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ARTICLE INFO ABSTRACT

Keywords: Among other advances in spark ignited internal combustion engines’ field, the variable geometry turbine (VGT)
Internal combustion engine is being analysed to achieve further CO2 reduction objectives. This paper analyses the potential implications
Variable geometry turbine of replacing nowadays standard, the waste-gate (WG) technology, with VGT.

Variable valve timing optimization

. To do so, after developing a robust and validated model, this work proposes a methodology to optimize the
Turbine inlet temperature

variable valve timing (VVT), at full load working conditions, in a new generation spark ignited (SI) engine,
coupled to a VGT prototype. The optimization methodology accounts for the different thermo-mechanical
limits of such technology compared to the reference WG turbocharger, particularly in terms of the turbine inlet
temperature (T3). Torque differences show a systematic improvement by using a VGT, reaching approximately
22 Nm of improvement and about 17 g/kWh, although the difference in torque is smaller after 3500 rpm due
to the more restrictive T3 limit imposed.

As well, at partial loads, the same procedure is developed, but targeting the optimization of the engine
efficiency. At partial loads, when no exhaust gas recirculation technique is applied, few advantages are
identified. However, with exhaust gasses recirculation (EGR) technique, improvements reach 3 g/kWh and
permit extending the desired EGR rate towards the lower speeds.

1. Introduction new ideas, such as variable-length intake manifolds [15], low gasoline

temperature combustion systems [16] and new engine concepts [17,18]

Internal combustion engine (ICE) upgrades combined with low cost emerge.

and high-power density fuel availability supported ICE usage over the Turbocharging the ICE [19] contributes to further reducing CO2
last decades. However, future limitations on greenhouse gases and emissions [20]. However, smaller engine architectures require higher
other pollutants are expected to become more restrictive, following last boosting for the same performance. Consequently, the turbocharger
year’s trends [1,2]. Real Driving Emissions (RDE) regulations are being (TC) operation and its interaction with the rest of the engine hardware
adopted in the main economic zones worldwide, increasing the interest becomes a critical point in either transient [21] and steady-state opera-

in engine operation in such realistic situations [3]. Some studies focus
on NOx emissions [4] and others on CO2 [5] at real driving conditions.
Further pollutant restrictions such as the “zero-emissions” urban areas
motivated automotive developers to consider implementing battery
electric vehicles (BEV). However, several factors prevent the mass
implementation of BEV in the current scenario, including long battery
charging time [6], degradation [7] and later recycling issue [8], as well
as the raw materials’ availability [9] directly impacting the product
affordability [10]. What is more, data from Ritchie et al. [11] and
BP [12] results in Fig. 1, and reveal that the electricity production

would imply charging the BEV using a 61.6% from coal, gas and oil . . ] ]
(considering the world electric generation mix). tion at maximum exhaust temperature. To partially solve this, some

In this context, engine researchers attempt to improve the ICE at as- studies [29] have analysed the impact of using a porous material to
pects such as cold start [13] and fuel consumption [14]. Consequently, enhance the heat transfer phenomena upstream of the turbine. Other

tion [22]. Some examples of nowadays studies regarding turbocharger
technology deal with hybrid turbocharging systems [23], new models
to represent the turbine and compressor behaviour at extreme operative
situations [24] or methodologies to obtain adiabatic turbine maps [25].

Improving TC-ICE matching using VGT technology in gasoline en-
gines has been assessed [26]. This technology was prohibitively expen-
sive for its application in the production of SI ICE, among others, due
to the high exhaust temperatures of gasoline engines. This situation
has changed with the improvements in materials technology [27,28].
However, still nowadays the VGT implies a more significant restric-
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Fig. 1. 2020 world electricity production by source (in %).

studies [30] reveal the potential effects of the water injection strategy
on the turbine inlet temperature, stoichiometric operation and spark
advance.

Traditionally, in the SI ICE, a mixture enrichment strategy was car-
ried out to protect the turbine from excessive temperatures. However,
with new RDE and anti-pollutant regulations, this strategy cannot be
longer applied. In this breeding ground, methodologies to reduce the
temperature of the exhaust gases include EGR, which simultaneously
implies some benefits at partial load and allows for the stoichiometric
operation in a larger operative area [31,32]. The usage of EGR tech-
nique to improve efficiency [33] and NOx reduction [34] represents
another motivation for the VGT implementation. Lujan et al. [34] also
evidenced that for gasoline ICE if high EGR rates are pursued, the
engine output is highly restricted by the boosting capabilities when
implementing a WG turbocharger. Other works show that EGR rates
above 40% reduce NOx emissions below 300 ppm, which further backs
up the idea of implementing high EGR rates and the requirement of
systematic higher boost capabilities [35].

The main scope of this work is the analysis of the impact of the
turbocharger thermo-mechanical limitations on the performance of
next-generation spark-ignition engines. In particular, this work deals
with a new turbocharged SI ICE with VVT. The baseline version of the
engine is coupled to a WG turbocharger. However, this study explores
the upgrade of the TC system towards the VGT unit and keeping
the stoichiometric mixture at any working point, needed for meeting
future regulations in terms of unburned hydrocarbons and carbon
monoxide emissions management. However, both turbine technologies
have different limitation in terms of turbine inlet temperature (T3),
particularly 990 °C for the VGT and 1020 °C for the WG for the
units under consideration. Therefore, it is necessary to understand the
importance of this different limit in the overall engine performance and
optimization.

For this purpose, a methodology combining experimental and com-
putational information has been proposed. In a first step, full and
partial loads’ experimental information is used to develop and validate
a 1D engine model for the prospective analysis in this work. Using
the model, an optimization of the VVT system is proposed, targeting
the maximization of the engine torque at full load at lambda = 1
for each turbocharger technology. The novelty of this optimization
lies in the simultaneous maximization of power output, considering
all the potential limitations to identify the next generation of en-
gines’ potential. This optimization of the VVT is performed while
keeping the stoichiometric mixture operation, avoiding fuel enrichment
and allowing the use of 3 ways catalysts in the exhaust gases after-
treatment. From a comprehensive perspective, this work analyses and
identifies the turbocharger thermo-mechanical limitations restricting
engine performance. The primary restrictions potentially impacting the
TC-engine performance are determined to be turbine inlet pressure
(p3), turbine inlet temperature (T3) and compressor outlet temperature
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Table 1
Main engine features.

Type of engine 1.3 L Gasoline Spark-Ignited
Number of cylinders 4

Bore/Stroke 72.2 mm/81.35 mm

Compression ratio 9.6

Maximum engine speed 6200 rpm

Number of valves per cylinder 4 with variable timing

Injection system Direct injection

Turbocharger WG (standard) or VGT (upgraded)
Charger cooling Yes

Pollutant normative EU6d-Temp

(T2). Particularly from 3000 rpm in advance, the WG performance is
limited by the maximum allowed p3, while T3 limits the VGT and
engine output. What is more, from the analysis performed, at the
high end, working at stoichiometric operation requires diminishing the
volumetric efficiency by means of the VVT configuration to protect the
turbine. Hence, this work contributes to understanding the potential
benefits of replacing the current TC standards in gasoline engines
(the WG) with new VGT technology at full loads. The differences are
originated from the turbocharger technology and its collateral effects,
such as VVT configuration and thermo-mechanical limitations. To the
best knowledge of authors, it is the first time is published a work about
lambda = 1 full load optimization of SI engines operation with VVT and
VGT and respecting 3 ways catalyst operative conditions.

Analogously, the VVT optimization is performed, looking for brake-
specific fuel consumption (BSFC) minimization at partial loads. This
calculation is performed with and without low-pressure EGR. At throt-
tled conditions, negligible differences emerge. However, with EGR,
the engine requires a given value of boosting. In this scenario, the
VGT usage, in combination with the EGR technique, leads to improved
efficiency and EGR rates compared to the WG.

The benefits of using EGR at partial loads and the expected lim-
itations depending on the TC technology are also evidenced. The as-
sessment also highlights BSFC expected improvement and turbine inlet
temperature decrease when implementing EGR in new SI engines.

The interest of this study lies in new SI power-train systems resort-
ing to smaller turbocharged engines that shall work under lambda = 1
configuration while maintaining performance that allows the utilization
of vehicles in a wide range of circumstances. All the previous shall
be guaranteed while improving the engine efficiency as this work
considers.

2. Experimental campaign

The SI ICE of this study is one with four cylinders, 1.3 litres
(L) of displaced volume, VVT mechanism, direct injection and EU6d-
Temp calibration. The original engine version is coupled to a WG
turbocharger, while the VGT is analysed in this work for the engine
upgraded version. The engine controlling unit (ECU) is calibrated ac-
cording to the original (or baseline) engine version. In other words,
aspects such as the mixture richness control, or VVT configuration are
optimized considering the WG turbocharger. Some of the more relevant
engine specifications are gathered in Table 1.

A summary of the described variables, the corresponding sensors
and their accuracy is included in Table 2. Among others, engine speed,
torque, and air and fuel flow rates are registered. Pressure and tem-
perature are recorded at different locations: the test cell environment
(0), compressor inlet (1) and outlet (2), intake manifold (2'), turbine
inlet (3) and outlet (4). High-resolution pressure sensors for the intake
manifold, exhaust manifold and cylinders were also included. High-
frequency information samples each 0.5 crank angle degrees according
to the encoder using a National Instruments PXI 8233 system.

Two full load series are obtained, one guaranteeing the stoichio-
metric operation and another in which the ECU regulates the mixture
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Table 2
Engine test bench instrumentation.
Variable Equipment Range Accuracy
Speed Dynamometer tachometer 6000 rpm 0.03% fs
Torque Dynamometer load cell +450 N m 0.05% fs
Air flow AVL Flowsonix air 20 to 720 kg/h 2%
Fuel flow AVL 733S fuel meter 0-150 kg/h 0.2%
Temperature K-type thermocouples —200 to 1250 °C 1.5°C
Averaged pressure Kistler Piezo-Resistive Transmitters 0-10 bar 0.2% lin.
High-resolution pressure AVL ZI33 0 to 250 bar 0.3% lin.
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Fig. 2. VGT full load stoichiometric (black) and non-stoichiometric mixture (red) full load experiments. Experimental limitations included (blue).

richness according to the standard engine version calibration. Fig. 2 the intake manifold pressure (p2’) if needed (i.e. for partial
includes for the VGT the full load results regarding both previously load operation). This technique avoids accounting for the energy
described series. For the stoichiometric series, the engine torque out- balance in the turbocharger. Accordingly, any error/uncertainty
put Fig. 2(A) is restricted by the maximum turbine inlet temperature during the simulation coming from the turbocharger maps does
Fig. 2(C). Accordingly, the only way to avoid surpassing the aforemen- not impact the rest of the engine operation during the fitting
tioned thermo-mechanic limit is through a severe boost pressure level process. The explained technique helps in the models of the
restriction Fig. 2(D). Fig. 2(E) shows compressor outlet temperature, engine block fitting, as far as heat transfer [36] and mechanical
particularly at the high-end torque (5000 rpm) the 170 °C limitation losses [37] in the turbocharger affect the turbocharger maps, as
is reached. Finally, Fig. 2(F) evidences the differences in TC speed it has been described the available literature [38]. The effect of
between both series. such phenomena (mechanical losses or heat transfer) has different

impacts as a function of the turbocharger boundaries, leading to
potential errors when modelling the TC system in the ICE context.
Consequently, some models arise to correct this phenomenon and
obtain purely adiabatic maps [38]. This technique is exclusively
performed during the fitting. The turbine and compressor are
coupled again from the model validation in advance, calling for
the quality of the turbocharger maps and considering the TC
impact on the engine performance.

The heat transfer multiplier (HTM) in the elements representing

3. Modelling tools

All the experimental information is used for the engine model
calibration using GT-Power software for ICE 1D modelling. First, in a
first stage, the engine model is fitted and secondly validated.

For the model fitting, an engine calibration procedure adjusts sev-
eral engine model properties, according to the related experimental
data, the most relevant points are the ones that follow:

- First, and just during the fitting, the compressor and turbine the water charge air cooling is modified to achieve the intake
are decoupled from each other to limit any uncertainty coming manifold temperature.
from the turbocharger maps. Consequently, the compressor and * The discrepancies in the pressure drop of the after-treatment
turbine become independent elements. On the one hand, the between the model and the experiments are corrected using a
compressor speed is adjusted, looking for an experimental boost forward discharge coefficient in the after-treatment line.

pressure. On the other hand, the turbine regulation mechanism After the simulation converges, any discrepancy in air mass flow
(VGT or WG) ensures p3 accomplishment. The throttle regulates is directly attributed to the volumetric efficiency. Hence, the
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Fig. 3. Schematic of the engine fitting procedure.

cylinders’ convection coefficient during the intake stroke is mod-
ified to well-predict the experimental fresh air mass flow.

Wiebe parameters representing the combustion process are ad-
justed, taking the experimental cylinder pressure evolution as
a reference. This procedure modifies the time to achieve 50%
(CA50) of the burned mixture as well as the time of combustion
(TOC) and the Wiebe parameter (n). Hence, the good combustion
prediction results in a good fitting of the experimental cylinder
pressure evolution. During this process, in which several combus-
tion parameters are adjusted to follow the experimental pressure
traces, a neural network (NN) is trained, taking advantage of the
neural network template already built in GT-Power. The obtained
combustion parameters (TOC, CA50 and n) correlate to several
highly related variables and represent the NN inputs. The selected
inputs correspond to engine speed, amount of trapped mass, resid-
uals, temperature and pressure at intake valve closing and AFR.
The AFR range during the training considers the stoichiometric
composition in the context of full loads, thanks to the specifically
dedicated experimental campaign. The NN would be used to
predict combustion afterwards being validated.

For T3 prediction, the exhaust system heat transfer phenomena
are adjusted. First, ambient boundaries (cold node) are set up as
in the experiments. The same is applied to the cooling water sur-
rounding the exhaust ports. The model computes the heat transfer
balance towards/from the exhaust pipes’ walls. Accordingly, to
fit the experimental heat transfer, turbine inlet temperate is used
as the target variable. A proportional-integral-derivative (PID)
controller fits the corresponding HTM to reproduce the experi-
mental T3. This HTM is directly applied over the estimated heat

transfer coefficient, which follows a Colburn approach. This point
is particularly interesting since turbine inlet temperature is one of
the main limitations at full loads operative range. According to
the engine layout, exhaust ports at the cylinder head are actively
cooled in the analysed engine to limit T3.

The obtained coefficients are implemented in the model for later
prospective analysis. Fig. 3 provides a schematic diagram of all the
previous detailed methodology, including the fitted variables, the TC
decoupling as well as the NN development for combustion prediction.

As well, Fig. 4 shows the experimental and model pressure evolution
for all three instantaneous signals: cylinder, exhaust manifold and in-
take manifold. Fig. 4(A) confirms the high degree of matching between
experimental and model cylinder pressure, which allows validating the
combustion NN performance. Fig. 4(B) and (C) deal with instanta-
neous exhaust and intake manifold pressures, which, thanks to having
considered the complete engine piping during the modelling, can be
accurately reproduced. Besides, the high degree of the agreement calls
for the model robustness and highly accurate predictions in terms of
instantaneous pressure pulse propagation.

Fig. 5 shows the model accuracy when predicting all the main
analysed engine variables, including the WG and the VGT. The con-
tinuous black series indicate a +3% experimental to model dispersion.
Air mass flow, p2’, torque and p3 are within the desired discrepancy
for both series. Regarding turbine temperature, the analysis for the
validation considers both: the inlet and outlet. Both Fig. 5(E) for the
inlet and Fig. 5(F) for the outlet deal with mass averaged temperature.
The model’s accuracy in predicting the discussed variables allows for
later proposed analysis. Special remarks shall be applied to the accurate
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Fig. 5. VGT and WG full load averaged variables validation after the fitting.

prediction regarding turbine inlet pressure and temperature since both
would be the primary limiting variables. Hence, a good prediction
guarantees a realistic identification of the engine’s potential.

4. Optimization methodology

The VVT optimization follows the model validation at full and
partial loads. It is assumed that the model accounts for all the crossed

relationships and interferences between the several controlling param-
eters and engine variables. Both intake and exhaust valves setup are
varied within the degree of freedom of the actual mechanism, as in
Fig. 6 is shown for both extreme positions (maximum and minimum
valve overlap).

As previously stated, lambda = 1 conditions are guaranteed, and
boost pressure is controlled through the VGT position. Turbine inlet
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Fig. 6. VVT extreme positions, (A) corresponds to maximum valve overlap and (B) to minimum valve overlap.

Table 3

Turbocharger thermo-mechanical limitations.
Variable Value
Maximum compressor outlet temperature 170 °C
Maximum boost pressure 2.55 bar
Maximum TC speed 250 krpm
Maximum turbine inlet temperature (WG) 1020 °C
Maximum turbine inlet temperature (VGT) 990 °C
Maximum turbine inlet pressure 3 bar

temperature restriction is also assured through the VGT position con-
troller. If the maximum turbine inlet temperature is overcome, lower
boost pressure is pursued, which implies lower air mass flow and a
lower amount of injected fuel. The same can be applied to TC speed,
p2 and T3, which are controlled by the VGT. Accordingly, if any of
the limits mentioned above is surpassed, the VGT position is set up
at a more open position pursuing a lower boost, lower TC speed or
T2 (whatever is the surpassed limitation). The main limitations are
gathered together in Table 3.

A simulation is performed for each VVT combination during the op-
timization. Consequently, under each evaluated VVT configuration, the
maximum engine potential is achieved by reaching at least one thermo-
mechanical limitation for each analysed engine point. Depending on the
VVT configuration, one different restriction may be achieved sooner or
later, leading to different values of engine output. After computing all
the possible configurations, it would be possible to choose the optimum
solution for each engine speed and the potential benefit compared to
the standard calibration. The same procedure has been applied for the
partial loads’ VVT configuration but looking for BSFC optimization.

Apart from the limits specified in Table 3, the engine trapping
ratio “T'R” shall be kept above the value of 97% to guarantee proper
operation of the 3-ways catalyst. “T'R” is defined in Eq. (1), as the
ratio between the retained fresh air “Zlf’:_fyl inder ) ainea”’ and the total

amount of fresh air going through the engine “ [ ri,,;,,”.

ancylinder m

L=
TR= n—cylinder .
Z;:| / Mipler

retained

(€Y

4.1. Full loads VVT optimization methodology

Following the methodology, particularly for the VGT and full load
operation, the optimization is applied, taking advantage of the vali-
dated 1-D engine model.

1250 rpm results for the VVT optimization technique are depicted
in Fig. 7, showing the resulting torque and TR. The x-axis corresponds
to the intake valve opening (IVO), and the y-axis to the exhaust valve
closing (EVC). An EVC of 0° implies that valve closure occurs at the
top dead centre (TDC). The same is applied to the IVO. Some valve

overlap happens if the IVO is configured before the TDC and the EVC
afterwards.

In Fig. 7 the information from the model has been arranged into iso-
torque and iso-trapping efficiency areas. After examining the possible
configurations, the model can find the areas in which the maximum
engine torque output (the objective variable to be optimized). The red
asterisks correspond to the ECU calibration, configured according to the
WG unit.

It is evidenced how the ECU calibration agrees with the models’
optimum solution in terms of torque. However, in terms of TR, a value
of around 94.5% is predicted, which is not in the desired range. Fur-
thermore, the model provides valuable information: by just advancing
the EVC a few degrees (-5° in this case), torque is kept while TR
is improved to the desired 97%. The reason why using the baseline
calibration provides an undesired TR output is the one that follows:
The VVT calibration was configured for a WG turbocharger, which, for
the boost pressure-demand, required a higher value for the turbine inlet
pressure, which impedes the short-circuit in a higher degree than the
VGT does.

Fig. 8 shows the same information but for 2000 rpm. See how for
the 2000 rpm, there is some torque improving margin by just retarding
the EVC (increasing the valve overlap). The last is justified by the
higher p2’/p3 ratios resulting from the VGT (compared to the WG).
Hence, retarding the EVC improves the air mass flow from 224.5 to
229.4 kg/h. In terms of torque benefit, it was improved from 288 N
m to 303 N m. Fig. 8 shows the required VVT modification (from the
red asterisk to the black circle) for the maximum possible torque while
keeping the TR within the desired range.

Detailed results examination to explain the torque improvement
reveals how the burnt residuals are reduced from 2.6 to 1.1% of the
overall composition inside the cylinder. The in-cylinder composition
differences lead to combustion discrepancies: comparing the instan-
taneous evolution of the cylinder pressure between the ECU set-up
and the optimized series, it is obtained Fig. 9, where the less delayed
combustion, and corresponding pressure benefit during the expansion
stroke is evidenced. This improvement happens thanks to a few CA
degrees of spark ignition advance (favouring the optimized series).

Summarizing, the torque increase at 2000 rpm is motivated by the
increased air mass flow rate and the slightly more advanced combus-
tion, which enhances engine expansion stroke.

Fig. 10 shows how during the valve overlap period (between 150
and 200 cad), still p2’/p3>1 is guaranteed during most of the time.
The last is of high importance from the volumetric efficiency and com-
bustion residuals scavenging perspective. Since VGT presents higher
p2/p3 ratio values than the WG does, it is identified that some extra
valve overlap improves cylinders scavenging whilst keeping trapping
efficiency over the 97% threshold, when moving from WG to VGT
technology.
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Fig. 7. 1250 rpm VVT model torque optimization results including TR. Asterisk corresponds to ECU calibration and circle to identified optimum.
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Finally, to show the consistency of the methodology, Fig. 11(A)
shows the torque optimization results for the 5000 rpm case. In con-
trast, Fig. 11(B) shows turbine inlet temperature for each VVT set-up.
TR contours are not included for 5000 rpms since their variation is
insensitive regardless of the camshaft configuration with a value >0.99.
The high value for the TR is motivated by the fact that the exhaust
manifold pressure overcomes the boost value. This situation occurs
from 4000 rpm in advance. However, at 5000 rpm, not all the VVT
configurations accomplished for T3 limitation, even if the VGT position
is at 100% opening, pursuing a lower boost. Indeed, looking at the
camshaft configuration following the ECU calibration (red asterisk)
results in a value of about 1033 °C. This is the reason why in Fig. 2(B) in
the experimental campaign required a given value of mixture richness
at the low-end.

During the optimization procedure, it was purposely configured
T3 limit as a parameter of design. As a result, the selected config-
uration (black circle) is chosen since it corresponds to the only one
accomplishing T3 restrictions. Torque improvement compared to the
standard ECU configuration is very subtle (1.4 N m). In terms of
VVT configuration, the difference between the optimum and the ECU
configuration relies on advancing the IVO and the EVC by 11 CAD and
9 CAD respectively. This advance diminishes the volumetric efficiency,
increasing residual (internal EGR) and reducing the averaged fresh air
mass flow from 413 to 391 kg/h. The air mass flow reduction coupled
with an almost constant value of one for the TR leads to a lower value
of trapped mass in the combustion chamber. The previous provokes
a noticeable difference in the cylinder pressure evolution during the
compression and expansion stroke, see Fig. 12(A). Subsequently, this
pressure decrease allows for a six CAD of advance in the spark plug set-
up, contributing to extra advancement in the combustion process and
lowering the temperature evolution during the combustion-expansion
stroke. Fig. 12(B) evidences this effect for temperature and Fig. 12(C)
for the apparent heat release law. The lower gas temperature during
the exhaust stroke directly impacts T3 as in Fig. 12(D) is evidenced,
including the four pulses (one coming from each cylinder). The dashed
series correspond to the mass averaged values for the turbine inlet
temperature.

At high-end torque, if the stoichiometric operation is pursued, the
VVT has to be set up in a configuration that diminishes the volumetric
efficiency to protect the turbine inlet from excessive temperatures. As
a collateral effect, the combustion phasing can be slightly advanced,
further protecting the turbine. Here, the cross-relationship between the
different engine actuators and thermo-mechanical limits is evidenced,
focusing on new VGT prototypes.
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Fig. 11. 5000 rpm VVT model torque optimization results and resulting T3.
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5. Results » “VGT-OPT-STOICH” labelled series corresponds to the obtained
full load series after optimizing the VVT according to the previ-
5.1, Full loads ously discussed methodology (black circles). The engine is cou-

pled to a VGT turbine and the mixture is kept stoichiometric in
any case. The temperature limitation is 990 °C.

“WG-ECU” series corresponds to the engine baseline configura-
5000 rpm) for both series of data: tion: the engine block is coupled to a WG turbocharger (magenta

Fig. 13 shows the complete engine full load curve (from 1250 to
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triangles). The VVT configuration selected is the one from the
ECU, which was optimized considering the WG turbocharger. In
this series, when required, some mixture enrichment is applied by
the AFR controller despite drawbacks in emissions/consumption
to protect the turbine side from excessive temperatures, which
shall not overcome the barrier of 1020 °C.

Fig. 13(A), which deals with torque information, evidences the
VGT-OPT-STOICH higher output, especially from 1250-3000 rpm. In
this range, the boost pressure level is the same for both series; see
Fig. 13(B). Accordingly, the torque differences come from the combina-
tion of other aspects. First, the higher air mass flow Fig. 13(C) thanks to
the volumetric efficiency enhancement in the VGT-OPT-STOICH series.
The volumetric efficiency improvement is originated by the lower p3
Fig. 13(D) and the VVT optimization. The motivation for the higher
torque in the 1250-3000 rpm, despite the same boost, also lies in
the residuals’ mass fraction differences, see Fig. 13(E). As previously
analysed, in Fig. 9 for the 2000 rpm, diminishing the residuals allows
for some extra spark and combustion timing advance.

From 1250 to 2000 rpm, boost pressure is limited by compressor
surge, as shown in Fig. 14 dealing with the compressor map. Blue, red
and cyan series included in Fig. 14 correspond to the operative area in
the compressor map for 1250, 1500 and 2000 rpm respectively (VGT-
OPT-STOICH). As a matter of fact, the 3000, 4000 and 5000 rpm have
been included to show their corresponding operative area. In the speed
range between 2500 and 3000 rpm, the boost pressure is the main
thermo-mechanical limitation for both data series.

Torque differences in the range of 3500-5000 rpm are lower but
slightly favourable to the VGT-OPT-STOICH. Despite the lower boost
in the VGT-OPT-STOICH series, the lower p3 and the VVT optimization
(with all the implications in combustion and T3) compensate for this
effect. In this range (3500-5000 rpm), each series of data presents one
limitation preventing the maximum boost pressure from being achieved
(limiting torque in consequence). On the one hand, in the VGT series,
the limitation is T3, as shown in Fig. 13(F); two aspects contribute to
this: the lower affordable T3 and the imposed lambda = 1 operation.
On the other hand, the WG series limitation is p3; this is a symptom
of lower turbine efficiency Fig. 13(G). Furthermore, for the WG series,
only at 3500 and 4000 rpm some mixture enrichment is required to
protect the turbine from excessive temperatures, see Fig. 13(H).

Apart from the torque differences, BSFC figures are systematically
improved by 2-20 g/kWh depending on the working point, as Fig. 13(I)
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Table 4

BSFC improvement after VVT optimization for the 12 BMEP working points.
rpm 4000 3000 2500 2000
BSFC difference (%) —-0.195 —-0.130 -0.079 —-0.157

shows. Several phenomena contribute to this; first, the lower turbine
inlet pressure is directly related to lower pumping losses. Secondly but
with a more important effect, as previously analysed, VVT setup and its
impact on residuals allow for further advance regarding spark phasing,
leading to a more efficient combustion process.

All the previously stated was achieved while guaranteeing the
TR>0.97 along with the complete engine operation Fig. 13(J). TC
speed and maximum compressor outlet temperature limitation are not
reached in any case; see Fig. 13(K) and (L).

This comparison aims to detect and evidence the potential benefit
by taking profit of the synergies between VGT and VVT optimization
while guaranteeing a stoichiometric mixture, which is positive for the
after-treatment efficiency, the BSFC and pollutant emissions. The VVT
optimization in such scenario is required for the following:

» Increasing the trapped ratio in the low-end.

» Improving the volumetric efficiency and reducing the residuals
in the middle range. This also contributes to a more favourable
combustion phasing.

+ Limiting T3 to guarantee the safe turbine operation when VGT
is fully open in the high-end. This is even more relevant to
compensate for VGT’s lower T3 limit (in comparison to WG).

5.2. Partial loads (12 bar BMEP)

Here, the VVT analysis targets the BSFC optimization at partial
load operation. 12 bar of BMEP and a speed range from 2000 to
4000 rpm were evaluated and correspond to the operative area where
the VGT mechanism is entirely open. Consequently, the throttle body
regulates the desired boost pressure. T3 and the rest of the engine
thermo-mechanic limitations are far from being reached.

It was not identified any BSFC improvement for the throttled opera-
tive range. Eq. (2) is used for the BSFC difference calculation in relative
terms after the optimization procedure. Sub-index “i” in Eq. (2) corre-
sponds to each evaluated engine speed. Results are included in Table 4,
and differences do not reach the 0.2% improvement when comparing
the optimized VVT results versus those with the ECU baseline VVT
strategy (the one coming from WG configuration).

BS FCiVGT—OPT _ BSFCiVGT—ECU
VGT—-ECU
BSFC!

Dif ference = * 100 2

EGR usage for efficiency improvement at partial loads is a novel
technique [34] whose impact has been considered in this section.
The simulations were configured to achieve a 27% of low-pressure
EGR simultaneously to a BMEP of 12 bar. In the previously described
studies (partial loads without EGR), the engine was partially throttled
to achieve the 12 bar BMEP demand. However, for the same load, under
27% of EGR, the throttle body remains completely open, and some
boost is required to achieve the desired engine output. Hence, in this
part of the study, the required boost for the load demand is controlled
through the WG or VGT actuation. The EGR is controlled through an
EGR valve, connecting a section downstream of the after-treatment
with a section upstream compressor inlet. Results are included in
Fig. 15, where empty series are the points with EGR and bold series
those without EGR.

Fig. 15(A) shows the predicted BSFC regarding both series for each
TC: with and without EGR. First, comparing the series with and without
EGR shows the expected differences. The lower averaged cylinder
temperature (reducing heat losses) and the possibility of optimizing the
combustion process, leads to a more efficient operation when EGR is
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Fig. 15. 12 bar BMEP points for both turbocharger units, with and without EGR.

used, aligned with results in [33,34]. As well, comparing the series with
and without EGR show how the engine works under boosted operation
(not throttled). The boost requirements increase in the order of 0.3 bar
approximately when EGR is used, see Fig. 15(C).

Furthermore, comparing WG vs VGT series, both under EGR config-
uration, shows potential improvements up to 3 g/kWh in the 4000 rpm
point. The VGT series can also extend the EGR technique (up to 27%
EGR) towards 1500 rpm, which is not possible for the WG series, reach-
ing the maximum WG closure (and boost limitation). BSFC differences
between VGT and WG series (with EGR) are mainly motivated by p3
discrepancies, see Fig. 15(B). The WG series exhaust manifold pressure
is systematically higher, overcoming the VGT series by 0.23 bar at 4000
rpm, this is motivated by the VGT higher efficiency. Boost pressure
is included in Fig. 15(C), showing differences in the intake manifold
requirements to achieve the same BMEP. A higher boost pressure is
required in the WG series to compensate for the higher p3 accordingly.

Finally, Fig. 15(D) evidences the turbine inlet temperature decrease
after using EGR. An offset of about 80 °C is achieved systematically,
with lower temperatures when EGR is used. Which may represent a
collateral benefit from the thermal fatigue perspective [39].

In all, the VGT could extend the EGR target of 27% towards lower
engine speeds, which was not possible in the WG turbocharger due
to the lack of boost to compensate for the higher boost requirements.
BSFC differences between turbine technologies increase with EGR em-
ployment since higher boost levels are targeted, and the resulting p3
differences impact the engine efficiency.

6. Conclusions

This work uses the developed model to evaluate the potential ben-
efits of collecting the synergies between stoichiometric operation and
VGT technology usage during a VVT optimization procedure. In a first
step, an extensive experimental campaign to correlate a robust 1-D
model of a new SI ICE. The model calibration includes all the potential
uncertainties and highly impacting phenomena, such as combustion
and heat transfer effects at the exhaust line at both high and low
pressure ends. Then, the calibrated model is used to identify the VVT

configuration depending on the target: maximum engine output (iden-
tifying full load curve) or maximum efficiency (at partial load points),
guaranteeing that any thermo-mechanical limitation is overcome and
that the trapping efficiency is high enough to keep the maximum
efficiency of 3-ways catalyst after-treatment.

After the optimization, this work describes in detail the mechanisms

that justify the expected improvements between the baseline version
of the analysed engine (coupled to a WG) and the upgraded version
(coupled to a VGT and operating at lambda = 1). As well this work
identifies the limiting parameters:

» On the one hand, at full loads, the upgraded version of the engine
shows consistent improvements in terms of torque. Depending
on the engine speed, improvements are expected to rise up to
22 N m, while some benefit is obtained through the complete
engine range. The full load curve in the VGT series also shows
a consistent efficiency improvement, reducing the BSFC up to
17 g/kWh. The turbocharger technology originates the observed
engine output differences. From 1250-3000 rpm, for the same
boost pressure, the WG turbocharger requires higher values of
p3. The higher engine back pressure has some collateral effects
regarding air mass flow, cylinder composition and combustion
phasing. Therefore, p3 reduction leads to improved performance
in the VGT. From 3000 rpm in advance, while turbine inlet
pressure is the limitation for the WG, this limitation is never
reached in the case of the VGT. The turbine inlet temperature is
the limitation of the VGT in the high-end. However, the results
section reveals that even though the lower allowed T3 in the VGT,
a systematic improvement regarding torque and BSFC is expected.
In the low end, the VVT is optimized, looking for improvements
in the trapping ratio. At the middle-speed range, the VVT pursues
to improve the volumetric efficiency and the composition of the
trapped mixture leading to improvements in the engine output.
Finally, to protect the turbine at the high end, the VVT has to
deteriorate the volumetric efficiency, with collateral effects on
combustion and T3.



J.R. Serrano et al.

» On the other hand, no advantage was identified at part loads
due to throttled operation when no EGR is employed. However,
with EGR, the VGT implies an improvement up to 3 g/kWh with
respect to the WG. Furthermore, the minimum engine speed at
which the VGT can keep the desired engine load for the 27% EGR
rate is reduced up to 1500 rpm. For the WG, the minimum speed
was 2000 rpm, limited by the WG closure. Finally, comparing the
calculations with and without EGR shows a turbine inlet tempera-
ture reduction of approximately 80 °C. BSFC can be improved up
to 14 g/kWh at 2000 rpm and 6 g/kWh at 4000 rpm, comparing
the VGT study with versus without EGR.
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