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This study investigates the performance of a spark-ignition engine
featuring an increased effective compression ratio, achieved by
implementing the Atkinson cycle through intake cam profile design. A
conventional four-stroke, turbocharged spark-ignition engine with a
geometric compression ratio of 9.2 and a peak power output of 112 kW
served as the baseline. A validated 1D engine simulation model was
developed, incorporating in-cylinder pressure calibration based on a
turbulent combustion model. Using this model, Atkinson-cycle
operation was realized via intake camshaft optimization. Engine
performance was evaluated across a wide range of speeds and loads,
focusing primarily on brake-specific fuel consumption (BSFC), torque,
and overall fuel economy. A comparative analysis was conducted
between the baseline engine and the optimized Atkinson-cycle
configuration. The results indicate that optimizing the intake valve
timing yields an approximate 2-3% reduction in average fuel
consumption, achieving a 2.5% overall improvement. These findings
demonstrate that implementing the Atkinson cycle via valve timing
modifications effectively enhances fuel economy under the
investigated operating conditions.
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1- Introduction

Researchers and automotive manufacturers are increasingly focusing on mitigating
environmental challenge s and addressing the depletion of global crude oil reserves through
the development of hybrid electric vehicles (HEVs) [1]. These vehicles were introduced as
a promising approach to reduce fuel consumption and greenhouse gas (GHG) emissions.
The transportation sector accounts for approximately 66% of total global oil consumption,
of which nearly 50% is consumed by small passenger cars and light-duty trucks [1].
Improvements in fuel economy and reductions in emissions are achieved through
technologies such as engine start-stop systems and regenerative braking for energy
recuperation [2]. Furthermore, advanced engine technologies, such as the Atkinson-cycle
engine [3], contribute significantly to improving fuel efficiency. Therefore, incorporating a
fuel-efficient Atkinson-cycle engine into HEVs can further enhance overall vehicle efficiency
and reduce GHG emissions. Figure 1 illustrates the progression of CO and CO, emission
limits over time, beginning with Euro 1 and culminating in the introduction of Euro 6 in
January 2020. Following the implementation of the initial emission regulations, the
permissible limits for pollutants—particularly carbon monoxide (CO)—were reduced by
approximately 63%. From the Euro 4 standard onward, the CO emission limit has remained
constantat 1 g/km [3].

020 540 o010 010

g ot
A -

PM

Gasoline
272
===
220 ¥
e (]
! [ 100 100 100
087 ‘ |
o‘aLo '
Y m, l_, . co
L_ IC + NOx
0.

Euro1 Ewo2 Euwo3* Euro4® Euro5* Euro6®

ntroduction of
Gasoline Particulate Filter (GPF)

Figure 1 Emission legislation development [3]

James Atkinson, a British engineer, advanced heat engine research in 1882 by designing
engines that achieved higher efficiency than the conventional Otto cycle. Today, hybrid
electric vehicles (HEVs) increasingly employ Atkinson-cycle engines, which feature a longer
expansion stroke and a shorter effective compression stroke. This design enhances thermal
efficiency and reduces pollutant emissions. Originating from a patent by Atkinson in 1887,
the cycle increases thermal efficiency by allowing over-expansion at the end of the power
stroke, effectively decoupling the expansion ratio from the compression ratio. In
conventional spark-ignition engines, energy is lost when high-pressure gases are expelled
during exhaust valve opening (EVO) instead of being used to perform work on the piston.
The Atkinson cycle recovers this residual energy, producing additional work per cycle and
thereby increasing indicated work and overall thermal efficiency [4-6] (see Figure 2).
However, a limitation of the Atkinson cycle is its strong dependence on engine speed, which
can restrict its broader application. Furthermore, because a portion of the intake charge is
expelled during the compression stroke, the wide-open throttle (WOT) torque and power
output are decreased.
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Figure 2 P-V diagram of Atkinson cycle with LIVC mechanism [6]

The Atkinson cycle increases fuel economy by 20-30%, making it an ideal engine type
for hybrid electric vehicles (HEVs). According to Qingyu et al. [7], the Atkinson cycle offers
an advantage over the Otto cycle in HEVs due to its superior fuel economy. They proposed
a performance enhancement strategy by adjusting the compression ratio to optimize cycle
efficiency at low-pressure ratios, while increasing the effective compression ratio and
modifying the valve closing timing within the constraints of post-compression pressure.
Experimental results validated this approach, demonstrating reduced pumping losses,
improved fuel economy, and significant gains in cycle efficiency at low to medium pressure
ratios. Zhao [8] demonstrated that the over-expansion Atkinson cycle is well-suited for
HEVs, as itachieves a high expansion ratio without increasing the risk of engine knock, while
simultaneously reducing NO, emissions. The cycle is considered practical for powertrain
applications because it lowers exhaust gas temperatures and improves overall thermal
efficiency. Yuanhui et al. [9] investigated the engine layout and performance characteristics
affecting the Atkinson cycle. They concluded that power is lost due to friction and heat
transfer as the compression ratio rises, and that increases in friction loss and cylinder length
degrade cycle performance. Shuhn-Shyurng [10] compared the Otto and Atkinson cycles
considering heat exchange, clarifying that the work output and thermal efficiency of the
Atkinson cycle surpass those of an Otto engine when both are operated under identical
conditions [11].

2- Atkinson Cycle in HEVs

Recent years have witnessed the widespread adoption of Atkinson-cycle engines in HEVs
by major automotive manufacturers, including Toyota, Ford, and Honda. Nearly all HEVs
and plug-in hybrid electric vehicles (PHEVs) in the US market—such as the Toyota Prius,
Camry Hybrid, Ford Fusion Hybrid, Honda Accord Hybrid, and Chevrolet Volt—are
equipped with Atkinson-cycle engines [12]. Technologies such as cooled exhaust gas
recirculation (EGR) have been introduced to improve anti-knock capabilities and overall
performance. The 2018 Camry Hybrid utilizes Toyota’s A25A-FXS engine, a naturally
aspirated Atkinson-cycle engine with a compression ratio of 14:1, equipped with variable
valve timing (VVT) and cooled EGR. Although detailed specifications of this specific engine
are scarce, a similar engine—the A25A-FKS, calibrated for the non-hybrid 2018 Camry—
has been extensively studied [13]. It achieves a peak brake thermal efficiency (BTE) of 40%,
with CO, emissions reduced by 18.6% compared to the 2015 model year engine, which
lacked Atkinson-cycle and EGR features. However, because other improvements were
incorporated during the model upgrade, these figures may overstate the isolated
contribution of the Atkinson cycle. Similarly, Toyota’s 2ZR-FXE engine, used in the third-
generation Prius and Lexus CT200h, combines a late intake valve closing (LIVC) Atkinson
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cycle, cooled EGR, and port fuel injection (PFI), also achieving a peak BTE of 40%. Beyond
manufacturer data, Li et al. investigated the fuel-saving potential of an Atkinson-cycle
gasoline engine in a series HEV [13]. Cumulative fuel consumption was reduced by 4.58%
compared to the original Otto engine, while NOy and CO, emissions decreased by 46.1%
and 18.37%, respectively. According to EPA predictions, adopting the Atkinson cycle can
reduce CO, emissions by 3-8% when the effects of EGR and a high compression ratio are
included. However, recent progress in engine technologies suggests this benefit could be
higher, reaching 10-14% [13]. Furthermore, fuel savings from the Atkinson cycle are
projected by agencies to range between 8% and 10.3%, and manufacturers are on track to
meet or exceed these figures. It is also estimated that 20-30% of the overall fuel economy
improvement in HEVs is directly attributable to the Atkinson cycle [14].

This paper investigates the testing of a parallel HEV equipped with fuel-efficient
innovations, specifically an Atkinson-cycle engine. Another vital factor in improving the
efficiency of HEV powertrains is the design of advanced energy management control (EMC)
strategies to maximize fuel economy benefits.

3- Optimization Approach

Multiple operating conditions were analyzed through 1D computational fluid dynamics
(CFD) calculations. Various valve lift profiles were simulated to provide additional insights
into the impact of Atkinson strategies on factors such as mixture preparation, injection-air
interaction, turbulence levels, and auto-ignition. The GT-Power tool was used to conduct
these 1D CFD computations [11]. For the Atkinson-cycle engine, four primary optimization
variables were initially considered: intake valve opening (IVO) timing, intake valve opening
duration (calculated as IVC-IVO), maximum intake valve lift, and EGR rate. The
chromosome of each individual can be represented as a vector of real values, where each
value corresponds to a specific operating variable (gene). Therefore, each individual in the
population represents a unique combination of operating variables for a specific engine
speed and torque. The fuel efficiency of each candidate solution (individual) is assessed
using a fitness function. Through crossover and mutation operations, new offspring are
generated from selected parent individuals within the reproduction pool. With each
successive generation, the individuals progressively converge toward the optimal solution,
which is characterized by the lowest fitness value.

3-1- Coupling Methodology Between MATLAB-GA, Simulink, and GT-Power
The optimization framework developed in this study integrates a genetic algorithm (GA)
implemented in MATLAB, a dynamic system model built in Simulink, and a high-fidelity
engine model developed in GT-Power. These three environments are coupled within an
automated co-simulation loop to enable model-based engine parameter optimization. The
architecture follows a hierarchical master-slave configuration:

(1) MATLAB (GA) acts as the supervisory optimization layer.

(2) Simulink functions as the system-level integration and control platform.

(3) GT-Power operates as the high-fidelity, physics-based engine simulation module.

Coupling is realized through a bidirectional data exchange mechanism, allowing for

iterative parameter updates and performance feedback during each optimization
generation. The MATLAB-based GA serves as the master controller for the optimization
process. The algorithm initializes a population of candidate solutions representing engine
design or control parameters. Consequently, a vector x = (IVO, IVC, EVC, MAX{ jr1, EGR) is
defined to represent the chromosome of an individual in the population, meaning each
chromosome consists of five distinct genes. Optimizations of the operating variables were
performed under the same speed-load operating points shown in Figure 2. The GA-based
optimization scheme for maximizing fuel economy at a given load point can be depicted as
follows:
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Minimize: BSFC
Subject to: 6 %< EGR < 24 %
99% (Max Lift) pase sMax Lift<101% (Max Lift) Base
80%(IVC-IVO) pase < (IVC-IVO) £120%(IVC-IVO) pase
-30 ATDC<1VO <40 ATDC
For each individual parameter MATLAB transfers the parameter set to the Simulink

model via workspace variables. The objective function is formulated as: the fitness function
for the GA based fuel economy optimization may be written as:

4
F(x) = BSFC(x) + R (Z max (g;,0) + |E(x)|> (1)

i=1
After receiving the simulation outputs, the GA performs selection, crossover, and

mutation operations to generate a new population. This procedure continues until the
convergence criteria (e.g., maximum number of generations or fitness tolerance) are met.
The automated, coupled optimization loop proceeds as follows:

The GA generates a candidate parameter set.

The parameters are written to the MATLAB workspace.

The Simulink model is executed programmatically.

GT-Power performs the engine simulation within the co-simulation environment.
The performance results are returned to MATLAB.

The objective function is evaluated.

The GA updates the population.

This automated loop eliminates the need for manual intervention and enables the
efficient exploration of a high-dimensional parameter space. Figure 3 illustrates the
coupling scheme among the MATLAB (GA) program, the Simulink model, and the GT-Power
model. The key GA parameters are defined as follows:

e Population size: 50

e Number of generations: 300

e  Crossover probability: 0.8 (GT-Power default)

e  Mutation probability: 0.01 (GT-Power default)

Ntk wh e

MATLAB GENETIC ALGORITHM
Engine Speed Cycle Number
-4
BSFC
\
===
“-'0 - Crmnk Sagee crarkarge oy
E“C — e A P— L Crait An g
MAX IV kift Al —
EGR % GT4UTE ook 0F) — i

i { i

Simulink/GT-Power  Collect GT-Power ~ Compute Cycle
Interface Data Number

Figure 3 Coupling scheme among the MATLAB (GA) program, Simulink model and GT-Power model
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3-2- Simulation Model

Figures 4-7 present the optimization results for the engine operating variables at a speed
0f 2000 rpm and a load of 2bar, utilizing the GA. Under the defined constraints—intake valve
opening (IVO), intake valve closing (IVC), exhaust valve closing (EVC), maximum valve lift,
and exhaust gas recirculation (EGR)—all parameters successfully converged to their
optimal values. The corresponding optimal brake specific energy consumption (BSEC) was
reduced to 333 g/kWh, representing a 3.36% improvement compared to the baseline
conditions prior to optimization. Notably, based on the convergence trends of the best
fitness value among individuals and the mean fitness of the population, the optimization
process terminated before reaching the predefined limit of 370 generations. This early
termination occurred because a stopping criterion was implemented in the MATLAB-based
GA program: if the best fitness value remains unchanged for 10 consecutive generations, the
population is considered to have sufficiently converged. At this point, the algorithm

automatically halts to prevent unnecessary computational effort.
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Figure 4 Intake valve opening multiplayer vs. iteration
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3-3- Validation of numerical 1D modeling
Figure 8 shows comparison of numerical of experimental and 1D numerical data of pressure
profile at 2000 rpm and load 2 bar. Results clarify accuracy of numerical results.
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Figure 8 Comparison of numerical of experimental and 1D numerical data of pressure profile

3-4- Experimental Setup

The old and new pistons are shown in Figure 9. The pistons were CNC-milled from forgings
close to their final shape. As illustrated in Figure 4, two piston head designs were tested: a
conventional flat head with a low compression ratio (CR) of 9.5:1, and a deep-bowl design
with a high CR of 12:1. Figure 10 presents the optimized intake valve profile obtained using
a genetic algorithm.

Figure 9 Piston CR 9.5:1 (left) and piston CR 12:1 (right)
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Figure 10 Optimized intake valve profile with Genetic algorithm

Figure 11 shows a schematic of the 1.6 L, four-cylinder turbocharged gasoline engine
studied in this work. The diagram highlights the main functional components, including the
air filter, throttle, intake manifold, four cylinders, exhaust manifold, and three-way catalyst
(TWC). For brevity, other components such as the crankshaft, camshafts, and pistons are
not shown. The Atkinson-cycle engine is a port fuel-injection (PFI) gasoline engine. Fuel
consumption is measured using an FC2210Z intelligent fuel consumption meter with an
accuracy of +0.5%. The engine is coupled to a DYNAS3 LI 250 high-dynamic electric
dynamometer, which records engine speed, oil temperature, coolant temperature, and
intake air temperature automatically via its control console. Cylinder pressure is measured
with a Kistler 6117B pressure sensor integrated with the spark plug, accurate to +1.25 bar,
while a Kistler 2613B crank angle encoder (not shown) mounted at the free end of the
crankshaft provides crank angle measurements with an accuracy of +0.1° CA. Both cylinder
pressure and crank angle are monitored and recorded by the electronic control unit (ECU).
A high-speed data acquisition system (AVL621 combustion analyzer) collects data from the
fuel consumption meter, dynamometer, and ECU. The system also incorporates a Horiba
MEXA-730L tester, with an accuracy of +0.1, used to control the air-fuel ratio. The fuel used
in this study was pure gasoline with no blends. Table 1 presents the basic specifications of
the original Otto-cycle engine.

Table 1 Original Otto cycle engine basic specifications

Type Inline, water cooled
Number of cylinders 4
Bore (m) 0.0785
Engine speed (rpm) 1000-3500 rpm
Stroke (mm) 0.082
Connecting rod length(mm) 0.1335
Compression ratio 9.5-12
Diameter on intake valve 3cm
Diameter on exhaust valve 2.4 cm
Maximum torque/Speed 230 Nm/2500 rpm
Rated power/Speed 112 kW/6000 rpm
Intake valve opening timing 365
Exhaust valve opening timing 156

All experimental measurements were conducted after the engine had warmed up at idle
and reached steady-state conditions, with the oil temperature between 65°C and 90°C, and
the coolant temperature between 65°C and 80°C. During the experiments, the oil
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temperature was maintained below 135°C, the coolant outlet temperature was controlled
within the range of 65-88°C, and the exhaust temperature was kept below 850°C. The
engine, as installed on the test rig, is shown in Figure 12.

Air conditionimg system

Ermission test systems

Y Pressure sensor
I Flow meter sensor

Crank angle caloulator

Temperature/pressure/flow
dats loggers

Coolant system

Electric dynamometer

‘ i

Figure 12 Engine in the test rig
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4- Results and Discussion

Figure 13 illustrates the BSFC improvement across the entire engine speed-load range.
Here, the improvement is defined as the relative difference between the Otto-cycle BSFC
and the GA-optimized Atkinson-cycle BSFC, normalized by the Otto-cycle BSFC. The results
demonstrate a clear reduction in fuel consumption for the Atkinson-cycle engine following
optimization. These improvements are particularly significant at low loads, as well as at
high loads under high-speed conditions. The maximum BSFC reduction occurs at low loads,
specifically around 1-2 bar and 2000-3000 rpm. Figure 9 presents the BSFC contour plots
for both the Otto- and Atkinson-cycle engines (panels a and b). The area corresponding to
242 g/kWh for the Atkinson-cycle engine is substantially larger than that of the Otto-cycle
engine. Additionally, the areas corresponding to 242-302 g/kWh are more extensive for the
Atkinson cycle, indicating superior fuel economy in the medium-to-high load range. When
utilized in a hybrid vehicle, the Atkinson-cycle engine can achieve significant fuel economy
improvements if an appropriate engine operating strategy is adopted. By coordinating the
engine and electric motor to operate in their most efficient regions, no-load operation is
minimized, and the engine operates primarily in regions characterized by lower fuel
consumption. Consequently, HEVs equipped with Atkinson-cycle engines can achieve
higher overall fuel efficiency compared to conventional vehicles using Otto-cycle engines.
The maps of fuel consumption and torque under different loads at 1000-3500 rpm are
shown in Figures 14 and 15.
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BSFC [gr/kW.h]
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(a) Otto cycle (custom engine) (b) Atkinson cycle (modified engine)
Figure 13 BSFC Map of turbocharged engine
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(a) Otto cycle (custom engine) (b) Atkinson cycle (modified engine)
Figure 14 Fuel Consumption Map of turbocharged engine
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The following conclusions are drawn:

a. Optimization reduces the average fuel consumption rate by 2-3%. At 3000 rpm
and 1 bar, the minimum BSFC is 238 g/kWh, while the maximum BSFC at the
same operating point is 545 g/kWh.

b. The absolute fuel consumption rate also decreases by 2-3% after optimization.
At 3000 rpm and 1 bar, the minimum fuel consumption is 0.7 kg/h, and the
maximum is 13.7 kg/h, as shown in Figure 10.

c. Engine torque ranges from a minimum of 12.6 N.m at 3000 rpm and 1 bar to a
maximum of 151.6 N.m at 3500 rpm and 12 bar, as illustrated in Figure 11.

Table 2 presents a comparison with previously published literature, summarizing the
objective functions, methodologies, and key findings.

Table 2 Comparison with prior work in results

Auth Methodol
Ref (\l{lea?)r Engine / Model Objective € ’I(‘)ocj)lsogY/ Key Findings
. . Atkinson improved
Smith et al. Turbocharged SI Effect of Atkinson vs GT-Power
. ) . BSFC up to 4% at part
(2018) engine Otto on economy simulations load
. SI engine with Intake cam optimization . . . .
Lee & Kim variable valve to reduce pumpin 1D engine model + Optimized intake lift
(2019) - bumping GA reduced BSFC by 3.2%
timing losses
Atki had 1
Gupta & Rao Atkinson cycle Performance & Experimental + mso.n ad fower
5 . o . . . NOx, slightly lower
(2020) engine emissions comparison simulation
power
GT-P Late intake closi
Wang et al. Miller cycle SI turbo Valve timing effect on . (?Wer/ ate intake ¢ f)smg
6 X Simulink co- reduced BSFC in mid
(2021) engine BSFC . .
simulation range
Multi-objecti
Zhang & Liu Turbocharged SI . u ! (_) jeciive Found Pareto curves
8 . optimization (BSFC & NSGA-II + GT-Power
(2021) engine for BSFC vs torque
torque)
P L Intak fil 1D i 1 I EGR
10 erezeta S1 engine with EGR ntake car.n profile engmfz mo¢.ie + ncreased. GRreduced
(2022) design CFD calibration pumping losses
Singh & Atki better at 1
g Otto vs Atkinson Cycle performance Simulation + bench ms.on € e.r a. ow
13 Sharma . to mid load, similar
comparison under load measurement
(2023) peak power
h o
Chen & . . Valve timing Genetic Algorithm + X Optimized cam
14 Huang Variable cam engine optimization GT-Power improved economy by
(2024) P 2-3%
15 Oliveira et SI Turbo engine Multi-objective GT-Power + Pareto BSFC reduced 3-5%,
al. (2024) with Miller optimization optimization trade-off with torque
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5- Challenges, Recommendations, and Future Prospects of the Atkinson Cycle
Challenges: The primary limitation of Atkinson-cycle engines is their reduced power density
due to intake charge backflow. Although electric motors in hybrid powertrains can
compensate for peak power deficits at high loads, achieving higher engine power density
remains desirable, as it allows for engine downsizing and further fuel economy
improvements.

Recommendations: One approach is to combine Otto- and Atkinson-cycle operations
within a single engine, utilizing the Otto cycle at high loads and the Atkinson cycle at low-
to-medium loads. This strategy increases power density at high loads—albeit with a
potential increase in the risk of engine knock—while Atkinson operation improves fuel
efficiency via valve timing adjustments [19]. Another solution is to implement the Atkinson
cycle in conjunction with turbocharging (i.e., the turbocharged Miller cycle), where boosted
intake pressure compensates for the charge loss caused by backflow.

Future Prospects: Future research should focus on two primary directions: (1)
developing technical strategies to suppress engine knock, thereby enabling safe Otto-cycle
operation at high loads within a dual Otto-Atkinson cycle, and (2) designing high-efficiency
turbochargers with elevated pressure ratios to meet the intake boost requirements of
Atkinson-cycle operation.

6- Conclusions and Recommendations for Further Research

In this study, a comprehensive investigation was conducted to optimize the performance of
an Atkinson-cycle gasoline engine and assess its fuel-saving potential in series hybrid
electric vehicles (HEVs). First, experimental investigations were performed, and a
corresponding one-dimensional GT-Power simulation model was developed and validated
for a baseline Otto-cycle engine. The model was subsequently modified to represent an
Atkinson-cycle engine by adjusting the intake valve timing, intake valve duration, maximum
intake valve lift, and exhaust gas recirculation (EGR) settings. Finally, the optimized
performance maps were implemented in the simulation of a series HEV equipped with the
proposed Atkinson-cycle engine.
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