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1.Intake and exhaust valves 2.Cylinder head 3.Electric unit 4.Driving
module 5.Reversible energy storage system 6.Return spring 7.Motor stator
8.Motor mover 9.Cylinder 10.Free-piston 11.Spark plug
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Basic structure and prototype of four-stroke free-piston
engine
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Note: x;, is the start point of intake, x;,. is the end point of intake, x;,, is the start
point of combustion, x.,. is the top dead center of compression, xp,. is the end
point of combustion, X.., is the bottom dead center of expansion, x.., is the end
point of exhaust.
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Fig.3 Comparison between simulated and tested in-cylinder gas
pressure
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Table 2 Simulation results
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TR R T .
iE
Total cycle period #m/ms 315 320 (s
ET R EE B
. HEARLREAEIT 15.1 16.9 HEK:
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PP MR R I
Time spent in combustion and 16.4 15.1 iy
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F&7~ 3 Indicated work Wi/J 165.8 182.9 iU N
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{3135 K Heat transfer 0,,/J 44.6 41.2 Vi
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Note: “Before optimization” means the piston motion law before optimization;
“After optimization” means the piston motion law after optimization. The same
as below.
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Note: Assume piston move down to the positive direction of displacement, the start time of compression is 7, X, is set as the start point. The same as below.
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Fig.4 Piston motion curve
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Fig.5 In-cylinder gas pressure and temperature
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Fig.6 Electromagnetic force before and after optimization
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Fig.7 Current of system under different piston motion laws
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Fig.9 In-cylinder gas pressure under different piston motion laws
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Table 3 Performance results under different motion law
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Parameters Before optimization After optimization
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Cycle period/ms 80 81.8
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Peak pressure/MPa 251 2.8
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Electric efficiency/%
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Optimization and experiment on piston motion law of four-stroke
free-piston engine

Lin Jiming®, Xu Zhaoping?, Yan Hao®
(1. College of Mechanical Engineering and Automation, Huagiao University, Xiamen 361021, China;
2. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: The free-piston engine has an advantage of changeable piston motion trajectory because of its lack of mechanical
constraint. The motion law of a four-stroke ignited free-piston engine was studied in order to improve the efficiency of the
system. Based on analyzing the working principle of the system and setting boundary constraints and path constraints of the
system, an optimized model of the piston motion was established. The working cycle of the free-piston engine was composed
of intake, compression, combustion, expansion and exhaust phases. Based on the characteristics of separate phase of the piston
motion, a trajectory optimal method called gauss pseudospectral method (GPM) was used to separate the states and control
variables. In this method, the piston position, the piston velocity, the in-cylinder gas pressure and the in-cylinder gas
temperature were set as the state variables and the electromagnetic forces were set as the control variables. Then the optimal
problem of piston motion was discretized to nonlinear programming problem. Then the nonlinear programming problem was
solved by the sequential quadratic programming method (SQP). Furthermore, the parameters of the 462 engines were taken as
the computing parameters. The fuel used in the simulation was gasoline. The simulation results showed that by adjusting the
separate electromagnetic force and optimizing the piston position and velocity curves, the output work increased while the
heat-transfer loss reduced with the rapid piston motion. It indicated that the efficiency reached as high as 45.3% in the
simulation. During the compression process, the applied time of the optimized electromagnetic force was delayed compared
with the original. And the time spent in the optimized compression process was shorter than the original. During the early
expansion process, the optimized amplitude of the electromagnetic force was bigger than the original, which made the
in-cylinder combustion close to constant volume combustion and the gas pressure and temperature increase quickly. During the
middle expansion process, the electromagnetic force was not applied, which made the piston move fast and avoid more losses
of heat transfer under the condition of high temperature and high pressure. During the late expansion process, the big
electromagnetic force was applied in order to meet the target expansion length. Then comparison experiments of different
piston trajectories were studied under the natural aspirate. The intake air pressure was 0.1 MPa, the temperature was 303 K and
the excess air coefficient was 1.05. The results were derived from repeat experiments, which validated that the optimal method
was feasible and valid. The in-cylinder peak pressure had a notable increase when the electromagnetic forces were applied by
separate phase. The output electrical efficiency reached 31.2% and the system performance was remarkably improved. The
output electric power had a small increase, because the cycle period was extended. As a result, the proposed optimization
method of the piston motion law has an important significance for the system development.

Key words: engines; optimization; models; free-piston; motion law; gauss pseudospectral method
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