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Abstract

With the aim of reducing pollutant emissions from internal combustion engines (ICE),
the application of stoichiometrically operated spark ignition (SI) engines, for light-duty
vehicles, has been overcoming the compression ignition (Cl) engines market share
throughout the past years. The ability of a substantial reduction of the primary harmful
emissions (HC, CO, and NOx) through the use of the simple three-way catalyst (TWC) is
the main reason for that. Nonetheless, with increasing attention to CO, emissions, the
development of highly efficient downsized Sl engines turn to be of enormous interest.
The synergies of multiple systems such as direct injection, turbocharger, and variable
valve actuation are able to lead the Sl efficiencies closer to those of Cl engines. However,
to enable high load operation on such downsized engines, the compression ratio (CR)
must be reduced due to knock limitations, reducing the partial-load operations
efficiency. The implementation of two-stage variable compression ratio (VCR) systems
enables the extraction of high thermal efficiency with high CR at lower loads and
extended knock-free high load operation with low CR. In this study, the evaluation of a
two-stage VCR system applied to a state-of-the-art downsized S| engine was made
through standard driving cycle simulations. The VCR mechanism is composed of an
eccentric element in the small end of the connecting rod, which is rotated to
increase/decrease the effective connecting rod length, achieving the CRs of 12.11:1 and
9.56:1. The engine was run in an eddy-current dynamometer test bench throughout the
essential operating range to obtain the brake specific fuel consumption (BSFC) map. The
VCR mechanism CR switching delay was also experimentally characterized to derive a
function of the operating conditions. The measured map was entered into the map-
based driving cycle simulation with a sub-model to account for the isolated effects of
the transient period encompassing the compression ratio switching. The results show
that slow CR transitions lead to fuel consumption penalties, which suggests the need for
optimizing the control strategies of the VCR system. Even though this penalty, once the
gear up-shift speed is optimized for each driving cycle, the VCR system still enables fuel
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consumption reductions up to 3% on the WLTC driving cycle, up to 4% on the proposed
urban driving cycles and up to 3% on highway driving cycles with respect to the fixed CR.
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1. Introduction

Since the Dieselgate scandal [1] a few years ago, the look over internal combustion
engines (ICE) has had a sudden change. A great effort has been made to the
development and reduction of emissions from diesel engines [2,3]. Through the
development of high-pressure common-rail injection systems [4], advanced
turbocharging technologies [5], aftertreatment systems [6,7], cold start strategies [8],
alternative fuels [9], and advanced combustion modes [10,11]. Nonetheless, gasoline
engines started occupying a growing market share of new passenger cars, as presented
in Figure 1, mainly favored by the use of the simple and relatively inexpensive
aftertreatment system, the three-way catalyst (TWC) [12]. The TWC can effectively
reduce the primary combustion noxious emissions (HC, CO, and NOx) in
stoichiometrically operated engines [13,14]. However, these engines have the handicap
of intake throttling at partial-load conditions to maintain the stoichiometric air/fuel
ratio, which induces high pumping and efficiency losses [15].
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Figure 1 - Passenger cars market share in the European Union [16] and the United Kingdom [17].

With an increased look over CO, emissions reduction, the European Union (EU) set
targets of 95 g CO,/km (based on the New European Driving Cycle — NEDC) for the
average passenger car fleet at 2021, counting on further reductions of 15% in 2025 and
37.5% in 2030 [18]. Therefore, for Sl engines, the fuel efficiency improvement is the
driver field of study [19]. The engine downsizing concept came intending to reduce the
part-load losses through de-throttling using a smaller displaced volume. Therefore, the
engine must be operated at higher mean effective pressure levels, employing
turbocharger, to achieve the same torque as a naturally aspirated engine with bigger
displacement [20]. However, at higher load levels, the autoignition induction time in the
unburned charge is reduced, thus increasing the knock tendency [21]. Standard
measures to diminish the knocking tendency are the spark retard or fuel enrichment,
both decreasing the charge reactivity [22].



Moreover, some technologies have emerged to help mitigate the knock phenomena,
allowing combustion to be optimally phased and reduce the use of over-fueling.
Examples of these technologies are: the charge cooling by means of the fuel vaporization
with single direct injection (DI) [23], split DI [24] or water injection [25], and charge
dilution using cooled exhaust gas recirculation (EGR) [26]. Notwithstanding, the
compression ratio (CR) plays the most crucial role in the trade-off between the knock
limit and thermal efficiency. For that, the CR is commonly reduced up to two points in
downsized turbocharged S| engines with respect to naturally aspirated ones [27],
penalizing mainly the throttled operation efficiency. Variable compression ratio (VCR)
systems have been originated to overcome such handicap, enabling increased partial-
load efficiencies (with higher CRs) and knock-free high-load operation (with lower CRs).

Furthermore, the use of renewable fuels has been widely spread as additives or
substitutes to gasoline due to the reduction of the carbon footprint [28]. In countries
like Brazil, where ethanol is available at the petrol station as a full substitute to gasoline
(which is already blended with ethanol owing to its anti-knock resistance) [29], the
employment of flexible fuel engines is dominant on the market. However, the optimum
fixed CR cannot be reached for the ethanol use on such engines, limited by the lower
octane number of the gasoline. With the application of VCR systems, an optimum CR for
the high-octane fuel could be exploited, resulting in a more effective use of both fuels.

The development of VCR systems is not a new subject [30]. However, the small
penetration in series production indicates the complexity of its application, mainly due
to the high number of moving parts or the intense modifications of the existing engine
architecture and production line. Wittek et al. [31] proposed the classification of VCR
systems into three major categories: 1) unconventional cranktrains (containing
additional parts) [32,33], 2) variable crankshaft to cylinder head distance (changing the
geometry of structural components) [34], and 3) variable kinematic lengths (changing
the geometry of the crankshaft, pistons or connecting rods on a fixed geometry engine)
[35,36]. The two-stage VCR system applied in this work is based on a variable-length
connecting rod [37], which provides a simple solution to the VCR application problems.
The connecting rod is composed of a movable eccentric small end, actuated by two
hydraulic cylinders, elongating or shortening the effective connecting rod length. The
hydraulic cylinders are actuated through a 3-port/2-way valve assembled on the big end
of the connecting rod.

Numerous studies have already provided an idea of the fuel consumption benefits
by using two-stage or multi-stage VCR systems with driving cycles simulation. Kleeberg
et al. [38] found a fuel consumption benefit of around 5 to 7% considering a two-stage
VCR system with low CR of 10 and high CR of 14 through the FTP-75 driving cycle
simulation. Shelby et al. [39] estimated a fuel consumption reduction of up to 3.1% for
a two-stage VCR system and 3.3% for a continuously VCR system on the EPA Metro-
Highway cycle simulation. Boretti et al. [40] presented a fuel economy of 12.7%,
modeling a two-stage VCR from 9.5:1 to 15:1 at the NEDC driving cycle. These studies
apply operating maps based on two or more CRs maps, where the considered CR is the
one with the smallest brake specific fuel consumption (BSFC) for each operating
condition [41].



The same methodology to obtain the desired operating map was used in the present
work. However, for driving cycle simulations, the use of the optimum operating map
indicated previously, assumes that the VCR mechanism enables instantaneous CR
switching, which is undoubtedly not true. For this reason, the CR switching times have
been experimentally characterized, and a transient CR switching time function has been
obtained. The function was applied in the framework of map-based driving cycle
simulation to derive a fuel consumption evaluation of the transient switching VCR
system. With this, a fair comparison between the fixed CR, the instantaneous switching
VCR, and the transient/non-ideal VCR system was made.

The present work is structured as follows: first, the experimental methodology and
instrumentation implemented to obtain the operation maps of the engine are
presented. Later, the numerical methodology is explained, presenting the vehicle model
and specifications, the tested driving cycles, the transient VCR model and controller, and
the transition time function setup. Next, the results are divided into three subsections:
results for urban driving cycles, highway driving cycles, and overall results. Finally, the
conclusions of the work are presented.

2. Experimental methodology

This section describes the main characteristics of the test cell used in this study,
focusing on the engine unit and the different systems of which is equipped, with a
particular focus on the VCR system. Moreover, some considerations about the
methodology followed during the experimental tests are provided.

2.1. Test engine

The use of steady-state map-based driving cycle simulations is a flexible tool to
perform comparative studies between different engine operating parameters [42,43].
This methodology allows achieving consistent results in terms of fuel consumption and
emissions analysis, with errors below 5% compared to the experimental data [44]. The
experimental data used in the present study were obtained using a 3-cylinder
turbocharged DISI Ford Ecoboost 1.0 liter engine, which represents a state-of-the-art
downsized gasoline engine. The engine is provided of intake and exhaust cam phasers,
four-valves per cylinder, pent-roof combustion chamber, and centrally mounted DI
injector. Other relevant engine features are presented in Table 1. The engine also
featured a prototype VCR connecting rod (Figure 2 (b)), such as presented in [45]. By
actuating a hydraulic switching valve (mounted on the bottom of the connecting rod),
the hydraulic cylinders are displaced, promoting the angular displacement of an
eccentric part on the small end of the connecting rod. Accordingly, the connecting rod
features two different effective lengths, thus two different compression ratios, without
changing the displaced volume.



Table 1. Main engine specifications.

Configuration Low CR ‘ High CR
Number of cylinders 3

Bore / Stroke 71.9 mm /82 mm
Compression ratio 9.56:1 12.11:1
Connecting rod length 134.8 mm 137 mm
Maximum tested BMEP 2.6 MPa 2.0 MPa
Maximum power 88 kW @ 6000 rpm (series engine)

With the presented VCR system, only some minor modifications (other than the
connecting rods) are necessary to be made on the original engine. The pistons were
modified to account for the increased CR while staying with the original connecting rod
length (at high CR). Thus, the piston bowl volume is reduced to keep the same clearance
height and valve pocket volume. The addition of a servo-motor and a cam disc to actuate
the CR switching valves within the oil reservoir is also necessary. For more details on the
working principle of this VCR system, the reader is referred to [31].

2.2. Instrumentation and test procedure

The scheme presented in Figure 2 (a) shows the test-bench facility. An Eddy-current
brake was used to maintain a constant engine speed. The engine operating parameters
were managed through a Schaeffler type PROtroniC free programmable ECU. A closed-
loop lambda control was used to maintain stoichiometric conditions throughout the
entire operating map. The engine torque was manually changed through the intake
pressure utilizing either throttle or wastegate valves. Intake and coolant temperatures
were maintained at 35°C and 85°C for all the tested points using a liquid-to-air and
liquid-to-liquid external heat exchangers, respectively. Therefore, all the driving cycle
simulations presented in this work were considered to be in warm conditions. Other
parameters such as the fuel injection pressure, injection timing, intake and exhaust cam
phaser positions were manually kept at the same calibration values for both
compression ratios. The engine oil was not externally conditioned.

The engine torque (measured with a torque flange HBM type T40B (500 Nm)), static
pressures in the intake and exhaust manifolds (measured with a Keller type PAA-33X
absolute pressure transducers), fuel and oil static pressures (measured with a Keller type
PR-33X relative pressure transducers) were sampled at 1 kHz and averaged over 20
seconds at each measurement point. Standard European gasoline RON95 was delivered
to the high-pressure fuel pump at 15°C and 0.4 MPa, and the mass flow rate was
measured by an AVL type 733S dynamic fuel balance. The air-to-fuel excess ratio (A) was
measured with a wide-band Bosch type LSU 4.2 lambda sensor. The engine-out
emissions were sampled downstream from the turbine with a Horiba type EXSA 1500L
with a heated sampling line. Measured temperatures, fuel consumption, and emissions
were sampled at 10 Hz and averaged over 20 seconds for each measurement point.
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Figure 2 — (a): Test-bench scheme, (b): VCR connecting rod mechanism.

The in-cylinder pressure was acquired at each cylinder with Kistler type 6041BS31
water-cooled piezo-electric transducers, and their signals were amplified with Kistler
type 5064C22 charge amplifiers. Absolute piezo-resistive Kistler type 4045A5V200S
transducers were added to the intake (used for in-cylinder pressure pegging) and
exhaust ports of the third cylinder. All the indicated measures were synchronized by
means of a 720 pulses per revolution angular encoder Kistler type 2614CK1 with
geometrical TDC position correction by TDC probe Kistler type 2629. All the indicated
data were recorded along 200 consecutive cycles in a FEV type FEVIS.SY.2 indicating
system.

For this study, the specific fuel consumption of the engine operated throughout the
entire base engine map was measured at the two proposed compression ratios to
provide data for the VCR concept evaluation during the driving cycles simulation.
Although the maximum operable engine speed is 6000 rpm, the tests were performed
ranging from 1000 to 4000 rpm, with an increment of 500 rpm, which represents regular
operation for driving cycles. At each engine speed, a BMEP sweep was performed from
0.2 MPa up to limiting conditions, with an increment of 0.2 MPa. The spark advance was
manually set to position the center of combustion, 50% of mass fraction burned (the
values of which were derived from the Rassweiler/Withrow approximations [46]), at 8
degrees after the TDC, whenever possible. The maximum spark advance was limited by
knocking conditions meanwhile the maximum spark retard was limited to conditions
where the center of combustion reached 30 degrees after TDC or the exhaust
temperature before the turbine or in the catalyst reached 950°C — resulting in 59
measured operating points for high CR and 73 operating points for low CR.

Initially, the engine was operated at moderate load and speed conditions for 30
minutes, to ensure warm conditions. The measurement points (speed and load) were
set up and were only measured when stable conditions for temperatures and pressures
(for oil, cooling water, intake, and exhaust) were reached. Each point was measured
once (and repeated if necessary), and a reference point was measured three times



throughout the BMEP sweep procedure (at the beginning, in the middle, and at the end)
to ensure data repeatability.

BSFC / g/kWh ngh CR \

e S @
24?‘""""": """"" T o o ;
22— SRR proseeeees e - 450
— 20 ‘ 2 ; : :
g 18 320
Z 167 270
o 14—+
a 12— 255
S 107 245
[as] 8 —
6] 240
4 —
B 235
27 i
R e e e e e
1000 1500 2000 2500 3000 3500 4000
Engine speed [rpm]
BSFC/g/kWh LowCR‘ ‘ ‘ ‘ ‘
T I (b))
28— ‘ . 600
22—y - 450
L
ST i
o 6730 | 270
S 14 4 -
< 124 255
e ]
S 107 245
[as] 8 —
6] 240
47
B 235
27 i
R e e e e B s
1000 1500 2000 2500 3000 3500 4000
Engine speed [rpm]
E=—""|LowCR
[ZZZA| High cr
‘ABSFCrd [%] - VCR }7 _ CR Switch band
00 N \\\ NN E
187 """ \ \\\\\\ [
1! ! | 2
I N 5 \ \\ -
© 1 : : 1
Q 14—y NN i [
= H4: 0
- 127,3’ """
S 10 A -1
& -
> 87 2
o 6i _3
4i 4
27
-5

T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000
Engine speed [rpm]
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Through the uncertainty analysis, performed in [45], based on the theory of error
propagations [47], the averaged BSFC measure uncertainty was around 2% for BMEP
values higher than 0.4 MPa and around 3% below BMEP values of 0.4 MPa due to higher
cyclic variability. The BSFC results for each compression ratio are presented in Figure 3
(a): high CR, (b): low CR, and (c): the relative difference of BSFC.

3. Numerical methodology

This section is divided into four subsections. First, the vehicle specifications and
numerical models required to simulate the vehicle behavior are explained. Second, the
different driving cycles considered in the study are described. Third, the bases of the
VCR transient model and controller are explained. Finally, the details of the switching
time function of the VCR system are presented.

3.1. Vehicle specifications and numerical models

A Ford Fiesta was used as vehicle for the driving cycle simulations. It is a subcompact
(Class B) passenger car, equipped with the internal combustion engine described in the
subsection 2.1. The OEM vehicle has a 5-gear manual transmission coupled to the engine
and the differential coupled to the front wheels. The vehicle specifications are presented
in Table 2. For comparison purposes, the fixed CR engine was considered to be the VCR
at the low compression ratio (9.56:1). In spite of the OEM engine has a CR of 10:1, the
results for both setups are mostly the same, as presented in [45].

Table 2. Main vehicle data.

Vehicle type [-] OEM
Base vehicle Mass [kg] 1016
Passenger and Cargo Mass [kg] 100
Fuel Mass [kg] 45
Vehicle Drag Coefficient [-] 0.328
Frontal Area [m?] 2.14
Tires Size [mm/%/inch] 195/55/R15
Differential ratio [-] 3.61
15t gear ratio [-] 3.583
2"d gear ratio [-] 1.926
3™ gear ratio [-] 1.206
4t gear ratio [-] 0.878
5t gear ratio [-] 0.689

The driving cycle simulations were performed with GT-Suite (v2019, Gamma
Technologies, LLC., Westmont, IL, USA), OD vehicle model. The model has separate
modules for each component in the vehicle assembly (e.g., clutch, gearbox, wheel,
differential, and others), which account for the combined effects of all sub-systems
together. An overview of the model is shown in Figure 4.
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The Driver is the main component of the model, which is simulated as a controller
that attempts to follow the desired vehicle speed profile with time. It initially actuates
on the accelerator and brake pedals up to the point where the desired speed for gear
shift (which is an optimizable parameter, as discussed and illustrated later) is achieved,
then the clutch pedal is actuated, and gears are shifted. The vehicle accounts for the
resistive power imposed by the road and environment to follow the desired curve. The
transmission subsystem is responsible for the dynamic link between the engine and the
vehicle differential. The proposed ECU conditions the input acceleration demand for
idling and fuel cut conditions outputting and effective pedal demand to the engine. The
map-based engine accounts for fuel consumption and emissions based on the imposed
power demand.

3.2. Driving cycles

Nowadays, the homologation procedures carried out to evaluate the CO; and
pollutant emissions from vehicles are achieving more rigorous levels. In the EU, the
worldwide harmonized light vehicles test cycle (WLTC) arose to increase the transient
load demand during the test procedures. The WLTC encompasses a more significant
area of the engine operating map, to closely approach the real-world fuel consumption
and emissions compared to the NEDC [48]. Dynamometer measurements made with 20
different light-duty passenger vehicles presented WLTC CO; emissions of up to 12%
higher than those of NEDC [49]. In downsized engines, the explored range of operation
is further increased in both driving cycles, providing a more thorough evaluation of the
VCR system benefits and the penalties of the transition times. For reasons of brevity, the
speed profiles and fundamental properties of the studied driving cycles are presented
in Appendix A. Figure A.1 presents the WLTC driving cycle speed profile.

Since the purpose of the VCR system is to reduce the fuel consumption in the
low/mid-load region of the engine map while maintaining operable conditions in the
high load region, less load demanding cycles, such as urban cycles or urban sections of
standard cycles, were selected to perform the study. In particular, three different urban
cycles were proposed to evaluate this aspect [50]:

e ARTEMIS - Urban



e New York City Cycle
e TRAMAQUG214 Car 08

The urban ARTEMIS driving cycle was developed from an extensive database (with 77
passenger cars) describing numerous European driving conditions and behaviors [51]. It
accounts for almost any conditions found in urban traffic. The New York City Cycle was
originally developed by the New York City Department of Environmental Protection to
represent highly congested urban traffic conditions. TRAMAQ UG214 Car 08 was also
used as a representative of congested urban traffic [52]. As a matter of reference, the
ECE elementary urban cycle, which is a section of the NEDC, was also used in this study.
The time-speed profiles of the four cycles are shown in Figure A.2. The WLTC — low
(urban section of the WLTC) was used as a reference case for the urban driving cycles,
providing long idling periods and steep load requirements with an expected large
number of CR shifts.

Another parameter considered for the VCR system evaluation was the dynamic
behavior of the driving cycle. This characteristic is relevant because abrupt load
transitions (present in some urban cycles) cause the low CR to be activated more
frequently and for a short period of time, leading to reduce the VCR system benefits.
Highway cycles or sections of standard highway cycles possess steady high-speed
conditions that enable the reduction of gear shifts number and smoother load
transitions. In this scenario, mid to high loads with smoother transitions enable the
average operating point at the best engine efficiencies. For this reason, two additional
cycles were used to evaluate the VCR system:

e ARTEMIS — Motorway
e USO06 — Highway

The ARTEMIS — Motorway accounts for the real highway conditions of steady and
unsteady high-speed. The US06 driving cycle was created to expand the EPA FTP-75 to
include engine conditions not covered during the test procedure [52]. In the present
work, only the highway section of the US06 driving cycle, which takes place between the
131 and the 495 second of the speed profile, was evaluated, since the other two sections
presented city (unsteady low speed) conditions. The speed profiles for these two driving
cycles are shown in Figure A.3, while the main properties of all the studied driving cycles
are presented in Table A.1. The WLTC — Extra-high (Freeway section of the WLTC) was
applied as the reference case for the highway driving cycles, providing the evaluation of
the reduced number of CR shifts due to the steadier speed profile associated to higher
load conditions.

3.3. Transient VCR sub-model and VCR controller

The most straightforward control methodology for a two-stage VCR system is made
by using a BMEP-engine speed switching curve [53]. In real applications, a hysteresis
band is imposed on this kind of methodology to reduce the number of unnecessary CR
shifts. In this study, a switching band was implemented for the transient VCR system, as
presented in Figure 3(c). The bottom of the switching band is located at the frontier
between gains and losses of the higher CR use due to the effort to reduce the use of the
lower CR at any time bellow this frontier. Therefore, the switch from low to high CR
occurs when the BMEP is below the frontier line. Whereas the opposite switch, from



high to low CR, occurs when BMEP is 0.05 MPa above the frontier line. The value of 0.05
MPa for switching bandwidth was selected since it was verified not to cause losses on
the impact of the transient CR switching behavior on fuel consumption. This means that,
if the bandwidth value is too large, the number of CR shifts is going to be massively
reduced, losing information on the effects of CR transition. In the instantaneous
switching VCR system, the CR shift occurs bi-directionally from the frontier line, also
called herein optimum switch line.

Some studies have already presented the benefits of the VCR systems through
driving cycles simulation [38,41]. Most of these studies use single maps containing both
CRs, which means that the VCR mechanism is assumed to perform the CR switching
instantaneously. However, this behavior is not compatible with real VCR mechanisms.
In the present research, the effect of considering a realistic CR switching time is studied.
For this purpose, a transient function for the used mechanism was determined.

The basic idea of using an isolated transient function for the CR switching is to
evaluate the specific penalization caused by a slow transition from high to low CR, or
vice-versa, in a driving cycle, thus enabling the optimization of the CR switching
methodology. A scheme of the proposed sub-model is presented in Figure 5. The engine
sub-assembly is shown on the bottom right side of the figure, with the corresponding
links to the main model assembly (as shown in Figure 4). The VCR system represents the
proposed model where the input to the model is the engine operating point (speed and
BMEP), and the outputs are the instantaneous gains/losses in terms of consumption and
emissions.
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The components named Ratiop,,, are the looked-up ratios between high CR values
and low CR values, eg., the BSFCrtomap Would be equivalent to
BSFChigh crR/BSFCrow cr- The Ratioes are the outputs to the engine, which
corresponds to the effective values of gains/losses based on the actual CR state and
operating condition, i.e., based on the transition time from one CR to the other. The
effective ratios were calculated as follows (considering de BSFC):

BSFCratio,eff. = (BSFCratio,mapX) +(1-%x) (1)

Here, BSFCi4tiomap is the looked-up values based on the operating condition. The
variable x represents the actual compression ratio and is calculated by:

x =1 @)

At

Where t is the actual simulation time, t; is the time when the CR switch was
demanded by the controller, and At is a polynomial function of the engine speed and
BMEP, which represents the time needed for the transition to be completed. The
transition times were based on the results presented in [45] and were separately
accounted for low/high to high/low CR transitions. As the operating condition changes,
the value of At also changes, thus promoting an acceleration or deceleration of the CR
switch. More details on this function are presented in the following section.
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Figure 6 - Transient behavior of BSFC ratio (upper) and CR (bottom).

The resultant Ratiogs values were entered as gains to the low CR engine maps,
which for values below/above one would result in a reduction/increase of the
considered parameter. Figure 6 presents the transient behavior achievable with the VCR
sub-model. Therefore, the isolated penalty of the slow transition behavior (in some
conditions) could be instantaneously obtained and integrated into the cumulative
results.



3.4. Switching time function

A switching time function was derived from the experimental data presented in [45].
A polynomial function was fitted as a function of the engine speed and BMEP, employing
the least-squares method. The results of this function are presented in Figure 7
separately for the high to low CR transition event and vice-versa. The function
represents the experimental data with an R-squared coefficient of more than 98%. It is
observed that, in both transitions, the increase in engine speed reduces the time
necessary for the CR switch. Nonetheless, as the engine load increases, the cylinder gas
force increases, benefiting the high to low CR transition (which is a necessary safety
measure against knock during highly step load increases) and hindering the opposite
transition (which may cause penalties in terms of fuel consumption).
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Figure 7 — CR switching transition duration.
The function was applied to the model presented in section 3.3, considering that,

during the transition, the time needed to change the CR is variable, e.g., as the engine
speed increases during a transition, the transition is accelerated.



4. Results and discussion

The results are divided into three subsections. In the first subsection, a detailed
comparison between the VCR system and the fixed CR system was made for urban
standard driving cycles. In the second subsection, the same comparison was performed
for highway standard driving cycles. In the final subsection, the overall results of the fuel
consumption benefits of the VCR system were presented.

4.1. VCR performance at urban cycles

To reduce the fuel consumption at low/mid-load, the application of VCR systems is
highly valuable for urban traffic conditions. At long idling periods, the increased
compression ratio would have the highest benefits because spark advance for maximum
brake torque (MBT) conditions are always made possible. Thus, reducing the drawbacks
of lower CR needed for downsized engines. The results presented herein are based on
the already mentioned standard driving cycles (section 3.2) and vehicle (section 3.1),
such that the load demand did not change for the three different proposed systems.
Therefore, comparable results between Instantaneous switching VCR, Transient
switching VCR, and Fixed CR could be analyzed with isolated effects for each one.
Considering the steep load increase, possible with map-based simulations, the
maximum fuel consumption penalties would appear (Figure 6). Therefore, the present
results would have had the worse conditions to have long CR switching transitions.

The main parameter to be optimized on the proposed framework was the engine
speed for gear up-shift. It was studied ranging from 1800 to 3800 rpm and kept constant
for all the gears. Regarding the gear down-shift speed, it was taken at 500 rpm bellow
the gear up-shift speed. Figure 8 presents the relative cycle time spent on each gear and
the total number of gear shifts. The number of gear shifts within the cycle is a very
discontinuous function of the gear up-shift speed due to the nature of the gear shift
requirement itself. Therefore, scattered results for variables like fuel consumption and
others were already expected.
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Figure 8 — WLTC (low): Percentage of cycle time spent on each gear (left) and the total number of
gear shifts (right).



In urban driving cycles, lower vehicle speeds with highly dynamic load transitions are
demanded. Thus, reducing the engine operating speed is a valuable resource for
downsized engines in terms of fuel consumption reduction, as shown in Figure 9(a), as
a result of the increased engine load operation and reduced pumping losses (made
possible by the use of higher gear numbers). However, at low engine speed conditions,
the time available for auto-ignition to occur increases [54], and the benefits of high CR
use are limited. Figure 9(b) depicts the improvement of relative fuel consumption for
the VCR systems with respect to fixed CR ones. As the engine speed for gear up-shifting
increases, the average engine load and, consequently, the range of engine load
operation is reduced, increasing the time spent on high CR (Figure 9(c)) with the VCR
system. This feature allows extending the use of regions of the map with higher
consumption benefit, as shown in Figure 10, which presents the instantaneous
operation points and their corresponding CR for two different gear up-shift speeds.
Despite the improved relative fuel consumption benefits at higher gear up-shift speed,
in absolute terms, the best up-shift speed has not changed much with respect to the
fixed CR case.
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Figure 9 - WLTC (low): Gear up-shift speed parametric study results. (a): Average cycle fuel
consumption; (b): Fuel consumption difference with respect to Fixed CR; (c): Percentage of cycle time
spent on high CR; (d): Percentage of cycle time spent on low CR and transitions.

Considering the functions presented in Figure 7 (used in the transient VCR system),
the low-speed efficiency gains are further obstructed by the high amount of time spent
in transitions (Figure 9(d)). As it is confirmed in Figure 10, the predominant fraction of
time spent on transitions is associated to the shift from low to high CR. This result is a
particular drawback of the mechanism design, which enables a faster transition from
high to low CR for safety reasons. This fact leads to a fuel consumption reduction of only
2%, compared to the 4% achievable with the instantaneous switching operation (in the
worst-case scenario), as shown on the left side of Figure 9(b).
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Figure 10 — WLTC (low): operating points and corresponding CR in the fixed CR and VCR BSFC maps.

A summary of the trends for relative fuel consumption differences is shown in Figure
11 for all the simulated urban driving cycles. Despite the differences due to the variety
of conditions proposed for each different cycle, the trends clearly show the highest
relative reductions of fuel consumption at increased engine speeds for gear up-shift due
to the reduce average load operation. The resultant levels of relative fuel consumption
benefit are straightforwardly related to the cycle average positive acceleration, shown
in Table A.1, of each driving cycle. Hence, higher average positive acceleration values
could be related to the higher dynamic demand of the cycle. This favors the increased



number of CR switches and the time spent on low CR, thus reducing the benefits of the
VCR system.
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Figure 11 - Urban driving cycles relative fuel consumption difference w.r.t. fixed CR.

The highest reduction of relative fuel consumption can be seen for lower dynamic
cycles, such as the ECE, which is known as a synthetic profile cycle. This effect was
attributed to the lower time spent on transitions or low CR, achieving values closer to
the instantaneous switching VCR. This behavior could also be seen for the TRAMAQ
UG214 —car 08. Regardless of its congested traffic conditions, the dynamic behavior was
not so high as to strongly affect the transient VCR system. Oppositely, the effects of
transition times were more visible on the more aggressive cycles, further differentiating
the transient VCR system from the instantaneous one. This effect was mainly seen in the
ARTEMIS — urban cycle, which covers a higher amount of urban traffic conditions.
Whereas, in the NYCC, higher vehicle accelerations are reached at each vehicle launch.
Therefore, conditions for CR switch were reached throughout the entire cycle.

4.2. VCR performance at highway cycles

The same analysis performed in the previous section was made for the highway
driving cycles. In highway cycles, such as the presented WLTC extra-high, the vehicle
speed is taken to extreme conditions, while the load transitions are not so dynamic.
Thereby, as presented in Figure 12, the relative number of gear shifts is remarkably
reduced compared to the urban cycle, and higher gear numbers are dominant
throughout the cycle. As the gear up-shift speed is increased, the engine load demand
is reduced by the use of smaller gear numbers (higher gear ratios), which is a factor in
favor of the VCR system.
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Figure 13 shows the results of the performed parametric study. The trends presented
in Figure 13(a) can be mainly related to the cycle contributions of the 4" and 5% gears
(Figure 12). For the proposed powertrain, the high speed demanded by the cycle reaches
3000 rpm in the 5% gear regardless of the gear up-shift speed (Figure 14 (left)).
Therefore, high fuel consumption reductions can be seen for the lowest gear up-shift
speed for the instantaneous VCR system. This effect appeared because the 5% gear was
reached very fast, maintaining higher load operating points (with low fuel consumption)
for a longer time without the drawbacks of high CR transition durations.

With the increase in the gear up-shift speed, up to the point that it reaches around
3000 rpm, the relative fuel consumption increases. In this region, the 5" gear takes
longer to be reached, and an inferior relative fuel consumption region was explored.
After a gear up-shift speed of 3000 rpm, the percentage of the 4" and 5t gears have an
abrupt slope change, which promotes a progressive reduction of the engine load
requirement. Hence, the fixed CR is evenly penalized by part-load inefficiencies, while
VCR systems are relatively benefited. After this point, the minimum/maximum time
spent on low/high CR has been reached (Figure 13(c) and (d)), thus explaining the
progressive reduction of relative fuel consumption.
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Up to 2500 rpm of gear up-shift speed, the relative gains of the transient VCR fuel
consumption are constantly limited by higher CR transition durations. As can be seen in
Figure 14 (left), the CR transition state occupies a considerable percentage of the high
load conditions (above the CR switching frontier) and part-load (slightly below the
switching line), leading to behaviors such as the ones presented in Figure 6. After this
up-shifting speed, the trend gets closer to the one presented for urban driving cycles
(Figure 11). The average load demand decreases and the low CR share of the cycle reach
its minimum values. The effects overlap occurring for the transient VCR system, either



before or after the gear up-shift speed of 2500 rpm, produce an almost constant
consumption, being considered independent from this parameter at these driving cycle
conditions, thus resulting in a reduction of the driver style dependency.
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Figure 14 - WLTC (extra-high): operating conditions and CR in the BSFC maps.

The same trends presented for the WLTC are also seen for the other two highway
driving cycles (Figure 15), changing only the specific gear up-shift speed where the
minimum relative fuel consumption benefit is reached (inflection point for the
instantaneous VCR system). This feature is mainly related to the properties of the driving
cycle itself, such as maximum speed, as presented in subsection 3.2 and appendix A.
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Figure 15 - Highway driving cycles relative fuel consumption difference w.r.t. fixed CR.

The constant relative fuel consumption gains within smaller gear up-shift region, and
also the increasing benefits after 2500 rpm are presented at the same levels as in the
WLTC for the transient VCR system. This effect suggests that the relative gain is not
predominantly linked to the dynamic behavior of the cycle but to the transition duration
itself (Figure 7). However, some higher relative benefits could be seen in the
instantaneous VCR system. In the case of the US06 — highway cycle, high-speed
conditions encompassed a more significant quantity of the cycle, maintaining the engine
at higher load levels with enlarged CR transition durations.

4.3. General VCR benefit trends

As a summary of the main results, a comparison of the benefits of the VCR system at
the different driving conditions analyzed is presented in Figure 16. There, the optimum
gear up-shift speed of each system on each driving cycle is compared to obtain an overall
evaluation of the VCR system concerning the fixed CR system. The absolute fuel
consumption, presented on the bottom of Figure 16, presents a strong correlation with
the driving cycles itself. In the urban driving cycle cases, a strong correlation between
fuel consumption and the average vehicle speed (Table A.1) can be seen. As also
presented in [55], this trend appears for low-speed driving cycles as a result of the
smaller efficiency when operated with lower vehicle speeds. This effect is caused by an
increase in the use of lower gear numbers reducing the demanded BMEP, and thus, the
operated BSFC.

As shown in Figure 16, the absolute results for highway driving cycles did not change
much between each other. The most visible result is the reduction of the transient VCR
benefits in the US — highway, mainly attributed due to its higher averaged operating
BMEP due to a slightly higher average speed. Therefore, increasing the transition
durations and the time spent on low CR.



A reduction of up to 5% in fuel consumption could be reached on the proposed
conditions with the ideal instantaneous switching VCR system. Nonetheless, the average
reduction was around 4% for most of the studied cases. Because of the non-
instantaneous switching, fuel consumption penalties of around 1% for most urban cycles
and 2% for highway cycles concerning the instantaneous system are obtained.

Fixed CR

Instantaneous VCR
Transient VCR

AFC w.r.t Fixed CR [%]

Fuel consumption [I/100km]

Figure 16 - Fuel consumption and relative FC difference for all proposed cycles at optimum
conditions (up-shift speed for minimum FC) for each system.

Finally, it can be said that the transient switching system evaluation provided more
reliable results for the evaluation, optimization, and development of variable length
connecting rod VCR engines.

5. Conclusions

The present work investigated the potential of a VCR system application to a state-
of-the-art downsized S| engine used in a compact passenger car commercially available
in Europe and the United States. The transition times between the two compression
ratios were used as input information in a driving cycle simulation model to account for
the fuel consumption penalties during the real VCR operation with respect to an
instantaneous system. The following conclusions can be extracted from this study:

J The simple map-based model was found to be a good starting point to
evaluate the isolated losses accounted for non-ideal VCR systems since the operating
points were the same for all the proposed systems.

J The low-end torque region of the engine operating map was shown to be
the most limiting part for VCR benefiting, mainly because of the highly increased
transition times from high to low CR. Furthermore, higher knock probability is
present in this region, excessively reducing the high CR benefits.



J As the torque demand was reduced through higher engine speed
operation, the relative benefits of the VCR application were highly increased by the
enlarged time spent on high CR at all simulated driving cycles.

J Despite the higher fuel consumption benefits with the instantaneous VCR
system at highway driving cycles, the higher transition durations at such load
conditions left the highest benefits (with the transient VCR system) to the urban
driving cycles.

] Considering that no recalibration was performed (in terms of injection
timing and pressure, intake and exhaust valve timings, and oil pressure) for the
original ones, favorable results of up to 4% of average fuel consumption reductions
could be achieved by the transient (i.e., real) VCR system.

Future work — The sub-model presented in this study to account for the transient
penalties of a two-stage VCR system can be further applied in studies of control strategy
optimization or on parametric studies with other systems. The sub-model can also be
applied in combination with the transition behavior of other engine systems, such as
turbocharger response modeling, spark advance control, among others, to account for
the whole system dynamics and results.
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Appendix A

This section presents more information related to the standard driving cycles
presented in section 3.2.
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Table A.1 - Standard driving cycle main properties

Average Maximum Average Relative
. Total . . . . .
Driving . vehicle vehicle positive Distance Positive
Category time . .
cycle [s] speed speed acceleration [km] Acceleration
[km/h] [km/h] [m/s?] [m/s?]
\;\LLTC Class | 1800 |  46.5 131.3 0.497 23.266 0.148
Reference WLT(.: B 433 39.2 76.6 0.530 4.76 0.190
Medium 3
WLTC b 455 56.7 97.4 0.501 7.16 0.122
High 3
ECE 195 18.4 50.1 0.348 0.995 0.147
wLTC - 589 18.9 56.5 0.483 3.095 0.205
Low 3
Urban ARTEMIS = 993 17.7 57.3 0.531 4.874 0.272
Urban
G214 - 1057 12.5 47.4 0.337 3.658 0.185
car 08
NYCC 598 11.5 44.5 0.466 1.903 0.250
U§O6 i 364 97.1 128.9 0.306 10.035 0.113
Highway
. WLTC -
Highway Extra-high 323 92.0 131.3 0.299 8.254 0.125
ARTEMIS - 1068 96.9 131.4 0.273 28.737 0.115
Motorway
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Abbreviations
BMEP Brake mean effective pressure ICE Internal combustion engine
BSFC Brake specifi.c fuel MBT Maximum brake torque
consumption
co Carbon monoxide NEDC New European Driving Cycle
CO2 Carbon dioxide NOx Nitrogen oxides
CR Compression ratio NYCC New York city cycle
DI Direct Injection OEM Original equipment manufacturer
DISI Direct injection spark ignition RON Research octane number
EC Eddy-current RPM Revolution per minute
ECU Engine control unit Sl Spark Ignition
EGR Exhaust Gas Recirculation TDC Top dead center
EPA Environmental protection TWC Three-way-catalyst
agency
EU European Union UK United Kingdom
EUDC Extra-urban driving cycle us United States
FC Fuel consumption VCR Variable compression ratio
ETP-75 Federal test procedure 75 WLTC Worldwide Harmonized Light Vehicles

Cycle
HC Unburned hydrocarbons w.r.t With respect to



