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A B S T R A C T   

Advanced gasoline engines may lead the medium-term future of the passenger vehicle market, working in 
conventional and hybrid powertrains. Downsizing with turbocharging is the most extended way to improve fuel 
economy in gasoline engines. It is also proven that exhaust gas recirculation (EGR) reduces fuel consumption, but 
extracting the maximum benefit from EGR requires operating with high EGR rates. This fact can compromise the 
transient engine operation due to the greater turbocharger dependence. This research evaluates the EGR influ-
ence on the transient response of a turbocharged gasoline engine and, mainly, the potential of three air man-
agement strategies to accelerate the said response. Tip-in maneuvers at 1500 rpm (6–12 bar BMEP) were tested 
and simulated to this end. The three strategies are: reducing the EGR dilution by closing the EGR valve simul-
taneously with the throttle opening, using a pressurized air tank (PAT), and installing an electric supercharger at 
the compressor outlet in series. Engine tests show that the torque response time with EGR is 2-s slower than 
without EGR. 1D modeling results reveal that: the PAT connected to the intake manifold provides the fastest 
response, and the electric supercharger guarantees an excellent tradeoff between fuel consumption and torque 
response.   

1. Introduction 

Compliance with emission regulations clearly determines the activity 
of automotive companies, forcing them to develop greener and more 
efficient cars. Most manufacturers are increasingly opting for powertrain 
electrification to reduce greenhouse gases. Battery electric vehicles are 
the main alternative to fossil fuels. However, they still have significant 
drawbacks, such as limited driving ranges, long charging times and lack 
of charging points, high production costs, polluting battery 
manufacturing, and uncertain benefits in the well-to-wheel CO2 emis-
sions [1,2]. In this scenario, advanced spark-ignition (SI) engines 
working in hybrid electric powertrains have become one of the most 
competitive solutions for passenger cars, achieving very good results in 
terms of fuel economy without excessively increasing the complexity 
and costs [3,4]. The potential of hybridization with SI engines (usually 
fueled with gasoline) mainly lies in avoiding the engine operation at low 
loads, where fuel efficiency is poor [5,6]. 

Focusing on SI gasoline engines, the most usual strategy to reduce 

fuel consumption is downsizing with direct fuel injection, while turbo-
charging is required to maintain peak power [7,8]. Research studies 
have evidenced that downsizing with direct injection increases the 
compression ratio and reduces pumping and friction losses, leading to 
fuel improvements of over 25% [9,10]. Another interesting strategy is 
exhaust gas recirculation (EGR), whose benefits in fuel economy have 
been widely proved [11,12]. Luján et al. [13] and Siokos et al. [14] 
stated that cooled low-pressure EGR provided up to 5% fuel saving at 
partial loads because of a: reduction in heat losses, lower throttling, and 
lesser knocking tendency resulting in a better combustion phasing. EGR 
enables an additional fuel improvement at high engine speeds and loads, 
avoiding fuel enrichment to control the exhaust gas temperature at the 
turbine inlet [15]. 

Extracting the full EGR potential in SI engines requires operating 
with high EGR levels [12,16], but it is subject to some issues. An 
excessive dilution of the air-fuel mixture in the combustion chamber 
may lead to undesirable misfires. On this matter, ignition systems have 
been improved in the last years to increase the EGR tolerance. Shimura 
et al. [17] and Pilla et al. [18] declared that high-energy dual-coil 
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ignition systems enabled EGR rates of up to 30%. However, despite these 
advances, high EGR operation through low-pressure systems can 
compromise combustion stability under transient conditions, mainly 
due to the long transport delays inherent to such EGR systems [19]. 
Siokos et al. [20] and Galindo et al. [21] reported the occurrence of 
misfires under high EGR conditions during aggressive load-decrease 
maneuvers (tip-outs). They concluded that the slow EGR evacuation 
from the intake line (compared to the fast load reduction) and the lower 
EGR tolerance at the final tip-out operating point were the causes of 
misfiring. 

The use of high EGR levels in downsized SI engines also involves a 
greater dependence on the turbocharger, given that higher pressure 
values at the intake manifold are required to reach a specific load. This 
may be particularly critical for acceleration and load-increase maneu-
vers because turbocharger lag becomes much more relevant, resulting in 
slow engine response. Hence the paper is devoted to studying the 
behavior of a downsized turbocharged SI gasoline engine with variable 
geometry turbine (VGT) technology under high EGR conditions during a 
tip-in maneuver. This transient maneuver refers to the engine load in-
crease at a quasi-constant speed that happens in the first moments after 
the driver suddenly presses the accelerator. The main contribution of the 
present work is twofold: determining the impact of high EGR operation 
on the transient engine response and evaluating the application of air 
management strategies to improve the said response. Such strategies are 
three: reducing EGR by quickly closing the EGR valve simultaneously 
with the throttle opening; using a small tank of pressurized air that can 
be connected to either the intake manifold [21,22] or the compressor 
inlet; and installing an electric supercharger [23,24] at the compressor 
outlet in series. Effective management of the transient engine perfor-
mance is essential to operate with EGR rates close to the dilution 
tolerance and thus extract the full EGR potential to reduce fuel con-
sumption. Therefore, the research contribution may be very useful for 
CO2 emission reduction in both conventional and hybrid vehicles. Be-
sides, the management of transient maneuvers is even more critical for 
manufacturers since the adoption of new certification procedures, such 
as the Worldwide harmonized Light vehicle Test Procedure (WLTP) and 
Real Driving Emissions. 

A methodology that combines experimental and modeled tip-ins at 
1500 rpm from 6 to 12 bar BMEP is followed in this study. Engine tests 
are used to analyze the EGR influence on transient operation, validate 
the engine model performance, and assess the EGR reduction strategy. 
The pressurized air tank and electric supercharger systems are investi-
gated via 1D modeling. It should be remarked that both torque response 
and fuel economy criteria are considered to evaluate the three air 

management strategies. The tip-in operating conditions mentioned 
above were selected for two reasons. Firstly, the initial working point (6 
bar BMEP and 1500 rpm) is quite relevant in the WLTP driving cycle. 
Secondly, there is a significant difference between operating with and 
without EGR at the final tip-in point. Turbocharging is almost not 
required without EGR to reach 12 bar BMEP, while the VGT mechanism 
must be closed above 80% with EGR. 

The paper is structured as follows: the experimental set-up is 
explained in Section 2, the 1D engine model is described in Section 3, the 
results and discussion are presented in Section 4, and the conclusions are 
provided in Section 5. 

2. Experimental set-up 

The experimental facility and instrumentation used in this work are 
described in two previous studies [21,25]. A downsized (1.3 l) turbo-
charged direct injection SI gasoline engine with variable valve timing 
(VVT), four-way catalyst (FWC), and VGT technologies is utilized. 
Table 1 shows the main engine’s attributes. The VVT system enables the 
variation of the intake and exhaust camshaft timings in a range of 40 
crank-angle degrees (CAD) without modifying the valve lift or opening 
duration. The FWC device consists of a conventional three-way catalyst 
followed by a gasoline particulate filter, and the VGT allows for a 
maximum boost pressure of 2.5 bar. Besides, a low-pressure EGR system 
has been appended to the original engine. The EGR loop is composed of 
the EGR valve, a water-to-air intercooler, and a T-shape flow splitter to 
extract the exhaust gases at the FWC outlet. An additional valve is placed 
in the intake path upstream of the EGR junction. This valve, named 
“intake flap”, is required to operate with high EGR rates. All these sys-
tems and devices are represented in the schematic engine’s layout pro-
vided in Fig. 1. 

The engine is installed and fully instrumented in a dynamic test rig 
with an AVL AFA 200/4-8EU dynamometric brake controlled through 
the AVL PUMA software. This software is used to regulate the engine 
speed and load, and to acquire the pressure and temperature values in 
relevant engine parts, air and fuel mass flows, turbocharger speed, and 
engine raw emissions, all with a 20 Hz acquisition frequency. The 
location of the temperature (K-type thermocouples) and pressure (Kis-
tler 4260A piezoresistive type transmitters) sensors is shown in Fig. 1. 
The air and fuel mass flows and turbocharger speed are registered using 
AVL FLOWSONIX, AVL 733S, and MICRO-EPSILON DZ140. In addition, 
two gas analyzers are employed: the HORIBA MEXA-ONE to measure 
raw NOx, CO2, CO, and HC emissions, and the Cambustion NDIR500 to 
provide fast transient CO2 measurements at the intake manifold. The 
EGR rate is estimated by applying Eq. (1) according to Ref. [26]: 

EGR [%] =
[CO2]intake − [CO2]ambient

[CO2]exhaust − [CO2]ambient
⋅100 (1)  

where the intake ([CO2]intake) and exhaust ([CO2]exhaust) mole fractions of 
carbon dioxide are measured at the intake manifold and turbine outlet, 
respectively. The [CO2]ambient represents the ambient mole fraction of 
CO2. 

Acronyms 

AMF air mass flow 
ANN artificial neural network 
BMEP brake mean effective pressure 
BSFC brake specific fuel consumption 
CAD crank-angle degrees 
ECU engine control unit 
EGR exhaust gas recirculation 
EM electric motor 
FMEP friction mean effective pressure 
FWC four-way catalyst 
IMEP indicated mean effective pressure 
PAT pressurized air tank 
SI spark ignition 
VGT variable geometry turbine 
VVT variable valve timing 
WLTP Worldwide harmonized Light vehicle Test Procedure  

Table 1 
Engine’s attributes.  

Attribute Description 

Technology 4-stroke GTDI 
Displacement 1300 cc 
Compression ratio 10:1 
Number of cylinders 4 
Camshaft system Variable valve timing 
Total number of valves (intake/ 

exhaust) 
8/8 

Turbocharger Water-cooled with variable geometry 
turbine 

Aftertreatment system Four-way catalyst  
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Crank-angle resolved pressure traces are measured in the four cyl-
inders with pressure sensors integrated into the spark plugs (AVL Z133), 
and in the manifolds with Kitsler 601CAA piezoelectric type sensors. 
These pressure signals are registered with a frequency of 5 samples per 
CAD through the PXI 6123 and PXI 6251 acquisition modules, pro-
grammed with Labview by National Instruments TM [27]. The 
in-cylinder pressure traces are also processed to provide the real-time 
apparent heat release in the engine test rig, by which the combustion 
parameters are estimated [28]. Moreover, the engine control unit (ECU), 
designed for the original engine without EGR, is partially bypassed with 
the ETAS ES910 prototyping and interface module, enabling any 
modification of the VVT system, spark timing, injected fuel, and throttle 
position. The ECU is also equipped with an air flow meter, placed at the 
air-filter outlet, to guarantee a proper lambda control when operating 
with EGR. Finally, the PXI 7813R and NI 9759 control modules are used 
to manage the EGR valve, intake flap, and VGT position in open-loop 
configuration [27,28]. 

3. 1D engine model 

A GT-Power 1D model of the entire SI gasoline engine described in 
Section 2 is used in this research, including the EGR, VVT, and VGT 
technologies. This model was already utilized in two previous studies 
[25,29] and calibrated according to the method defined in Ref. [30]. The 
model calibration consisted in applying empirical correlations to accu-
rately reproduce engine phenomena, such as combustion process, heat 
transfer, and pressure drop. The procedure followed to obtain the said 
correlations is explained below. Firstly, around 300 engine tests 
distributed into 16 steady-state operating points were performed with 
varying EGR rates and VVT settings. Six EGR rates (0, 5, 10, 15, 20, and 
25%) were tested per operating point for three valve overlap conditions 
(minimum, intermediate, and maximum). The spark timing was fixed in 
each test in real time, following the criterion that the optimal combus-
tion start in SI engines generally leads to a value of CA50 (crank-angle 
degree at 50% heat release) between 5 and 10 CAD after top dead center 
[31]. The 16 working points mentioned above were selected to cover 
most of the engine operation during a WLTP driving cycle. 

Those 300 experiments were then replicated with the 1D engine 
model to tune different fitting parameters, such as heat transfer multi-
pliers, friction multipliers, and discharge coefficients. For that purpose, 
the 1D model was set in the following way: the turbocharger was 
decoupled by unlinking compressor and turbine powers to regulate the 

intake and exhaust manifold pressures simultaneously; and besides, PI 
controllers were configured to modify the fitting parameters, in order to 
achieve the experimental cycle-averaged temperature and pressure 
values around the turbocharger and at the intake and exhaust manifolds. 
Later, a validation process was performed before obtaining the empirical 
correlations. The actual and predicted values of air mass flow (AMF) and 
indicated mean effective pressure (IMEP) were compared, and the 
instantaneous pressure traces in the cylinders and manifolds were 
checked. An error threshold of 5% was considered for both AMF and 
IMEP variables in the interest of reliability. In other words, the fitting 
parameters of each simulation were utilized as inputs for the correla-
tions only if the corresponding AMF and IMEP relative errors were lower 
than 5%. The AMF and IMEP errors related to the 300 steady-state en-
gine tests employed for the model calibration are respectively depicted 
in Fig. 2 and Fig. 3. In particular, three types of errors are provided for 
every operating point: mean percentage error (MPE), mean absolute 
percentage error (MAPE), and maximum error (in absolute value). 

The MPE is a functional indicator to evaluate the calibration process, 
given that MPE values close to 0% mean that additional efforts to tune 
fitting parameters are useless. It should be noted that all AMF and IMEP 
maximum errors are inside the 5% threshold. After this validation, some 
empirical correlations were determined from the validated fitting pa-
rameters, and an artificial neural network (ANN) was trained with 
experimental and modeling data, as detailed in Ref. [30], to predict 
Wiebe function parameters for combustion simulation [32]. This way, 
the Wiebe parameters are sensitive to changes in operating conditions. 
Table 2 provides the following attributes of the correlations and ANN 
implemented into the model: (i) the involved variable; (ii) the fitting 
parameter or correlation output; (iii) the independent variables or in-
puts; (iv) the type of correlation; and (v) the coefficient of determination 
(R2). The model calibration is completed with the implementation of 
these empirical correlations. Then, the turbocharger is recoupled, the PI 
controllers are removed, and the model is ready to be used in open-loop 
configuration. Besides, the 1D engine model includes hot-exposed 
turbocharger maps, which were formerly extrapolated and adiabatized 
to enhance the limited data given by the manufacturers [33]. As 
adiabatized maps are utilized, the heat transfer in the turbine volute is 
considered and adjusted by applying the same empirical correlation as 
for the exhaust manifold. 

The pressurized air tank (PAT) and electric supercharger (e-super-
charger) systems, proposed to improve the transient engine operation 
with EGR, are also added to the 1D engine model. Fig. 4 shows the GT- 

Fig. 1. Schematic engine’s layout.  
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Power schematic diagram of the complete intake path from the envi-
ronment to the intake ports, including the low-pressure EGR, PAT and e- 
supercharger systems. The PAT sub-model is composed of a zero- 
dimensional air reservoir with a constant volume and a check valve 
(DN30). Two PAT configurations, named “upstream” and “downstream” 
due to the tank location regarding the compressor, are investigated. The 
downstream tank is directly connected to the intake manifold, while the 
upstream tank pressurizes the volume between the EGR joint and the 
compressor inlet. It should be stated that the intake flap and EGR valve 
are modeled in the upstream case as check valves to avoid reverse flow. 
The advantages and drawbacks of both configurations will be discussed 
later. Besides, the tank is equipped with an anti-vacuum valve to not 
operate below the ambient pressure. This scenario might happen with 
the upstream configuration when the intake flap is partially closed to 
achieve high EGR rates. 

The electric supercharger is recreated with three elements: a basic 
electric motor (EM) that requires a single input, the output power; a 
shaft with a simple model of mechanical losses (1D lookup table with the 
shaft speed as the input variable) that also includes the losses in the 
electric motor; and a compressor fed with hot-exposed maps previously 
extrapolated and adiabatized [33]. This system, along with a bypass 
valve, is installed downstream of the main compressor in series. In 
addition, a proportional controller is configured to regulate the EM 
output power based on the desired intake manifold pressure. The e-su-
percharger used in this paper is the same as the one researched in 
Ref. [34] and its main attributes are provided in Table 3. 

4. Results and discussion 

Tip-in maneuvers at 1500 rpm from 62 Nm (6 bar BMEP) to 124 Nm 
(12 bar BMEP) were tested and simulated to address the research ob-
jectives. It should be stated that the SI gasoline engine described in 
Section 2 operates with 21% and 23% EGR at the initial and final 
working points, respectively [25]. The tip-in tests are presented in two 
subsections: (4.1) EGR influence on transient engine response and (4.2) 
EGR reduction strategy. The tip-in simulation results are organized into 
three subsections: (4.3) validation of the transient 1D model perfor-
mance, (4.4) pressurized air tank, and (4.5) electric supercharger. 
Finally, an overall analysis of all modeled and experimental data is 
provided in Section 4.6. 

4.1. EGR influence on transient engine response 

Two tip-ins were tested, one without EGR (labeled “target”) and the 
other with EGR (“baseline”), to analyze how high EGR operation affects 
the transient engine response. Fig. 5 shows the time evolution of the 
valve setpoints in both tip-in tests. The setpoints of the throttle, VGT, 
intake flap, VVT system, and spark timing were linearly changed from 
their initial to final values in two engine cycles. The EGR valve was kept 
fully open during the whole maneuver in the baseline case. All the ac-
tuations were synchronized using the pedal signal. Fig. 6 provides the 
time evolution of the intake manifold pressure (a), air mass flow (b), 
turbocharger speed (c), and torque (d) in the target and baseline tip-ins. 
A significantly slower air mass flow increase is observed in the case with 
EGR, resulting in poor engine response. This behavior is due to the need 

Fig. 2. Modeling AMF errors related to the 16 steady-state operating points selected for the model calibration [29]. In the x-axis labels, the first value is the engine 
speed (rpm), and the second is the engine BMEP (bar). 

Fig. 3. Modeling IMEP errors related to the 16 steady-state operating points selected for the model calibration [29]. In the x-axis labels, the first value is the engine 
speed (rpm), and the second is the engine BMEP (bar). 
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for higher turbocharger acceleration, given that introducing 23% of EGR 
requires an additional pressure increment of around 0.20 bar in the 
intake manifold to achieve the final torque (124 Nm). Comparing the 
torque evolution in both tip-ins reveals that the EGR strategy leads to a 
2-s slower response time (Fig. 6d). The response time is defined in this 
research as the time required to complete the 95% of the total load in-
crease; in other words, the time spent to reach a torque value of 120 Nm. 

4.2. EGR reduction strategy 

Given the poor engine response with EGR, reducing the EGR dilution 
during the first engine cycles of the tip-in was proposed as a strategy to 
accelerate the torque increase. This strategy basically consists in modi-
fying the EGR valve actuation as follows: instead of keeping the EGR 
valve fully open as in the baseline tip-in, it is closed as fast as possible 
simultaneously with the throttle opening, kept closed for some engine 
cycles, and finally, reopened slowly. A total of twenty tip-in maneuvers 
divided into two stages were tested to determine the duration of the EGR 
valve closure and the slope of the reopening ramp. Ten tip-in tests were 
performed in the first stage with varying durations (3, 5, 7, 9, and 11 
cycles) and slopes (40 and 80 units of opening per second). A conser-
vative spark timing was used in this stage to prevent knocking. The same 
ten tip-ins were repeated in the second stage, but now adjusting the 
spark timing actuation based on the fast intake CO2 measurements to 
improve combustion. The best of these ten tip-ins in terms of torque 
response (labeled “Case A′′) is the one that combines an EGR valve 

closure of 7 cycles with a reopening slope of 40. 
Fig. 7 provides the time evolution of the EGR valve (a) and spark 

timing (b) setpoints in the “baseline” and “Case A′′ tip-in tests. The rest 
of the valve actuations in Case A are the same as in the baseline (Fig. 5). 
Fig. 8 shows the time evolution of the intake manifold pressure (a), air 
mass flow (b), turbine inlet temperature (c), intake manifold CO2 vol-
ume fraction (d), torque (e), and turbocharger speed (f) in the “baseline” 
and “Case A′′ tip-in tests. Closing the EGR valve at the maneuver 
beginning improves torque response significantly, mainly due to a sharp 
increase in AMF before 0.4 s. Besides, higher enthalpy is provided to the 
turbine in Case A, resulting in a better turbocharger acceleration 
(Fig. 8f). The response time in Case A is around 0.57 s, only 0.25 s slower 
than in the target case without EGR and 1.75 s faster than in the baseline 
case. Finally, it should be remarked that the torque overshoot observed 
after 0.8 s (Fig. 8e) can be avoided by adjusting the EGR valve actuation, 
as will be shown in Section 4.6. 

4.3. Engine model validation 

Although the EGR reduction strategy substantially shortens the tor-
que response time, there is room for further improvement. To this end, 
the PAT and e-supercharger systems are investigated utilizing the 1D 
engine model (Section 3). Before that, the “Case A′′ tip-in test was 
simulated to validate the model performance under transient conditions. 
The procedure followed to reproduce the said tip-in is described below. 
The experimental throttle, EGR valve, and intake flap actuations were 
directly imposed into the model, and the VGT position was adjusted 
during the simulation to follow the pressure evolution in the intake 
manifold. This adjustment is fully explained in Ref. [35] and mainly 
consists in applying a slight correction to the VGT position measurement 
using a PI controller. The experimental values of the spark timing, 
air-to-fuel ratio, and VVT system settings were also given to the model as 
inputs. Besides, some thermocouples were modeled to consider the 
thermal inertia of actual sensors in the most relevant engine parts, such 
as turbine inlet and outlet, compressor outlet, and intake manifold. 
Regarding the combustion, the Wiebe function parameters were pre-
dicted through the ANN. Fig. 9 shows the time evolution of the following 
experimental and modeled variables in the “Case A′′ tip-in: intake and 
exhaust manifold pressures (a), air mass flow (b), turbocharger speed 
(c), intake CO2 volume fraction (d), indicated and brake mean effective 
pressures (e), and turbine inlet temperature (f). 

The model prediction is quite accurate in general terms. The pressure 
evolution in the intake manifold is perfectly reproduced by tuning the 
VGT position (errors lower than 1%). The exhaust manifold pressure is 
also well replicated, but differences of up to 4% are detected at around 
0.8 s. Such differences are probably due to a slight overprediction of the 
turbine efficiency. In addition, no noticeable errors in the intake CO2 
fraction and AMF variables are observed, so the 1D model reproduces 
the air management process with high accuracy. If the intake flow and 
composition are achieved, the precise modeling of the IMEP and BMEP 
demonstrates that the Wiebe parameters (ANN) and FMEP (Chen-Flynn 
model) are well predicted. After 1.2 s, the model does not capture some 
torque fluctuations induced by combustion instabilities or cycle-to-cycle 
dispersion, given that these phenomena were not considered for the 
ANN training. The turbine inlet temperature is replicated with errors 
lower than 5◦ Celsius (◦C), so the performance of the heat transfer cor-
relation applied to the exhaust manifold is remarkable. Finally, the ac-
curate modeling of the turbocharger speed corroborates the high 
accuracy of the turbine and compressor maps. 

4.4. Pressurized air tank (PAT) 

A 2-L tank of fresh air, initially at 20 ◦C and 3 bar, was used for all 
simulations presented in this section. It was assumed that larger tank 
volumes would not be viable because of space restrictions. The initial 
tank pressure was selected to obtain the same torque response time as in 

Table 2 
Attributes of the empirical correlations and ANN implemented into the 1D en-
gine model [29]. (*) R2 related to the ANN training data set.  

Involved 
variable 

Fitting 
parameter 

Independent 
variables 

Correlation 
type 

R2 

Intake manifold 
pressure 

Throttle 
discharge 
coefficient 

Throttle angle Look-up table – 

Intake manifold 
temperature 

WCAC 
coolant flow 

Engine speed and 
IMEP 

3D map from 
scattered data 

– 

Turbine inlet 
temperature 

Heat transfer 
multiplier of 
exhaust 
manifold 

Exhaust ports 
temperature and 
exhaust gases mass 
flow 

Linear 
polynomial 
equation 

0.81 

Aftertreatment 
pressure drop 

FWC 
pressure 
drop 

FWC gas volume 
flow 

Look-up table – 

Exhaust line 
pressure drop 

Exhaust line 
pressure 
drop 

Exhaust line gas 
volume flow 

Look-up table – 

EGR cooler inlet 
temperature 

Heat transfer 
multiplier of 
EGR line 

FWC outlet 
temperature and 
EGR flow 

Linear 
polynomial 
equation 

0.75 

EGR cooler 
outlet 
temperature 

Coolant flow 
in the EGR 
cooler 

Engine speed and 
IMEP 

3D map from 
scattered data 

– 

Combustion 
phasing 
(Wiebe 
function) 

CA50 Spark timing, AFR, 
engine speed and 
in-cylinder 
pressure, 
temperature, 
trapped mass and 
residual gas 
fraction at IVC. 

Quadratic 
polynomial 
neural 
network 

0.98* 

Combustion 
duration 
(Wiebe 
function) 

CA1090 Spark timing, AFR, 
engine speed and 
in-cylinder 
pressure, 
temperature, 
trapped mass and 
residual gas 
fraction at IVC. 

Quadratic 
polynomial 
neural 
network 

0.96* 

Engine friction 
losses 

FMEP Engine speed and 
maximum cylinder 
pressure 

Chen-Flynn 
model 

0.81  
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the “target” tip-in without EGR. After trying different values, it was 
found that an initial tank pressure of at least 3 bar is required. Tip-in 
simulation results with other initial tank pressure values were omitted 
for brevity. Two PAT configurations or locations were studied: down-
stream and upstream. The downstream tank is directly connected to the 
intake manifold to increase the in-cylinder trapped air mass quickly. 
However, this configuration leads to the compressor blocking (surge) 

and requires a transient EGR valve closure, as in Case A, to avoid the 
torque drop once the tank empties. Alternatively, the upstream PAT is 
linked to the volume between the EGR junction and the compressor inlet 
(Fig. 4). In this way, the tank does not block the compressor, although its 
implementation involves using check valves to prevent reverse flow 
through the EGR valve and intake flap. Both downstream and upstream 
PAT strategies are explained in detail below. Finally, it should be 
remarked that the tank filling procedure is not addressed in this 
research. 

4.4.1. Downstream PAT 
Given that the amount of pressurized air is limited (only 2 L), the 

opening timing of the tank valve is critical to achieving good results. Six 
tip-ins were first simulated with the downstream PAT, applying three 
delays to the tank valve opening (0, 2, and 4 engine cycles regarding the 
throttle opening) for two different EGR valve actuations (fully open and 

Fig. 4. GT-Power schematic diagram of the whole engine intake path, including the EGR, PAT and electric supercharger systems.  

Table 3 
Electric supercharger’s attributes.  

Attribute Description 

Inertia 2.4.10− 6 kg m2 

Maximum compression ratio 1.5 
Maximum compressor efficiency 0.85 
Maximum electrical power 2000 W 
Maximum speed 70,000 rpm  

Fig. 5. Time evolution of the throttle and VGT setpoints (a) and EGR valve and intake flap setpoints (b) in the target (case without EGR) and baseline (with EGR) tip- 
in tests. 
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partially closed). Fig. 10 provides the positions of the EGR and tank 
valves during these six tip-in simulations. The rest of the valve actua-
tions are the same as those used to reproduce the “Case A′′ tip-in (Section 
4.3). Besides, the stoichiometric air-to-fuel ratio is imposed throughout 
the maneuver, and the Wiebe function parameters are predicted using 
the ANN. Fig. 11 shows the time evolution of the AMF through the PAT 
valve (a) and intake ports (b), EGR rate at the intake ports (c), and en-
gine torque (d) in the six tip-in simulations. 

The best engine torque response is achieved by delaying the PAT 
valve opening by two cycles and closing the EGR valve partially at the 
maneuver beginning (as in Case A). The response time is not reduced 
when opening the PAT valve simultaneously with the throttle due to the 
short-circuit of a portion of the pressurized air. As seen in Fig. 11, the 
peak of AMF (through the intake ports) at 0.15 s does not result in a 
proportional torque increase. Although this short-circuit phenomenon 
occurs in the six cases, it is more significant when the tank valve opening 

is not delayed. This is because the abrupt pressure increase in the intake 
manifold takes place while the valve overlap is still quite long. It should 
be stated that the VVT system is configured to provide a valve overlap of 
around 60 and 15 CAD at the initial and final tip-in operating conditions, 
respectively. The transition between the initial and final VVT settings 
lasts three cycles. Regarding the EGR valve actuation, it should be noted 
that reducing the EGR dilution in the first 2 s is mandatory to avoid a 
torque drop once the tank becomes empty. 

As a drawback, the downstream PAT strategy leads to compressor 
surge, given that the intake path is blocked. Surge appearance can be 
prevented, as in tip-out maneuvers [36,37], using a recirculation (or 
anti-surge) valve that connects the inlet and outlet of the compressor 
when it approaches the surge limit. This recirculation valve was inserted 
into the 1D engine model, and the tip-in with the best torque response 
time of the six cases in Fig. 11 was re-simulated. The anti-surge valve 
was opened in this simulation when the compressor operating point 

Fig. 6. Time evolution of the intake manifold pressure (a), air mass flow (b), turbocharger speed (c), and torque (d) in the target (without EGR) and baseline (with 
EGR) tip-in tests. 

Fig. 7. Time evolution of the EGR valve (a) and spark timing (b) setpoints in the “baseline” and “Case A′′ tip-in tests.  
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exceeded the surge line, which was experimentally measured under 
steady-state non-pulsating flow conditions. Fig. 12 depicts the 
compressor operating path (a), engine torque (b), AMF through the 
throttle and intake ports (c), and EGR rate at the intake ports (d) during 
two tip-in simulations: the case with a 2-cycle delay in the PAT valve 
opening and with a transient EGR valve closure, presented in Fig. 11 
(solid black line), and the same case but with compressor surge miti-
gation (dotted blue line). The flow recirculation through the anti-surge 
valve results in a negative mass flow rate in the throttle, slightly 
penalizing the engine torque increase. This was compensated by further 
reducing the EGR valve opening, as noticed in the time evolution of the 

EGR rate at the intake ports in the case with no surge in Fig. 12d. After 
these simulations, it is concluded that a 0.31-s torque response time is 
achieved by combining the downstream PAT and EGR reduction 
strategies. 

4.4.2. Upstream PAT 
A series of tip-in simulations were performed with the upstream tank 

to optimize the PAT valve opening. Because of the larger distance be-
tween the tank and cylinders, the best engine torque response is ob-
tained by opening the PAT valve simultaneously with the throttle. 
Besides, it should be remarked that closing the EGR valve is not required 

Fig. 8. Time evolution of the intake manifold pressure (a), air mass flow (b), turbine inlet temperature (c), intake CO2 volume fraction (d), torque (e), and 
turbocharger speed (f) in the “baseline” and “Case A′′ tip-in tests. 

Fig. 9. Time evolution of the following actual (exp) and predicted (mod) variables in the “Case A′′ tip-in: intake and exhaust manifold pressures (a), air mass flow (b), 
turbocharger speed (c), intake CO2 volume fraction (d), indicated and brake mean effective pressures (e), and turbine inlet temperature (f). 
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to prevent the torque drop after the tank emptying. The EGR dilution can 
be reduced using the PAT even when depressurized, given that it is 
connected to the compressor inlet where the pressure is slightly lower 
than the ambient. It should be reminded that the tank is equipped with 
an anti-vacuum valve (Section 3). Fig. 13 provides the time evolution of 
the AMF through the PAT valve (a) and intake ports (b), EGR rate at the 
intake ports (c), and engine torque (d) in the two following tip-in sim-
ulations: the best case with the downstream PAT without surge (labeled 
“Case B′′), previously presented in Fig. 12; and the best solution with the 
upstream PAT (“Case C′′) by opening the tank valve with no delay and 
keeping the EGR valve open. In both simulations, the Wiebe function 
parameters were predicted using the ANN, and the stoichiometric air-to- 
fuel ratio was imposed throughout the tip-in. 

As observed in Fig. 13, the tank valve opening in Case C is extended 

until the turbocharger provides the desired boost pressure, thus sus-
taining the EGR dilution below 20% in the first 1.3 s. Regarding the 
torque, the response time in Case C is around 0.43 s, 0.12 s slower than 
in Case B with the downstream tank. 

4.5. Electric supercharger 

One tip-in simulation was carried out with the electric supercharger 
(e-supercharger), which was actuated simultaneously with the throttle 
opening. The output power of the electric motor was regulated using a 
proportional controller to reach and maintain the intake manifold 
pressure target (1.3 bar). The peak power consumed by the e-super-
charger was around 90% of its maximum capacity. The rest of the valve 
actuations were the same as in the baseline tip-in; that is, the valve 

Fig. 10. EGR (a) and PAT (b) valves’ actuations in the six tip-in simulations with the downstream PAT. In the legend, the first term shows the PAT valve opening 
delay in cycles (regarding the throttle opening), and the second (in parentheses) is related to the EGR valve position. 

Fig. 11. Time evolution of the AMF through the PAT valve (a) and intake ports (b), EGR rate at the intake ports (c), and torque (d) in the six tip-in simulations with 
the downstream PAT. In the legend, the first term shows the PAT valve opening delay in cycles (regarding the throttle opening), and the second (in parentheses) is 
related to the EGR valve position. 
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Fig. 12. Compressor operating path (a), engine torque (b), AMF through the throttle and intake ports (c), and EGR rate at the intake ports (d) during the best tip-in 
simulation applying the downstream PAT strategy with (dotted blue line) and without (solid black line) compressor surge mitigation. The corrected compressor speed 
values are given in the vertical colorbar in kRPM. 

Fig. 13. Time evolution of the AMF through the PAT valve (a) and intake ports (b), EGR rate at the intake ports (c), and engine torque (d) in the “Case B′′ and “Case 
C′′ tip-in simulations. 
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positions were linearly changed in two engine cycles, and the EGR valve 
was kept open throughout the simulation. Besides, the ANN was utilized 
to estimate the Wiebe function parameters, and a constant air-to-fuel 
ratio equal to the stoichiometric was imposed. Fig. 14 shows the e-su-
percharger operating path (a) and speed (b), intake manifold pressure 
(c), and engine torque (d) during the tip-in simulation with the electric 
supercharger (labeled “Case D′′). The supercharger reaches 48.000 rpm 
in 0.25 s, providing a maximum pressure ratio of 1.2. This leads to a fast 
pressure increase in the intake manifold without the need to reduce the 
EGR dilution. Regarding the engine torque, it can be concluded that the 
electric supercharger reduces the response time to 0.41 s. 

4.6. Overall analysis 

This section comprehensively compares the four air management 
solutions, mainly based on the torque response and fuel economy. Be-
sides, other criteria, such as complexity and material costs, are also 
considered. To guarantee a fair comparison, the EGR valve actuation in 
Case A was adjusted via modeling to avoid the torque overshoot seen in 
Fig. 8e. The torque overshoot was eliminated by combining an EGR 
valve closure of 4 engine cycles (instead of 7) with a reopening slope of 
35 units per second (instead of 40). The tip-in simulation with the 
adjusted EGR valve actuation was labeled “Case A+". For the sake of 
readability, Table 4 shows the main characteristics of the four solutions 
studied: EGR reduction (Case A+), downstream PAT with EGR reduction 
(Case B), upstream PAT (Case C), and electric supercharger (Case D). 

Fig. 15 provides the predicted time evolution of the AMF through the 
intake ports (a), EGR rate at intake ports (b), engine torque (c), and 
corrected BSFC (d) in Cases A+, B, C, and D. The time evolution of the 
engine torque in the “target” and “baseline” tip-in tests is also depicted 
in Fig. 15. The corrected BSFC (brake specific fuel consumption) in-
cludes a fuel penalty to consider the power supplied by the auxiliary 
boosting system (Ẇsys) and is calculated through Eq. (2): 

BSFC∗ (i)=
ṁf (i) + BSFC⋅Ẇsys(i)

Ẇeng(i)
(2)  

where BSFC∗ (i) is the corrected BSFC in the engine cycle i, ṁf the fuel 
mass flow rate (g/h), and Ẇeng the engine power (kW). The constant 
term BSFC refers to the averaged BSFC (290 g/kWh) of the SI engine 
used in this research working in a 1500-kg sport utility vehicle during a 
WLTP homologation cycle [29]. The power supplied by the auxiliary 
boosting system sys is calculated as follows: 

Fig. 14. Electric supercharger operating path (a) and speed (b), intake manifold pressure (c), and engine torque (d) during the “Case D′′ tip-in simulation.  

Table 4 
Main characteristics of the four air management solutions: Case A+, B, C, and D. 
(+) The EGR valve actuation in Case A was corrected to avoid torque overshoot.  

Case Strategy EGR valve Description EMS 

A+ EGR reduction Closed The EGR dilution is transiently 
reduced. The EGR valve is closed 
quickly, kept closed for 4 cycles, and 
reopened slowly in 35 cycles. 

B Downstream PAT 
with EGR reduction 

Partially 
closed 

A 2-L air tank at 3 bar is connected to 
the intake manifold, and the tank 
valve is opened in 2 cycles after the 
throttle opening. 
The EGR valve is closed until the 
17% opening, kept in this position 
for 4 cycles, and reopened in 20 
cycles. 
The compressor anti-surge valve is 
opened for a very short time. 

C Upstream PAT Open A 2-L air tank at 3 bar is connected to 
the compressor inlet volume, and the 
tank valve is opened with no delay. 

D Electric 
supercharger 

Open An electric supercharger is installed 
downstream of the compressor in 
series and actuated with no delay.  
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Ẇsys(i)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Vtank
ptank(i − 1) − ptank(i)

T
, if sys is the tank

Ẇe− s(i), if sys is the electric supercharger

(3)  

where Vtank is the tank volume, ptank the tank pressure, and T the dura-
tion of one engine cycle (0.08 s). The term Ẇe− s(i) is the output power of 
the supercharger electric motor. 

Fig. 16 provides the average of the corrected BSFC (averaged BSFC∗) 
in the first 20 cycles (1.6 s) versus the torque response time for Cases A+, 
B, C, and D. A period of 20 cycles is selected for the averaged BSFC∗

because, after that time, the engine operating conditions (speed, load, 
and EGR) are practically stable in the four cases (Fig. 15). The averaged 
BSFC∗ is calculated as shown in Eq. (4): 

averaged BSFC∗ =

∑20

i=1
ṁf (i) + BSFC⋅Ẇsys(i)

∑20

i=1
Ẇeng(i)

(4) 

The EGR reduction strategy (Case A+) is the simplest and provides an 
acceptable torque response time (0.57 s) without any additional 
equipment. Having said that, implementing this strategy is not easy, 
given that the EGR valve and spark plug actuations must be adapted 
according to the operating conditions of each tip-in maneuver to avoid 
knocking and torque overshoot. The shortest response time (0.31 s) is 
achieved with the downstream PAT (Case B), even being slightly better 
than in the target tip-in without EGR (Fig. 15c). Nevertheless, applying 
the downstream PAT strategy involves a higher fuel consumption 
(Fig. 16), an added material expense, and a notable increase in 
complexity:  

• Depending on the tip-in operating conditions, different initial tank 
pressure values may be needed.  

• A tank filling procedure must be defined.  
• Unless the tank volume or pressure is increased, reducing the EGR 

dilution is required to avoid the torque drop once the tank becomes 
empty. Consequently, the spark timing must be adjusted too.  

• The PAT valve actuation is also critical unless the tank size is 
enlarged.  

• Surge appearance must be mitigated since the downstream PAT 
blocks the compressor. 

The upstream PAT solution (Case C) is a bit simpler, given that the 
EGR valve closure is not needed and that the compressor does not go into 
surge during the maneuver. It must be reminded that the EGR dilution in 
Case C is decreased using the tank itself due to its location. By contrast, 
the torque response time with the upstream PAT (0.43 s) is not as fast as 
with the downstream tank (Fig. 15c). Besides, installing the tank up-
stream of the compressor requires the employ of check valves to prevent 

Fig. 15. Predicted time evolution of the AMF through the intake ports (a), EGR rate at intake ports (b), engine torque (c), and corrected BSFC (d) in Cases A+, B, C, 
and D. The torque evolution in the “target” and “baseline” tip-in tests is also included. 

Fig. 16. Corrected BSFC average in the first 20 cycles (1.6 s) versus the torque 
response time for Cases A+, B, C, and D. 
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reverse flow through the EGR valve and intake flap. 
By using the electric supercharger, a torque response time of 0.41 s is 

achieved while maintaining the EGR dilution above 21% (Fig. 15b). 
Operating with high EGR levels throughout the tip-in makes a difference 
in fuel consumption, causing the BSFC in Case D to be 1.6% lower than 
in Case B if considering the first 20 cycles (Fig. 16). Regarding the BSFC 
evolution in Fig. 15d, it should be stated that the peaks noticed in Cases 
B, C, and D before 0.4 s are because of the short-circuit of a part of the 
intake gases and, mainly, the fuel penalty related to the added boosting 
systems. Finally, it should also be remarked that utilizing the e-super-
charger does not entail a significant increase in complexity. It only re-
quires the management of the electric motor to obtain the desired boost 
pressure. 

5. Summary and conclusions 

The research objectives are to analyze the impact of high EGR 
operation on the transient response of a SI gasoline engine and assess the 
potential of three air management strategies to improve this response. 
Such strategies are: reducing EGR dilution by closing the EGR valve 
quickly at the maneuver beginning; using a pressurized air tank linked to 
the intake manifold (downstream PAT) or to the compressor inlet (up-
stream PAT); and connecting an electric supercharger to the compressor 
outlet in series. To address the objectives, tip-in maneuvers at 1500 rpm 
from 62 Nm (6 bar BMEP) to 124 Nm (12 bar BMEP) were tested and 
simulated. A 1D engine model, already validated for a wide range of 
steady-state operating conditions in previous studies, was used to 
perform tip-in simulations. Besides, in the reliability interest, the 1D 
model was validated under transient conditions utilizing the informa-
tion from the tip-in tests. 

Firstly, two tip-in tests were carried out to analyze the EGR effect on 
the engine torque response: one without EGR (target) and the other with 
EGR (baseline). In the baseline case, the gasoline engine operates with 
EGR rates higher than 21%. These experiments revealed that high EGR 
operation results in a 2-s slower torque response time (considering the 
time spent to complete the 95% of the total load increase). Then, the 
EGR reduction strategy was proposed to accelerate the load increase. 
This strategy mainly consists in closing the EGR valve as fast as possible, 
simultaneously with the throttle opening, and reopening it slowly after 
some engine cycles. A series of tip-in tests and simulations were per-
formed to find the optimum EGR valve actuation. The EGR reduction 
strategy substantially improves the engine response without any addi-
tional equipment, leading to a response time of 0.57 s, only 0.25 s slower 
than in the target case without EGR. 

The PAT and e-supercharger strategies were exclusively investigated 
via 1D modeling. A 2-L air tank, initially at 3 bar, was added to the 
engine model to evaluate the two PAT solutions. In both cases, some tip- 
in maneuvers were simulated to optimize the PAT valve opening, which 
is essential to obtain a quick torque increase given the limited amount of 
pressurized air. The downstream PAT leads to a response time of 0.31 s, 
slightly faster than in the target tip-in with no EGR. However, its 
implementation is associated with higher costs and complexity. It re-
quires reducing the EGR rate by partially closing the EGR valve to pre-
vent torque drop after the tank emptying and also defining a strategy to 
mitigate compressor surge. These two requirements are not needed with 
the upstream PAT, but the torque response time (0.43 s) is not as fast. 
Lastly, a tip-in simulation was performed with the electric supercharger 
system, which was actuated simultaneously with the throttle opening. 
The e-supercharger reached 48.000 rpm in 0.25 s, providing a time 
response of 0.41 s while keeping the EGR dilution above 21% during the 
whole tip-in. This results in a fuel saving of 1.6% regarding the fuel 
consumed with the downstream PAT. 

In short, the fastest torque response is achieved with the downstream 
PAT, but at the expense of a remarkable increase in complexity, costs, 
and fuel. The EGR reduction strategy is the simplest solution and leads to 
an acceptable response time. And the e-supercharger system provides an 

excellent tradeoff between torque response and fuel economy. 
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José Galindo: Resources, Project administration, Funding acquisi-
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