.

The current challenge is to reduce the fuel consumption of vehicles in order

to comply with current and oncoming regulations. One potential strategy, with
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a proven cost-effective way to increase engine efficiency and decrease engine
emissions, is the reduction of the viscosity of engine lubricating oils in order to
reduce mechanical losses [21], [22], [23], [24]. In the aforementioned publications,
experimental studies were carried out during driving cycles to estimate the fuel
savings produced by different lubricating oils. While these works were mainly
experimental, a simulation tool is currently interesting to perform an optimal
study of engine performance in a real driving cycle against different lubricating
oils.

In this work a model to estimate the lost friction energy of each element
contributing to mechanical losses during a driving cycle measured has been
developed. To do this, in a previous work [25] a model that is able to predict
the energy consumed in the elements with relative movement was developed.
In this work, the model has been adjusted to accurately predict the vehicle
performance under real operating conditions. In this way, it has been possible
to estimate the friction energy dissipated in each engine component: the piston-

ring assembly, camshaft, engine bearing and auxiliaries assembly.

2. Experimental tools

In this section, the experimental tools will be described. In this work, both
stationary and transients experiments were realized. The stationary test were
carried out in order to obtain the key parameters necessary to simulate and
calculate the mechanical losses and its distribution in the engine under different
conditions of load and engine speed. After that, the transients test were realized

in a transient test bench described below.

2.1. Stationary engine test bench

The engine operation maps (fuel consumption, mechanical losses versus en-
gine speed and brake torque) have been obtained in a stationary test bench
shown in Figure [I} Those data will be inputs in the simulation software. The

engine, whose main characteristics are presented in Table [1} is instrumented
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Figure 1: Engine Test Bench Scheme

with 4 AVL GH13P piezo-electric transducers installed at the glow plug hole of
each cylinder to measure the in-cylinder pressure. A Kistler 2011B amplifier is
used for conditioning the signal adquired by the piezo-electric transducers which
was calibrated according to [26].

K-type thermocouples have been installed to measure mean temperatures
of the intake and exhaust gases, coolant and lubricant. The injected fuel was
measured with an AVL 733S fuel meter, the air flow with a DN80 sensyflow,
the blow-by leakage, key variable to obtain the engine piston assembly friction,
was measured with an AVL blow-by-meter.

The acquisition and control of the low frequency signals was performed with
STARS. The instantaneous in-cylinder pressure signals were acquired by means
of a Yokogawa DL708E Oscillographic recorder with 16 A /D converter module.

Finally, in order to acquire the engine registered by the engine control unit

(ECU), the ETAS INCA software was used.
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2.2. Vehicle transient test bench

While an stationary engine test bench has been used to obtain the required
experimental information for the model calibration and experimental maps, the
evaluation of the mechanical losses distribution during real driving conditions
has been carried out in a complete vehicle equipped with the engine under study.
The main specifications of the vehicle are shown in Table[l] The powertrain has
been instrumented with a subset of sensors used in the engine test bench: pres-
sure and temperature sensors at different parts of the air loop system as well as
air mass flow and pollutant concentrations. A rapid prototyping dSpace system
is used in order to manage all the fuel, emissions and performance measure-
ments from different sensors and acquisition systems. In particular, the setup
gathers information from both the standard vehicle sensors, accessing the ECU
variables in real time through ETK port, and the research instrumentation by
means of additional CAN channels. The vehicle is installed in a dynamic vehicle
test bench equipped with variable frequency fast response dynamometers at the
hubs of the driving wheels (Rototest Energy 260 2WD). In this way, the torque
and speed at the driving wheels is measured. This system simulates on-road
conditions considering vehicle and powertrain inertia and the resistance caused
by aerodynamic drag, tyre rolling and road gradient. In this sense, different
driving cycles registered in real driving conditions (defined by a sequence of
vehicle speeds and road gradients) can be reproduced in a laboratory under
controlled conditions with additional sensors and peripherals. The chosen route
is a 33 km daily commute between two cities in Spain, consisting of urban sec-
tions, highway driving and rural roads. The urban section corresponds to the
first 180 seconds of the cycle. Then, in the second section of the cycle and the
most durable corresponds to the highway. Finally, the cycle ends with a rural
road. This route has been tested with three different driver profiles, simulating
standard operating conditions. The speed profile for each driving condition is
shown in Figure 2| In addition to the speed profile, the altitude of the route is
also considered and represented. The route present a positive height difference

of 289 meters.
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Figure 2: Speed profiles

Table 1: Tested vehicle specifications

1200 1400

Feature Description Feture Description Feature Description Feature Description
Mass [kg] 1580 Displacament [cm”3] 1598 Tire diameter [mm] 700 Gear Ratio 4th [ 0.947
Drag Coefficient [ 035 Max power [kW] 96 @ 4000 rpm Vehicle Wheelbase [m 2705 Gear Ratio 5th [ 0.723
Frontal area [m"2] 22 Max Torque [Nm] 320 @ 1750 rpm Gear Ratio Ist [-] 3727 Gear Ratio 6th [ 0596
Friction coefficient [-] 0.01 Breathing method turbocharger, intercooler, VGT Gear Ratio 2nd [ 2043 Final Drive Ratio [ 1428
Engine Type Euro 6, inline-four, CI  Emissions control ~ HP-EGR, LP-EGR, DOC, DPF, LNT  Gear Ratio 3rd [-] 1322 Transmission Efficiency [ 0.9

1600

Cycle altitude (m)
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3. Simulation tool and model description

This section explain the simulation tool used in this work and a brief descrip-
tion about the theoretical model implemented in order to solve the equations
which predicts the engine and vehicle performance during the different driving

cycles.

3.1. GT-Drive

Real driving cycles have been simulated in GT-Drive+, a well known sim-
ulation software developed by Gamma Technologies which predicts the vehicle
performance during the cycle and it provides the necessary key parameters that
it can not be measured during the transients test. Several authors have used the
1D software GT-Suite in order to predict the engine emission and fuel consump-
tion in a real driving emission (RDE) tests [27], [28], [20], [29]. In Figure [3| a
graph representation of the model is presented. On it, the different units which
make up the complete model can be seen, such as: engine, where the stationary

engine maps are included, driver where the cycle speed is the main input, etc.

3.2. Model description

The model has been defined to predict the engine performance during a real
driving cycle by means of an engine map defined in stationary conditions. The
differential equations of motion for the driveline components and the vehicle,
equation [1} is used to calculate instantaneous speeds and torque in the sys-

tem. The BMEP, IMEP and fuel consumption maps have been measured under
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stationary conditions in a test bench as a function of load and engine speed.
FMEP has been calculated by means of net IMEP method described in [25].
The previous maps have been used to calculate the fueling rate and instanta-
neous mechanical losses in transients condition, interpolating the instantaneous
engine torque and engine speed required in the driving cycle. Finally, the model
calculates the engine speed and torque required during the driving cycle as a

consequence of vehicle characteristics and speed.

Itrans,Q P Mvehrihl dwr
Tdrv,w = |:It'rans,1 + th + R%R% + RZR% dt
Itrans,Q Idsh Iaa:l Mvehrihl th
[ r R CRR T RR Y
+ Faer+Frol +qud
RyR;

Twhi

The first term of the equation shows the necessary torque to accelerate the
effective inertia of the entire drivetrain. The terms I¢yqns,1 and Iipans,2 quantify
the input and output Transmission Moment of Inertia respectively. I;sn, and
I,.; are driveshaft and axle moment of inertia the wheels’ moment of inertia
are included in the last term described. Ry and R; represent the transmission
gear ratio and final drive ratio of the vehicle. M, is the vehicle mass and w g,
indicates the instantaneous vehicle speed in fuction of the time (s) related of
the wheel radius r,5;. The second term is an additional term derived from the
effective inertia equation due to the gear ratio may be transient, so, it represents
the load induced by a transient gear ratio. Finally, the third term represents
the external forces such as: aerodynamic forces (Fj,), rolling resistance force

(Fror) and gravity force (Fypq).

4. Results and discussion

This section compares the results obtained in the experimental driving cy-
cle test against those obtained in the developed model. To validate the engine

model, the fuel consumption during the cycles studied has been compared. To
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validate the powertrain model, a comparison has been made with the accumu-
lated energy expended in driven wheels and the engine speed at each moment

of the cycle.

4.1. Model validation: Drive cycle fuel consumption

The model has been fitted for driving cycle number 1 and validated in cycles
2 and 3, so that the vehicle speed are different in the cycles and the engine oper-
ating area differs in each one. Some parameters measured in the transients tests
have been taken to assess the validity of the model. To validate the simulated
powertrain, the energy expended by the driven wheel in the test and instanta-
neous engine speed during the all cycle has been compared with respect to the
simulation in GT-Drive. The energy expended at the driven wheels (EWE) has
been calculated according to the following expression:

tpin Twheel(t) * Wwheel (t)
3.6-106

EWE(EWh) = / ~dt (2)

tini

Where Typeer(t) is the instantaneous torque developed by the two driven
wheels during the cycle; wyneer(t) the instantaneous wheel speed during the
cycle and 3.6 - 105 is the conversion factor to obtain the expended energy in
kWh. In Figure [d] the energy available at driven wheels in the three cycles
are represented. The graph compares the energy available obtained by the
simulation and the experimental test.

Also in Figures [5] the engine speed obtained from the experimental test and
the engine speed obtained from the simulation are compared.

To validate the simulated engine model, the accumulated fuel consumption
of the engine during the cycles have been taken as a reference.

Figure [6] compares the accumulated fuel consumption measured experimen-
tally and the fuel consumption obtained by simulation.

As shown, there are slight differences between the experimental result and
the result obtained from the simulation. However, the trend is parallel. De-
pending on the engine operating points the results are more accurate, since the

map interpolation can introduce errors in the simulation.
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Figure 4: Expended energy in the driven wheel during driving cycles
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Figure 6: Accumulated fuel consumption during driving cycles.

As a summary, in table [2| shows the percentage error obtained between the
experimental results and the results obtained by the simulation. This compar-
ison shows the difference between the accumulated fuel consumption values at
the end of the cycle and the total energy expended at the driven wheels at the
end of the cycle.

The differences are small between the measured and the simulated cycles
thus, it can be concluded that the model performs well in the driving cycles
studied. Hence, it is interesting for studying variables that cannot be obtained
experimentally during a driving cycle, such as: the bivariate histogram which
allows to determine the operating area of the engine during the cycles. In Figure
the different bivariate histograms for the three driving cycles are represented.
These histograms are useful in order to justify the engine performance in terms
of fuel consumption, mechanical losses and engine efficiency.

In this way, the different fuel consumption of each cycle can be justified.
Before that, engine consumption map and specific fuel consumption map are
shown in Figure |8 derived from previous work [25].

As shows Figure[7] cycle number 2 and cycle number 3 have very similar op-
erating area. Thus, during both cycles the average specific fuel consumption are

quite similar. However, the total fuel consumed are different. As the powertrain
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Torque (N-m)

Table 2: Experimental vs. simulation results

Fuel consumption (g) Expended wheel energy (kWh)

Experimental 1578.26 5.44

Cycle N°1 Simulation 1583.02 5.39
Difference (%) 0.30 -0.96

Experimental 1534.34 5.01

Cycle N°2 Simulation 1509.39 4.91
Difference (%) -1.62 -2.02

Experimental 1429.70 4.87

Cycle N°3 Simulation 1457.43 4.74
Difference (%) 1.94 -2.52
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Figure 7: Time distribution in percentage during driving cycles studied
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efficiency is the same for both cycles, higher expended energy in driven wheels,
higher fuel consumption in the cycle for that reason the fuel consumption in
cycle 3 is 7% higher than in cycle 2. The same analysis would be make in order
to explain the mechanical losses in the engine and its distribution during the

driving cycles.

4.2. Mechanical losses and its distribution during driving cycles

This section shows the calculation of the energy dissipated by engine mechan-
ical losses during driving cycles. As demonstrated, the fitted model performs
in a similar way to the engine and vehicle performance during experimental
testing. Since in driving cycles the energy released in engine mechanical losses
cannot be directly measured, it has been assumed that the mechanical losses cal-
culated in the simulation (obtained from experimental map) is those that occur
in the cycles tested. As demonstrated in [30], using steady-state friction engine
maps in order to estimate the friction losses in a transient cycle is a good gen-

eral agreement. That methodology is more accurated if the engine temperature
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at cycle stars is warm conditions. In cold starting, thermal dynamic effect in
engine friction are more significative due to the exponential increase of the vis-
cosity with the temperature and the model accuracy decrease. In this work, the
mechanical losses maps introduced into the model were measured under warm
conditions and fixed engine oil temperature. During the driving cycle measured,
the engine starting was in warm conditions, but the engine temperature differs
10 °C approximately during the test, and therefore, the friction dynamic effects
could appear. Consequently, the friction losses distribution variate. However, to
justify the phenomenon of non-dependence on temperature in this methodology
several points of the stationary map of the engine have been assessed under two

conditions:

e The distribution of mechanical losses for the experimental measured oil

temperature, in the stationary tests has been calculated

e The oil temperature has been decreased 10 °C from the experimental
temperature measured for each point, and the friction losses distribution

has been simulated under this new temperature condition.

Figure [9] shows that the mechanical losses distribution does not change a
lot according to the temperature variation in the cycles when the engine stars
in warm conditions, so, the effect of the reduced temperature variations can be
neglected in this work. In the carried out driving cycles test, the initial engine
cooling system temperature was around 90°C. Subsequently and as developed in
[25], individual maps of each pair of engine friction elements, including auxiliary
losses, are used. These maps have been introduced into the software to obtain an
estimation of frictional losses during driving cycles in terms of: Engine bearings,
valvetrain, piston-ring assembly and auxiliaries. In Figure the distribution
of the mechanical losses in function of engine speed and load is presented.

Figure [T1] shows the comparison between the energy lost by experimental
friction, obtained from the interpolation of the mechanical losses engine maps
in stationary conditions, and simulated energy friction losses obtained from

interpolating the individual friction maps of each frictional element. Due to

14
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Figure 11: Mechanical losses distribution during driving cycles.

the fitting presented, it has been considered that the model reproduces the
mechanical losses during the driving cycle. As can be seen, most of the lost
energy corresponds to the piston-ring assembly. Their contribution is 65% of the
total energy lost. Due to the operating area of the engine in the cycles number
2 and 3 are quite similar as shown before, the distribution of the mechanical
losses are similar. However, the operating area of the cycle number 1 is different
in comparison to others. As the engine load is quite higher in cycle 1 the
distribution of the mechanical losses differ, increasing the proportion of the
auxiliaries losses and decreasing the bearing and camshaft losses.

In Table [3] the obtained values and energy distribution of each frictional
element during the two cycles are summarized.

The lower friction energy losses are given for cycle number 1. But the cycle
N°3 needs less energy to travel the same trip during the same time. This effect
results in savings in the effective power required of the engine in cycle N°3.
However, the savings produced in the effective power is not proportional to
that produced at the indicated power, because the engine operates at a point
where the mechanical efficiency is lower for this cycle. In Figure [12] the engine
mechanical losses and its efficiency are represented. The higher engine load, the

higher mechanical efficiency is. As in cycle 2 as in cycle 3, the average load and

17




Table 3: Mechanical losses distribution during driving cycles

Cycle N°1 Cycle N° 2 Cycle N°3

kWh % kWh % kWh %
Piston-ring assembly 1.002 65.15 1.047 64.47 1.032 64.74
Engine bearings 0.192 1248 0.216 13.30 0.211 13.24
Camshaft 0.180 11.70 0.190 11.70 0.190 11.92
Auxiliaries 0.164 10.67 0.171 10.53 0.161 10.10

Total 1.538 - 1.624 - 1.594 -
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Figure 12: Left: Engine mechanical losses (bar). Right: Engine mechanical efficiency (%)
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engine speed are minor than cycle 1, but, the expended energy in the wheels are
higher in cycle 1 than cycle 2 and 3 and, consequently the fuel consumption is
the highest in cycle number 1. However, the mechanical losses in cycle number 3
is higher than cycle number 1 in spite of the fact the fuel consumption is minimal
in cycle number 3, so, it can be concluded that minimal fuel consumption it is
not directly minimal engine mechanical losses.

Based on the figure friction losses in the piston-ring assembly increases
faster with increased engine load than with engine speed. The cycle number 1
has a higher average load than the other two cycles, so, the piston-ring distri-
bution in that cycle are major than the other two cycles. Moreover, due to the
similar operating area of the cycle number 2 and 3, the friction distribution in
both cases are similar. As shown in Table [Bl

However, for cycle N°3, the total percentage of energy lost by friction de-
creases, increasing the percentage lost by the engine bearings. For this cycle,
the average engine speed is higher. Friction losses in bearings depends basically
on the engine speed and therefore the bearing mechanical losses distribution is

minor in comparison to the cycle 2 and 3.

5. Conclusions

In this work, a model has been developed to estimate the mechanical losses
of an engine during a driving cycle using stationary maps obtained from ex-
perimental test. Moreover, parameters such as engine break torque can be
estimated. That parameter are useful for a deeper engine analysis in transients
cycles.

This model is valid for estimating the distribution of mechanical losses be-
tween elements with relative motion, since secondary phenomena such as oil
temperature change during the cycle and friction changes due to the inertia of
the elements they do not have a significant impact in the simulation results.
As long as, the engine temperature in transient condition would be quite sim-

ilar to the temperature in the stationary conditions when the engine maps are
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obtained.

The main advantage of this model is the accuracy to predict the performance
of the engine during the cycle varying parameters such as: speed profile, driving
conditions... And its effect on mechanical losses to optimize fuel consumption
and increase engine efficiency. However, as it has been concluded, the minimal
fuel consumption it does not implies the minimal engine mechanical losses.

In addition, others parametric studies can be performed varying certain pa-
rameters such as: geometries, materials, coatings, engine lubricants used, etc.
that will affect the stationary model and consequently derived results. After
this studies, the stationary engine mechanical losses maps will be used later to
simulate the driving cycles with an accurate prediction. This work is a useful
tool to optimize the mechanical losses during a driving cycle with a relative low

computational cost.
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