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Introduction 
he crisis of fossil fuels shortage and global warming 

coupled with the demand for low fuel consumption 

technology and above all stringent emission legislations 

have motivated researchers all over the world to improve 

existing conventional engines by developing alternative fuels 

and also by investigating new energy conversion devices 

(Bielaczyc et al., 2014a; Chandra et al., 2011; Mikalsen & Roskilly, 

2007). One of the devices/technologies being researched is a 

free-piston linear generator (FPLG) engine. This is a new engine 

that has drawn the interests of a lot of researchers all over the 

world because of its unique features  
(Hanipah et al., 2015). Contrary to the conventional engines, an 

FPLG engine is a ‘crankless’ internal combustion engine with no 

restriction of piston motion inside the cylinder by a crankshaft. 

It has few moving parts, thus making it a compact engine with 

low maintenance costs and reduced frictional losses. The 

overview of the background study of the engine has been 

presented by Mikalsen and Roskilly (Mikalsen & Roskilly, 2007). 

These potential advantages make FPE engines to be considered 

a promising alternative to conventional engines and therefore 

provide wide areas of applications for its use.   
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ABSTRACT  
This paper presents 

a type of energy 

conversion device, a 

free-piston linear 

generator (FPLG) 

engine which can 

generate electrical 

energy when a free 

piston engine (FPE) 

is coupled to a 

generator. An FPLG 

engine prototype 

designed, 

fabricated, and 

developed at the 

Center for 

Automotive and 

Electric Mobility 

(CAREM) was 

operated in 

expansion mode. 

The generator unit 

consists of different 

components 

forming the 

generator 

assembly. Stator 
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In the 1990s, the researchers at the Technical University Dresden developed the first free 
piston expander which operates on the pressurized working fluid to expand through the 
motion of a linear piston (Heyl & Quack, 1999). Since then, the free piston concept has 
been applied to the development of free piston expander in recent times. Hou et al 
investigated the performance characteristics of a free piston expander linear generator 
for small scale organic Rankine cycle. In addition to this, the keys factors that have effect 
on the engine performance were analysed. They employed compressed air as the working 
fluid with intake pressure, external load resistance, and operating frequency varied from 
2.0 bar to 3.0 bar, 10 Ω to 50 Ω, and 1.5 Hz to 2.5 Hz, respectively. The results of the tests 
showed that intake pressure and external load resistance greatly impacted on actual 
stroke, velocity, and exhaust temperature. With increasing intake pressure and external 
load resistance, actual stroke and velocity increased while exhaust temperature 
decreased. Also increasing trend in the indicated efficiency was recorded with the 
increase in intake pressure and external load resistance. The maximum voltage and power 
output generated by the engine were 44.4 V and 111.6 W, respectively to achieve 
maximum indicated efficiency of 81% (Hou et al., 2018). Li et al. proposed a free piston 
expander-linear generator having its application in recovering waste heat from vehicle 
engine. The conceptual design and 3D simulation of the model were analysed using the 
computational fluid dynamics method. The simulation was conducted at a working 
frequency and intake pressure of 3 Hz and 0.2 MPa respectively. The results revealed that 
the FPE attained indicated efficiency of 66.2% and maximum power output of 22.7 W (G. 
Li et al., 2016). Weiss et al. designed and tested a FPE operating at a low temperature 
source for small scale waste heat recovery. The model developed was investigate under 
different conditions. The results of the tests revealed that reducing piston mass led to a 

core is one of the components known to contribute to the generating capacity of the 

engine. So, experimental tests were conducted to study the effect two different stator 

core materials - Perspex stator core, GU(P) and metal stator core, GU(M), have on the 

FPLG engine performance characteristics. The operating pressure of the working fluid, 

compressed air, was maintained at 8 bar pressure, while 33.3 Hz and 66.6 Hz were the 

operating frequencies set for the intake valve opening and closing respectively. Based on 

the experimental data, the motion characteristics and output performance of the engine 

were discussed. The results shows that the stator core materials have effect on engine 

performance. Compared with the other material, GU(M) material is found to have a 

shorter translator stroke and higher cogging force. However, translator velocity that 

resulted at the operating condition is higher with GU(P) than with the GU(M). The peak 

power and indicated efficiency were found to be 423.4 W and 64.2%, respectively when 

GU(M) material is used.  

 

Keywords— free-piston engine, generator unit, stator core, valve opening frequency, 

engine performance. 
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reduction in the piston stroke length and an increase in the operating frequency and 
power output. 25.6 mW and 88% - 90% were the power output and energy recovery 
efficiency achieved by the engine, respectively (Weiss, 2010).  
Xu et al. studied the performance characteristics such as in-cylinder pressure, motion 
characteristics and output performance of a free linear expander-linear generator 
prototype at different valve timings. They investigated further the effect of external load 
resistance on motion characteristics and output performance with cam plate A and B. The 
results of their study showed that motion characteristics and output performance were 
significantly influenced by the intake duration and exhaust duration. Indicated efficiency 
showed a decreased trend with respect to increased external load resistance. However, 
the maximum indicated efficiency of 66.2% was attained (Xu et al., 2018). Zhang et al. 
designed and investigated experimentally a double acting free piston expander 
incorporating sliderbased/outlet control scheme to replace the throttling valve of the 
transcritical CO2 refrigeration cycle. The results revealed that the engine operated 
optimally at a frequency range of 10 – 17 Hz to achieve an isentropic efficiency of 62% using 
a pV diagram analysis (Zhang et al., 2007). Li et al. studied the effects of intake duration, 
intake pressure, theoretical stroke, and external load resistance on performance and 
efficiency using a single-piston FPELG prototype for small-scale ORC application. The 
results disclosed that the peak output power and energy conversion efficiency can attain 
maximum value of 32.5 W and 30.8% respectively (J. Li et al., 2019). In similar research 
conducted by Wang et al., a dual-piston air-driven free piston linear expander was used 
to experimentally study the relation between system operation characteristics such as 
piston motion, output voltage, operation frequency, and energy conversion efficiency. 
The output of the study showed that output voltage is sensitive to piston velocity. 55% 
energy conversion efficiency was reached at a driven pressure of 3.79 bar (Wang et al., 
2017). Tian et al. experimentally studied the operation characteristics and output 
performances of an FPE-LG engine based on variable factors such as intake pressure, 
operation frequency, and external load resistance. The results of the tests showed that 
the maximum velocity and peak power output achieved were 0.69 m/s and 96 W, 
respectively when the engine was operated at an operation frequency of 1.0 Hz and 
external load resistance of 20 ohms. However, with an operating frequency of 2.0 Hz and 
intake pressure of 2.6 bar, the energy conversion efficiency rose to 45.82% (Tian et al., 
2017).  
Researchers have shown a considerable interest in FPE particularly for applications 
utilizing expansion mode. Several research works have been conducted on FPE linear 
expander as mentioned in previous literature. The advantages of FPE-LG engine such as 
compact structure, operation flexibility and output power produced have necessitated 
various applications in different configurations. Application such as small-scale organic 
Rankine cycle (ORC), which can transform waste heat from exhaust of an IC engine into 
electricity and other uses. The authors however did not consider in their numerical 
simulation models other features like stator core material in the generator unit assembly, 
which is expected to play an important role in enhancing the overall output performance. 
Besides, simulation analysis undoubtedly requires experimental testing to gain more 
understanding. Full experimental analysis on the effect of stator core materials on the 
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FPLG performance has not been tested previously. Therefore, the present paper focuses 
on the experimental study of the effect of stator core materials on the performance 
characteristics of an FPLG engine. The air expander test rig, designed and developed at 
the Centre for Automotive Research and Electric Mobility (CAREM), was used in 
conducting the test. The research contributes to understanding the performance 
response of the engine to different stator core materials when used in a generator unit 
assembly.  
 
EXPERIMENTAL PROCEDURE  
Description of FPLG Engine  
The experimental test rig (FPLG) is designed and developed using locally available 
resources and materials for both the components and control. It primarily consists of two 
free piston expanders and a tubular linear generator. The fabricated prototype of the 
FPLG engine consists of a piston rod (shaft) and two pistons connected to each end of 
the shaft as shown in Fig. 1. The pistons are then enclosed by the cylinder liners. A tubular 
linear generator consisting of a translator and a stator is positioned between the two 
cylinders. A series of bonded permanent magnets is mounted on the translator shaft, 
while the stator housed the wound coils connected to a full-wave rectifier bridge. The 
position of the translator is electronically measured and controlled using a linear encoder 
and magnetic strip as it moves back-and-forth. The in-cylinder pressure during the 
expansion process was measured using a pressure transducer together with a charge 
amplifier. The operation of the FPLG engine is controlled by the National Instruments (NI) 
controller based on the signal it sends and receives. Data for parameters such as pressure, 
displacement and the output current are logged using NI data acquisition system. The 
engine is also equipped with both cooling and lubricating systems for lubricating of the 
few moving parts and removing of dissipated heat, respectively. The air supply system 
basically consists of an air compressor, pressure regulators, air receiver tank, manifolds, 
and electromagnet valves.   

  
Fig. 1: The prototype of the FPLG engine situated at the CAREM in Universiti Teknologi  

PETRONAS (Ismael, Aziz, Mohammed, et al., 2021)  
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Fig. 2: A schematic diagram of the experimental setup (Ismael, Aziz, A, et al., 2021)  

 

The FPLG engine can operate in two modes – combustion and expansion modes. The 

details for the FPLG engine combustion mode can be found in the previous works of the 

authors [14, 15].  However, in this current study, the FPLG engine was operated as an 

expander to produce electricity as illustrated in Fig. 2. Table 1 shows the detailed 

specification of the engine. The details of the working principle of the FPLG engine is 

presented in the previous author’s publication (Ismael, Aziz, A, et al., 2021). The system 

utilizes compressed air at 8 bar to drive the translator back and forth thus making the 

translator to cut the magnetic flux induced by the stator core assembly. Afterwards, the 

electricity generated is then consumed by the external load resistor. In this study, the 

generator unit was first assembled using a Perspex, GU(P) material before the engine was 

operated at the stated condition (see Table 2). Thereafter, the generator unit was 

replaced with a metallic (aluminum), GU(M) material and operated at the same condition. 

The arrangement of the core of the generator unit alongside the coil is presented in Figs. 

3(a) and 3(b) for GU(P) and GU(M), respectively. The air delivery was electronically 

operated to control the timing of the air intake valves at both chambers. At the stated 

operating conditions, the engine was run; the in-cylinder pressure, current and linear 

piston displacement data were measured via their sensors and logged to the data 

acquisition system connected to it. Thereafter, the logged data were computed and 

analyzed. The tests were repeated at least three times because of the possible error that 
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may arise due to air leakages from the system via the piston rings and error due to data 

collection. The compared analyzed data of the piston position values at top dead center 

(TDC) and bottom dead center (BDC) clearly shows nearness in value thus confirming 

reasonable repeatability of the tests.  

 

 
 

RESULTS AND DISCUSSION  

Motion Profile  

Fig. 4 shows the dynamic linear motion profile of FPLG engine as a function of time. The 

variation in the stroke length is an attribute of a FPLG engine because of the absence of a 

crankshaft to constrain piston motion. In other words, the TDC and BDC are not fixed. In 

this case, the middle of a stroke is defined as the displacement origin for coordinates and 

the limits of travel, known as mechanical TDC and BDC, are 48 mm towards the TDC and -

48 mm towards the BDC. During operation of the FPLG engine, the displacement of travel 

of the translator occurs between the mechanical TDC and BDC. So, the actual stroke of 

  
Table  1 :  Engine specification parameters of the FPLG   

    

Engine Specifications   Value   

Cylinder bore  [ mm ]   

Maximum stroke  [ mm ]   

Effective stroke  [ mm ]   

Cylinder displacement  [ cc ]   

Number of cylinder liner   [ - ]   

Working pressure  [ bar ]   

Moving mass  [ kg ]   

Intake valve opening time  [ ms ]   

56   

96   

84   

221   

2   

5   

7   

  5 - 100   

 

  
Table  2 :  Experimental conditions   

Experimental conditions   Value   

Aspect Ratio (AR)   [ - ]   1.5   

Air intake pressure  [ bar ]   8   

Valve opening frequency   
( VOF )   [ Hz ]   

33.3   

Valve closing frequency,  
( VCF )   [ Hz ]   

66.6   

External load resistance  
[ ohms ]   

4.7   

  
 

  
Fig.  3 :   Stator core arrangements (a) with Perspex and (b) with metal   
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the translator is the distance between the TDC and BDC. From the figure, the frequency 

of operation of GU(M) and GU(P) is the same though their amplitudes are different. 

Different TDC position can be observed with the cycles. However, the cycle-to-cycle 

variation calculated for GU(M) and GU(P) are 0.13% and 3.74%, respectively which indicates 

that the engine performed stably for all the tests. From the motion profiles, the GU(M) 

profile shows a shorter expansion stroke of 58 mm than the GU(P) which had full 

expansion stroke of 114 mm. The reason being that the piston motion is resisted by the 

cogging force induced from the stator core arrangement. So, it can be said that the stator 

core material has effect on the motion control of an FPLG engine.  

 
 

Velocity Profile and Pressure-Volume Diagram  

During the operations of the FPLG engine, the position of the translator was measured 

and based on this parameter, the speed/velocity of the translator profile was obtained. 

Fig. 4(b) illustrates the velocity profiles of the translator motion from BDC to TDC i.e., 

clockwise from the left side position at a driven pressure of 8 bar using different stator 

core materials. The curve was processed using a moving average of 5. The piston motion 

from left to right shows the velocity of the translator during exhaust stroke while from 

right side position depicts the expansion stroke. The figure clearly shows that the 

translator travelled at a low velocity and acceleration when approaching TDC and BDC 

during exhaust and expansion strokes. However, while departing TDC and BDC, the piston 

showed a faster velocity and acceleration. Moreover, the maximum velocity of the 

translator is found to occur at the middle of a stroke. For the GU(P), the translator is found 

to run at a high speed of 3.5 m/s due to less resistance induced by the stator core on the 

translator motion. With this, the translator could travel full stroke between 48 mm (0 mm 

BTDC) and -48 mm (96 mm BTDC). However, for GU(M), the translator travelled at a lower 

speed of 2.5 m/s compared to the GU(P). This is due to the high resistance (cogging force) 

induced by the stator core material on the translator motion. Hence, shorter translator 

stroke between 23 mm (25 mm BTDC) and -35 mm (83 mm BTDC) was obtained. The 

velocity profile produced by the translator is similar to an ellipse shape. This is the 

trending profile of a FPLG engine and similar to the research results in Refs. (Hanipah et 

        

Fig.  4 :   ( a)  Translator motion profile against time   ( b)  Translator velocity against piston position   
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al., 2015; Wang et al., 2017). The pressure-volume (p-V) diagram for the FPLG engine 

working in expansion mode under different stator core materials arrangements is 

presented in Fig. 5. The high/low pressures recorded for GU(M) and GU(P) are 7.28/1.00 

bar and 5.64/1 bar respectively. The area under the curve shows the workdone by the 

compressed air on the piston and is usually expressed as indicated workdone. From the 

curves, the indicated workdone calculated for the GU(M) and GU(P), respectively are 127 

J and 104 J, respectively.  

 
 

Power Output (root mean square) and Peak Power  
Figs. 6(a) and 6(b) illustrate the peak power, [P(peak) output] versus piston position and 
the root mean square of power, [P(rms)] of the FPLG engine for different stator core 
materials when operated at a frequency of 33.3 Hz and intake pressure of 8 bar. Generally, 
it can be observed that the peak power occurred at the middle position of the stroke. This 
is because the highest velocity of the translator is noticed at this position. For the GU(P), 
it can be observed that power output was produced throughout the stroke length. 
However, for the GU(M), the translator motion was impeded by the stator core materials 
composition in the generator unit. At the set operation condition, the peak power 
attained by the GU(M) and GU(P) are 423.4 W and 189.6 W, respectively. 120.2 W and 62.9 
W are the calculated and corresponding Prms generated for the GU(M) and GU(P) 
respectively.  
GU(P) stator core  

  

Fig.  5 :   In - cylinder pressure against volume   

                 

Fig.  6 :   ( a) Power output against piston position ;   ( b )   Power (rms) and peak power of GU(M) and  
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Work-Electric Conversion and Indicated Efficiencies  

At a set operating condition and stable engine run, a FPLG engine can generate a peak 

power output and average power output based on valve opening and closing timings, 

which of course controls the back-and-forth motion of a piston. The electric energy 

output (𝐸𝑜𝑢𝑡𝑝𝑢𝑡) can be calculated by integrating the power output (𝑃𝑜𝑢𝑡𝑝𝑢𝑡) with respect 

to time as follows according to (J. Li et al., 2019; Wang et al., 2017):  

𝐸𝑜𝑢𝑡𝑝𝑢𝑡 = ∫ 𝑃𝑜𝑢𝑡𝑝𝑢𝑡𝑑𝑡                                                                                                                      (1)  

Fig. 7(a) illustrates the P-V diagram of GU(M) stator core at 8 bar pressure for the 

actual working processes and ideal working processes. In the figure, 1 → 2 → 3 depicts 

the actual intake process, and 1′ → 2′ → 3′ represents the ideal intake process. 3 → 4 

shows the actual expansion process and 3′ → 4 depicts the ideal expansion process. 4→ 

5 → 1 represents the actual exhaust process and 4 → 5′ → 1′ shows the ideal exhaust 

process. The actual expansion work (𝑊𝑒𝑥𝑝−𝑎𝑐𝑡𝑢𝑎𝑙) is then calculated by integrating the 

actual P-V diagram as follows (J. Li et al., 2019):  

𝑊𝑒𝑥𝑝−𝑎𝑐𝑡𝑢𝑎𝑙 = ∫ 𝑃𝑑𝑣                                                                                                                        (2)  

According to Ref. (J. Li et al., 2019), the work-energy (W-E) conversion efficiency is 

defined as the ratio of the electric energy output to the actual expansion work and is 

represented as follows:  

  

Based on the above equations and the test data, the 𝜂𝑤−𝑒𝑥𝑝 for the GU(M) and GU(P) 

is calculated as 8.4% and 4.8% respectively and illustrated in Fig. 7.  

Also on the basis of p-V diagram using Fig. 7(a), the indicated efficiency (𝜂𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑) is 

defined as the ratio of the area bounded by the actual working process (𝐴𝑎𝑐𝑡𝑢𝑎𝑙) of the 

experimental p-V diagram to the area bounded by the ideal working process (𝐴𝑖𝑑𝑒𝑎𝑙) and 

computed as follows (Hou et al., 2017; Zhang et al., 2007):  

  

  

 
GU(P) stator core  

      

Fig.  7 :   ( a )  P - V diagram; (b)  Work - Electric Conv ersion   and Indicated Efficiencies of GU(M) and  



 

TIMBOU-AFRICA ACADEMIC PUBLICATIONS 
MAY, 2022 EDITIONS, INTERNATIONAL JOURNAL OF: 

 

TIJASDR 

AFRICAN SUSTAINABLE DEV. RESEARCH VOL.9 

344 
ISSN: 2067-4112 

Based on the above equations and the test data, the 𝜂𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 for GU(M) and GU(P) is 

calculated as 64.2% and 43.8% respectively and displayed as shown in Fig. 7(b). It should 

be noted that low efficiencies recorded is not out of place. This is because the engine is 

in the prototype stage of development and some factors may have contributed to the 

present performance results.  

 

CONCLUSION  

This paper presents the experimental results obtained from the performance 

characteristics of an FPLG engine operated with two different stator core materials of a 

generator unit represented as GU(M) and GU(P). An 8-bar compressed air was used as 

the working fluid and supplied at a constant valve opening/closing frequencies set at 33.3 

and 66.6 Hz, respectively. The tests were conducted under a steady state condition. The 

best performances for the two stator core materials were analyzed in details. The findings 

of the experimental tests are summarized as follow:  

- The piston stroke and velocity are all affected by the stator core materials. For 

the GU(M) stator core, it is revealed that it operates a shorter stroke than the 

GU(P) stator core that operates a full stroke due to a cogging force.  

- The stator material is noted to impact on the power output influenced by the 

induced current generated. Although the GU(P) developed a higher velocity, but 

the power output is lower whereas, for the GU(M), it is found that the lower 

velocity observed resulted in the higher power output obtained.  

- It is established that the work-energy conversion efficiency for GU(M) and GU(P) 

can attain 8.4% and 4.8%, respectively, while the indicated efficiency recorded is 

64.2% and 43.8% for GU(M) and GU(P), respectively. Obviously, the stator core 

material type utilized in a generator unit assembly have effects on the engine 

output performance.  

 

With this, further experimental research will be conducted on the stator core materials 

with the hope to improve the engine performance characteristics.  
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