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Abstract: Given the wide application of hybrid engines, how to improve 
hybrid engine fuel economy is being more and more studied, and using the 
Atkinson cycle to improve fuel economy is considered effective. In this 
study, the in-cylinder direct injection engine model was established with 
the data obtained from a benchmarking test using the GT-POWER 
simulation software. The working process of this engine was simulated 
after using Atkinson cycle. This simulation primarily focused on the 
research of the impact on engine fuel economy with different late intake 
valve closing strategies. The simulation results were calculated under the 
partial load conditions which are typically used in hybrid engines. The 
results indicated that engine fuel economy improved and fuel consumption 
decreased by using the Atkinson cycle. However, the Atkinson cycle 
would cause a decrease in power. 
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1 Introductions 
As government regulations for vehicle emissions and fuel consumption become 

increasingly stringent, improving engine thermal efficiency is required urgently. Recently, 
hybrid vehicles have attracted increasing interests, and the engine for hybrid vehicles which 
is a primary energy-consuming components determines the development prospects of 
hybrid vehicles. Hybrid engines are required to operate at high thermal efficiencies, which 
can result in lower fuel consumption and emissions [1].  

The Atkinson cycle is a type of over-expansion cycle whose effective expansion ratio is 
greater than the effective compression ratio. There is a reverse flow process between the 
intake stroke and compression stroke. The Atkinson cycle can improve engine fuel 
economy under partial load [2–3]. Delaying the intake valve closing time is one of the 
methods to realize the Atkinson cycle. Therefore, the effective compression ratio of the 
engine can be reduced and then an operating cycle in which the expansion ratio is greater 
than the compression ratio can be achieved [4]. The application of the Atkinson cycle can 
reduce the pumping loss at part load [5–8]; simultaneously, it can also suppress the knocking 
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phenomenon [9–11] which is negative for the thermal efficiency of the engine. Nonetheless, 
the high-precision and flexible valve control mechanism are needed to achieve the Atkinson 
cycle. Moreover, the reverse flow process decreases the engine power density [1]. Hybrid 
engines often operate at partial loads and do not require higher power. Thus, applying the 
Atkinson cycle to hybrid engines can further reduce the fuel consumption and improve the 
engine performance.  

In summary, most studies focused on the impact of the Atkinson cycle on engine fuel 
economy, and fewer studies have analyzed the reasons from the aspect of pumping losses. 
In this study, the reasons for its impact from aspects of pumping losses and fuel energy 
distribution have been explored apart from analyzing the impact of the Atkinson cycle on 
fuel economy and dynamics. In addition, the operating conditions with the highest thermal 
efficiency which are the typical operating conditions of the hybrid engine were studied,. 
The results will provide a basis for the Atkinson cycle to improve the thermal efficiency of 
the hybrid engine.  

In this study, based on the benchmark data obtaining from engine bench test, a three-
cylinder direct injection supercharged engine model was established by using the one-
dimensional simulation software GT-POWER. The influence of the Atkinson cycle on the 
fuel economy of the engine was investigated and its impact on the dynamics was also 
analyzed.  

2 Model Setup and Calibration 
In this study, a three-cylinder supercharged direct injection gasoline engine was used as 

the research object. The primary technical parameters are listed in Table 1. Through the 
one-dimensional simulation software GT-POWER, the operating process of the engine was 
simulated and performance of the engine was obtained. Combined with the structural data 
of the three-cylinder supercharged direct injection gasoline engine and the benchmark test 
data, the simulation model of the direct injection gasoline engine established by GT-
POWER is shown in Fig. 1.  

Table 1. Primary parameters of the gasoline engine 

Item Content Item Content

Rated speed 5500 r/min Power Max 100 kW
Torque Max 230 N·m Displaceme

nt 
1.199 L

Bore×Stroke 75×90.5 mm Number of 
cylinders 

3 

Compression Rod 9.5 : 1 Number of 
valves 

4 
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Fig. 1. GT-POWER model of gasoline engine 

To ensure the accuracy of the established gasoline engine simulation model, a multi-
objective optimization calibration of the gasoline engine model was performed using the 
ModeFrontier optimization software coupled with the GT-POWER software. The 
correlation coefficients, performance parameters, and bench test data in the gasoline engine 
model were used as the calibration variables, calibration parameters, and calibration targets, 
respectively. The optimized calibration model was established, as shown in Fig. 2.  

 
Fig. 2. Multi-objective optimization calibration model 

The simulation model was adjusted under high thermal efficiency conditions (14 bar, 
2000 r/min; 14 bar, 3000 r/min). After calculation, the optimal correlation coefficients’ 
values were selected as the input parameters of the gasoline engine simulation model. The 
simulation was performed using the calibrated GT-POWER model to obtain the cylinder 
pressure curves and the power and fuel economy simulation values. The simulation results 
were compared with the bench test data, as shown in Fig. 3.  
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(a) 2000 r/min (14 bar) 

-400 -300 -200 -100 0 100 200 300 400
0

10
20
30
40
50
60
70
80
90

 Expriment
 Simulation

Pr
es

su
re

 p
 / 

ba
r

Crank Angle / °
 

(b) 3000 r/min (14 bar) 

Fig. 3. Comparison of in-cylinder pressure curve between the test and simulation (14 bar) 

As shown in Fig.3, the cylinder pressure curves calculated by the calibrated gasoline 
engine simulation model agrees well with the cylinder pressure curves obtained by the test. 
The peak pressure and the appearance of peak pressure are very close to the test results.  

3 Results and discussion 
The gas exchange process is critical in the performance of the engine. The quality of the gas 
exchange process affects the power and fuel economy. Compared with the traditional 
engine operating cycle, the Atkinson cycle has an effective expansion ratio that is greater 
than the effective compression ratio, which improves the engine's ability to work. Therefore, 
the engine with different degrees of Atkinson cycle will be analyzed to explore the 
influence of the Atkinson cycle on the engine power and fuel economy.  

As described in the experimental method, the engine load was set to 14 bar, the speed 
was set to 2000 r/min and 3000 r/min, and the engine fuel consumption rate and power 
under the conditions of LIVC0–LIVC40 were calculated. Figure 4 shows the changes in 
engine fuel consumption rate under different engine operating conditions with different 
intake valve closing times.  
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(a) 2000 r/min             (b) 3000 r/min 

Fig. 4. Brake-specific fuel consumption varying with the LIVC 

As shown in Fig. 4 that when the engine speed is 2000 r/min, the fuel consumption rate 
of the engine decreases first and subsequently increases with increasing the intake valve 
closing time, and both are lower than that of the original engine. After applying the 
Atkinson cycle, the engine fuel consumption rate can be reduced significantly. When the 
intake valve was closed 20° late, the fuel consumption rate decreased the most. Compared 
with the original engine, the fuel consumption has decreased by 2.7%. When the engine 
speed is 3000 r/min, the engine fuel consumption rate decreases first and subsequently 
increases with increasing the intake valve closing time. When the LIVC = 10° and LIVC = 
20°, the fuel consumption rate is lower than that of the original engine. However, when the 
closing time continues to be retarded, the fuel consumption rate will be higher than that of 
the original machine. Under this condition, when LIVC = 10°, the fuel consumption rate 
decreased by 0.7%.  

An analysis of the results implies that, using the Atkinson cycle can reduce the engine 
fuel consumption rate, such that the fuel economy of the engine can be improved. However, 
as the rotational speed increases, the effect of the Atkinson cycle in improving the fuel 
economy becomes worse. Furthermore, an excessive intake valve closing time will result in 
the deterioration of fuel economy as well.  

Figure 5 shows the changes in engine power based on different intake valve closing 
times under two engine operating conditions.  
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(a) 2000 r/min               (b) 3000 r/min 

Fig. 5. Brake power varying with the LIVC 

As shown in Fig. 5, at the speed of 2000 r/min, the engine power increases first and 
subsequently decreases with the delay of the intake valve closing time, and the power 
reduction is small. Similar to the change law of power, the torque first increases and 
subsequently decreases with the delay of the intake valve closing time. At the speed of 
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3000 r/min, the engine power indicates a significant downward trend with increasing the 
intake valve closing angle. When LIVC = 40°, the power decreased from 40.0 kW to 35.4 
kW, and the maximum decrease was nearly 12%. Similarly, the torque continues to 
decrease, and it decreases by 14.6 N·m when LIVC = 40°. Compared with the traditional 
engine operating cycle, using Atkinson cycle will result in decreased engine power and 
torque; the higher the speed, the more obvious the impact is. The Atkinson cycle has a large 
impact on the dynamics of the engine, which will deteriorate the power and torque.  

After the analysis above, it can be concluded that the Atkinson cycle can improve the 
fuel economy of the engine at 2000 r/min, while the engine's power is slightly reduced. 
However, the use of a weak Atkinson cycle will result in a slight increase in power and 
torque. At 3000 r/min, the Atkinson cycle can be used to improve the fuel economy of the 
engine slightly, but simultaneously reduce the engine's power and torque output 
significantly. Next, the reasons for this effect will be investigated thoroughly.  

4 Conclusion 
In conclusion, the variation law of fuel economy and power performance of the Atkinson 
cycle engine under different degrees were studied numerically.  

Under the condition of 2000 r/min and 14 bar, the engine fuel consumption rate 
decreased first and subsequently increased with the increase of the intake valve closing 
angle. When the intake valve was closed 20° late, the fuel consumption rate decreased the 
most. Compared with the original engine, the fuel consumption has decreased by 2.7%. 
Besides, the power increased first and subsequently decreased. Under the condition of 3000 
r/min and 14 bar, the engine fuel consumption rate decreased first and subsequently 
increased with increasing the intake valve closing angle. When LIVC = 10°, the fuel 
consumption rate decreased by 0.7%. When LIVC = 40°, the power decreased from 40.0 
kW to 35.4 kW, and the maximum decrease was nearly 12%. The Atkinson cycle improved 
the engine fuel economy, but also caused the decrease of engine power.  
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