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ABSTRACT 
In this paper, we present our experimental research on a 

power pack based on the linear engine operating conditions and 
the linear generator structure for generating electric power. The 
power pack used in the study consisted of a two-stroke free-
piston linear engine, linear generators, and air compressors. 
Each parameter of input caloric value, equivalence ratio, spark 
timing delay, electrical resistance, and air gap length were 
settled for identifying the combustion characteristics and for 
examining the linear engine performance. The linear engine 
was fueled with propane, and in the course of all its operations, 
intake air was fed under the wide open throttle condition. The 
air and fuel mass flow rate were varied by a mass flow 
controller and premixed by a pre-mixing device. The premixed 
gas was then directly supplied into each combustion cylinder. 
The experiments confirmed that power generation was induced 
differently for each respective operating condition. For the 
linear engine, piston frequency, velocity, and combustion 
characteristics were ultimately different for each operating 
condition. As a result, the piston frequency was 57.2Hz and the 
maximum generating power was 111.3W, where the operating 
conditions were as follows: 1.0 of equivalence ratio, 1.5ms of 
spark timing delay, 30Ω of electric resistance, and 1.0mm of air 
gap length. 

 
INTRODUCTION 

The crisis of global warming and shortage of fossil fuels are 
being a motivation for the scientists as well as the institutes to 
develop new energy conversion devices and environmentally 
friendly fuels. One of the methods to solve the crises is using a 
free-piston linear engine (FPLE). A free-piston linear engine is 
considered to be a crankless internal combustion engine with 
free motion of piston in cylinder. In terms of structure, the 
engine consists of two main components: the free-piston engine, 
and a linear alternator. Unlike conventional engines with a 
crankshaft mechanism, the combustion process of the FPLE can 

be optimized through the variable compression ratios [1]. 
Besides, the variation of compression ratios in FPLE also 
allows the engine to operate with various kinds of fuels as well 
as HCCI combustion [2]. In general, the FPLE can be classified 
into three types including single piston, dual piston and 
opposed piston [3]. Of these, the dual piston engine has a 
higher power/weight ratio than others [4]. However, the 
operation of the dual piston engine is mainly controlled by an 
electronic system, and the piston crown may hit the cylinder 
head if the piston is not controlled correctly [5]. Therefore, a 
damping device (e.g. metal spring) is needed to install in the 
engine for avoiding the collision between the piston crown and 
cylinder head. In a FPLE, one of the most important 
components is the linear alternator or linear generator, which is 
used to start up the engine in the beginning mode or motoring 
mode. Two kinds of linear alternators used in the FPLE are 
tubular-type and flat-type linear alternators. Therein, the flat-
type linear alternator is rarely used in FPLE, although it has 
higher efficiency, output voltage, and current [6]. There were 
many previous studies for the dual piston engine using tubular-
type linear alternator. Atkinson et al. [7] presented a parametric 
study of a spark ignition dual piston engine using the 
combination of two numerical models such as dynamic model 
and thermodynamic model. Shoukry et al. [8] established a 
series of dynamic and thermodynamic numerical equations to 
predict the behaviour of a direct injection dual piston engine 
over a wide operating range. In addition, there were many other 
simulation studies for the dual piston engine, which could be 
found in [9-12]. As can be seen above, most of the previous 
studies for the dual piston engine focused only on simulation as 
well as numerical analysis of this engine. Therefore, an 
experimental research is needed to conduct on a dual free-
piston engine to find out how is the operation of the engine 
changed under real operating conditions. 

This paper presents an experimental research for a power 
pack using the dual piston free-piston engine combined with the 
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flat-type linear generators. Therein, the effects of the main 
parameters such as input caloric value, spark timing delay, 
equivalence ratio and air gap length on the electric power 
output and in-cylinder pressure of the linear engine are 
investigated. The linear engine uses propane as a fuel, because 
propane has a high octane number and can be easily mixed with 
air. 

EXPERIMENTAL APPARATUS 
The experimental apparatus consists of the free-piston 

engine with kind of dual piston, flat-type linear generators, 
ignition device, sensor parts, engine control parts and data 
acquisition parts.  

 
 

 
 

Figure 1 A picture of the experimental system 

 
 

 
  Figure 2 A schematic diagram of the experimental system 

Figure 1 and   Figure 2 show the photography and 
schematic diagram of experimental system, respectively. The 
specification of linear engine is shown in Table 1. Figure 3 
shows a schematic of the free-piston linear engine. Therein, a 
spark plug is placed in the cylinder head to ignite the air/fuel 
mixture. A full stroke of the piston is 31mm and an effective 
stroke length is 18mm. The piston of the linear engine is 
combined with the translator of linear generator and is 
controlled by ECU through the linear generator. The schematic 
of the linear generator is shown in Figure 4. The linear 
generator consists of two main components, a stator and a 
translator. In the stator of linear generator, the copper windings 
are wrapped around the back iron made of silicon steel. The 
permanent magnets are mounted on the translator as a moving 
part.  

In order to start the free-piston linear engine, the linear 
generator will operate to drive the free-piston engine through 
the connecting rod system. This stage is called the motoring 
mode. After certain frequencies, the spark plugs are activated, 
and the combustion process will occur alternatively at each 
cylinder, forcing the connecting rod to move back and forth. 
The movement of the connecting rod will generate current in 
the wires due to the changing magnetic flux linked with the 
wire in the stator. This stage is called the firing mode or electric 
power generation.  

 
Table 1 The specification of the linear engine 
 

Bore [mm] 30 
Maximum stroke [mm] 31 
Effective stroke length [mm] 18 
Mass of translator [kg] 0.8 
Scavenging type Cross-scavenged type
Compression ratio Variable 

Maximum compression ratio 27.23 
 

1719



   

 

 
Figure 3 Schematic of the free-piston linear engine 

 
 

 
 

Figure 4 Schematic of the linear generator 
 

EXPERIMENTAL METHODS 
Firstly, for investigating the generating power according to 

the input caloric value and electrical resistance, the air-propane 
mixture was put into combustion chamber directly with the 
following conditions: 4.56, 5.21, 5.88 and 6.53kJ/s. The intake 
air flow rate was varied at 70, 80, 90, 100 liter per minute (lpm), 
while the equivalence ratio is fixed at 1.0. Concurrently, 
electrical resistance was applied from 5Ω to 40Ω. The other 
parameters such as spark timing delay and air gap length 
(Lair_gap) were fixed at 1.0ms and 2.0mm, respectively. 
Afterwards, the linear engine performance test was conducted. 

Secondly, to investigate the effects of the spark timing delay 
on the generating power of the linear engine, the spark timing 
was varied at 0.5, 1.0, 1.5 and 2.0ms by using the 
Matlab/Simulink, which was installed at ECU (DSP board). 
According to the first experiments, the maximum electric 
power was induced when the equivalence ratio and electrical 
resistance were 1.0 and 20Ω, respectively. Besides, the air gap 
length and input caloric value were fixed at 2.0mm and 
5.88kJ/s, respectively.  

Thirdly, the experiment was performed to confirm 
generating power of the linear engine according to the 
equivalence ratio. The air flow rate was fixed as 90.0lpm before 
mixing with propane and input caloric value was varied at 4.70, 
5.29, 5.88, 6.46, and 7.05kJ/s respectively. The equivalence 
ratio was varied from 0.8 to 1.2 with the increment of 0.1. 

Finally, to investigate the effects of the air gap length on the 
generating power of the linear engine, experiment was 
performed. The air gap length was varied at 1.0mm and 2.0mm, 
while the electrical resistance was varied at 5, 10, 15, 20, 30 
and 40Ω, respectively. The equivalence ratio was fixed at 1.0 
by fixing the air flow rate and input caloric value at 90.0lpm 
and 5.88kJ/s, respectively. The spark timing delay was fixed at 
1.5ms. To change the air gap length, a thin plate of 1.0mm was 
added between stator and engine body.  

 

EXPERIMENTAL RESULTS 
 

The effects of input caloric value 
The input caloric value is varied at 4.56, 5.21, 5.88, 6.53kJ/s, 

while the equivalence ratio, spark timing delay and air gap 
length are fixed at 1.0, 1.5ms and 2.0mm, respectively. In order 
to provide more information for this study, the electrical 
resistance is varied from 5Ω to 40Ω with increment of 5Ω. The 
results are shown in Figure 5 and Figure 6.  

As can be seen in Figure 5, the generating power at input 
caloric value of 5.88kJ/s is higher than others. This is because 
the velocity of translator is increased due to the increased in-
cylinder pressure, which can be observed in Figure 6. The 
highest generating power is found at the input caloric value of 
5.88kJ/s and electrical resistance of 20Ω, with the value of 
90.48W, as shown in Figure 5. By increasing the electrical 
resistance from 20Ω to 40Ω, the generating power has a 
reduced tendency. To explain this, at first, it is needed to know 
that the electrical power output is considered a multiplication of 
electromagnetic force with velocity of translator [13], in which 
the electromagnetic force is considered a resistance force for 
the motion of translator. By increasing the electrical resistance 
from 20Ω to 40Ω, the electromagnetic force is decreased [14], 
and the decrement of the electromagnetic force is so much 
faster than the increment of velocity. As the result, the 
generating power has a reduced tendency. 

 
Figure 5 The effects of input caloric value on generating power 
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Figure 6 The effects of input caloric value on in-cylinder 

pressure 
 

The effects of spark timing delay 
In this experiment, the definition of the spark timing delay 

is as follows. When the translator combined with piston is 
reciprocated, a 5V signal is generated immediately after a thin 
plate stuck on the translator is detected by the photo sensors. 
This signal is sent to ECU to define the spark timing delay. The 
spark timing is delayed from 0.5 to 2.0ms with the increment of 
0.5ms by using Matlab/Simulink.  

The results for the generating power and in-cylinder 
pressure according to the spark timing delay can be seen in 
Figure 7 and Figure 8. Except the spark timing delay, the other 
conditions mentioned in the previous section such as electrical 
resistance, input caloric value, et al are retained same when the 
generating power is the peak value. 

In the Figure 7, the highest generating power is 93.9W when 
the spark timing delay is 1.5ms. The highest generating power 
is a result of the highest in-cylinder pressure at the spark timing 
delay of 1.5ms, as shown in Figure 8. As can be seen in 
Figure 8, the in-cylinder pressure as well as the maximum 
stroke of the piston has an increased tendency as the spark 
timing is delayed from 0.5ms to 1.5ms. However, the maximum 
in-cylinder pressure and piston stroke are reduced as the spark 
timing is delayed to 2.0ms. This is because the combustion of 
air/fuel mixture at spark timing delay 2.0ms is more taken place 
in expansion process. As the result, the maximum in-cylinder 
pressure and piston stroke at spark timing delay 2.0ms are 
decreased, as shown in Figure 8. 

 

 
Figure 7 The effects of spark timing delay on generating power 

 
 

 

Figure 8 The effects of spark timing delay on in-cylinder 
pressure 

 
The effects of equivalence ratio 

The results for the generating power and in-cylinder 
pressure according to the equivalence ratio are shown in Figure 
9 and Figure 10. In order to vary the equivalence ratio, the air 
flow rate is fixed at 90.0lpm, while the input caloric value is 
varied at 4.70, 5.29, 5.88, 6.46, 7.05kJ/s, respectively. 
Therefore, the equivalence ratio is varied from 0.8 to 1.2 with 
the increment of 0.1. The electrical resistance, air gap length 
and the spark timing delay are fixed at 30Ω, 1.0mm and 1.5ms, 
respectively. 

As can be seen in Figure 9, the generating power is 
increased as the equivalence ratio is adjusted from 0.8 to 1.0. 
As the result, the generating voltage and current are increased. 
However, the generating power, voltage and current are 
decreased when the equivalence ratio is higher than 1.0. This is 
occurred as a result of decreasing in-cylinder pressure and 
piston stroke as the equivalence ratio is increased from 1.0 to 
1.2, as shown in Figure 10. Figure 10 also shows that the 
combustion process is good at ideal air/fuel ratio. 
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Figure 9 The effects of equivalence ratio on generating power 

 

 

Figure 10 The effects of equivalence ratio on in-cylinder 
pressure 

 
The effects of air gap length 

The experiment is performed to investigate the generating 
power of the linear engine under the effects of air gap length, 
which is varied at 1.0mm and 2.0mm. 

 

 

Figure 11 The effects of air gap length on generating power 

In order to provide more information for this study, the 
electrical resistance is varied at 5, 10, 15, 20, 30 and 40Ω. The 
equivalence ratio is fixed at 1.0 by fixing the air flow rate and 
input caloric value at 90.0lpm and 5.88kJ/s, respectively, while 
the ignition timing delay is fixed at 1.5ms. The generating 
voltage and current were measured by varying the electrical 
resistance from 5Ω to 40Ω at each condition of the air gap 
length. The generating power was calculated through 
multiplication between the voltage and current. 

As can be seen in Figure 11, the generating power is 
increased as the air gap length is decreased from 2.0mm to 
1.0mm at each condition of electrical resistance. This is also 
appropriate with results obtained in previous study [6]. The 
highest generating power is obtained at the air gap length of 
1.0mm and the electrical resistance of 30Ω.  

In summary, the maximum generating power is 111.3 W 
when the experimental conditions are that the air gap length, 
electrical resistance, equivalence ratio and spark timing delay 
are 1.0 mm, 30 Ω, 1.0 and 1.5 ms, respectively. 

 

CONCLUSION  
 

The linear engine performance test was conducted by 
changing the parameters such as input caloric value, 
equivalence ratio, and electrical resistance, spark timing delay 
and air gap length. The results indicated that the electrical 
resistance has a negative effect on displacement and frequency 
of the translator if it exceeds a certain value. Besides, the 
experimental results also showed that the input caloric value, 
spark timing delay, equivalence ratio and air gap length had a 
considerable influence on the in-cylinder pressure as well as 
electrical power generation of the linear engine. The maximum 
generating power was found with the value of 111.3W at the 
input caloric value, spark timing delay, equivalence ratio, 
electrical resistance and air gap length were 5.88kJ/s, 1.5ms, 
1.0, 30Ω and 1.0mm, respectively. Current work just focused 
on the generating power and finding the suitable conditions to 
optimize the generating power of the free-piston linear engine. 
The next stage of testing is to investigate dynamic behaviours 
and combustion characteristics of the linear engine. At the final 
stage, the test will be performed for exhaust emission and fuel 
efficiency of the linear engine. Furthermore, the various fuels 
will be used in the linear engine such as diesel, DME and 
hydrogen et al. 

 

ACKNOWLEDGMENTS 

This research was financially supported by the Ministry of 
Education (MOE) and National Research Foundation of Korea 
(NRF) through the Human Resource Training Project for 
Regional Innovation and Basic Science Research Program 
through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Education, Science and Technology 
(2012R1A1A1044855), funded by the Research for 
commercialization of DME vehicle of Korea Institute of 
Energy Technology Evaluation and Planning and Top-Class 
Agency of School of Mechanical Engineering in University of 

0.8 0.9 1 1.1 1.2
Equivalency ratio

0

20

40

60

80

100

120

G
en

er
at

in
g

p
o

w
er

[V
A

],
V

rm
s

[V
]

0.5

1

1.5

2

2.5

3

3.5

4

4.5

A
rm

s
[A

]

103.9
108.4 111.3

101.0
95.7

Generating power
Effective voltage
Effective current

Electrical resistance = 30 Ω
Air gap length = 1.0 mm  
Spark timing delay = 1.5 ms
Fuel input heat = 4.70, 5.29, 5.88, 6.46, 7.05 kJ/s
Air flow rate =90.0 lpm

Air gap length = 1.0 mm

Generating power
Effective current

Effective voltage

Air gap length = 2.0 mm

Generating power
Effective current

Effective voltage

5 10 15 20 25 30 35 40
Electrical resistance []

0

10

20

30

40

50

60

70

80

90

100

110

120

G
en

er
at

in
g

p
o

w
er

[V
A

],
V

rm
s

[V
]

0.5

1

1.5

2

2.5

3

3.5

4

4.5

A
rm

s
[A

]

102.2

111.3
105.7

102.3
95.5

87.2

69.9
76.9

93.9

86.1

76.9

67.9

Equivalency ratio = 1.0
Spark timing delay = 1.5 ms
Fuel input heat = 5.88 kJ/s
Air flow rate = 90.0 lpm

1722



   

Ulsan. Also, this work was supported by the Energy Efficiency 
& Resources of the Korea Institute of Energy Technology 
Evaluation and Planning (KETEP) grant funded by the Korea 
government Ministry of Trade, Industry & Energy (MOTIE). 
(20122020100270). 

 

REFERENCES 
 
[1] Goertz M., and Peng L., Free Piston Engine Its Application and 

Optimization, SAE Technical Paper, 2000-01-0996, 2000. 
[2] Fredriksson J., and Denbratt I., Simulation of a two-stroke free 

piston engine, SAE Technical Paper, 2004-01-1871, 2004.  
[3] Mikalsen R., and Roskilly A., A review of free-piston engine 

history and application,  Applied Thermal Engineering, Vol. 27, pp. 
2339–2352, 2007. 

[4] Li Q.F., Xiao J., and Huang Z., Simulation of a two-stroke free 
piston engine for electrical power generation, Energy & Fuel, Vol. 
22, pp. 3443–3449, 2008. 

[5] Mikalsen R., and Roskilly A., The control of a free-piston engine 
generator. Part 2: engine dynamics and piston motion control,  
Applied Energy, Vol. 87, pp. 2339–2352, 2007. 

[6] Li Q.F., Xiao J., and Huang Z., Flat-type permanent magnet linear 
alternator: A suitable device for a free piston linear alternator, 
Journal of Zhejiang University, Vol. 10, pp. 345–352, 2009. 

[7] Atkinson C., Petreanu S., Clark N., Atkinson R., McDaniel T., 
Nandkumar S., and Famouri P., Numerical Simulation of a Two-
Stroke Linear Engine-Alternator Combination, SAE Technical Paper, 
1999-01-0921, 1999. 

[8] Shoukry E., Taylor S., and Clark N., Numerical Simulation for 
Parametric Study of a Two-stroke Direct Injection Linear Engine, 
SAE Technical Paper, 2002-01-1739, 2002. 

[9] Goldsborough S., and Van Blarigan P., A Numerical Study of a 
Free Piston IC Engine Operating on Homogeneous Charge 
Compression Ignition Combustion, SAE Technical Paper, 1999-01-
0619, 1999. 

[10] Li L., Luan Y., Wang Z., Deng J., and Wu Z., Simulations of Key 
Design Parameters and Performance Optimization for a Free-piston 
Engine, SAE Technical Paper, 2010-01-1105, 2010. 

[11] Mikalsen R., and Roskilly A., Performance simulation of a spark 
ignited free-piston engine generator, Applied Thermal Engineering, 
Vol. 28, pp. 1726–1733, 2008. 

[12] Mikalsen R., and Roskilly A., Coupled dynamic-multidimentional 
modelling of free-piston engine combustion, Applied Energy, Vol. 
86, pp. 89–95, 2009. 

[13] Rerkpreedapong, Field Analysis and Design of a Moving Iron 
Linear Alternator for Use with Linear Engine. Master’s thesis, West 
Virginia University, USA, 1999. 

[14] Cawthorne W., Famouri P., and Clark N., Integrated design of 
linear alternator/engine system for HEV auxiliary power unit, 
Electric Machines and Drives Conference, pp. 267-274, 2001. 

 
 

 

1723


