
 
 

 

 
 

 119 

MEDITERRANEAN PUBLICATIONS 
AND RESEARCH INTERNATIONAL 

INTERNATIONAL JOURNAL – ERT  
VOL. 11 NO.5 JUN-2020 ISSN: 1074-4741 

EDITOR-IN-CHIEF 
Prof. Saeid Eslamian [IRAN] 

 

 IMPACT OF VALVE 

OPENING FREQUENCY 

(VOF) ON THE 

PERFORMANCE OF AN 

AIR-DRIVEN FREE PISTON LINEAR 

GENERATOR (FPLG) ENGINE 
 

WASIU B. AYANDOTUN1,2, RASHID B. A. AZIZ2, 

ZAINAL A. B. A. KAREEM2 
1Mechanical Engineering Department, Federal 

Polytechnic, P.M.B. 1012, Kaura Namoda, Zamfara 

State, Nigeria. 2Centre for Automotive Research 

and Electric Mobility (CAREM), Universiti 

Teknologi PETRONAS (UTP), 32610, Seri Iskandar, 

Perak State, Malaysia. 

 

Abstract 

ree-piston linear generator (FPLG) engine is 

a novel type of engine conversion device 

which can generate electrical energy. It 

exhibits advantages of simple structure, less 

friction, high thermal efficiency, and operational 

flexibilities. This paper, therefore, presents the 

engine performance report of the research 

conducted on an air-driven dual-piston FPLG 

engine designed using FPE concepts, and 

fabricated to operate in both expansion and 

combustion modes. However, for these 

experimental tests, the engine was set to operate 

in expansion mode using different valve opening 

frequencies (VOF) and at 8 bar intake pressure. 

The data collected were 

processed and analysed 

to extract the engine 

performance 

parameters. The findings 

of the study revealed 

that the highest 

translator velocity of 2.5 

m/s was achieved at the 

33.3 Hz VOF. At the same 

VOF, the 61.38 J indicated 

workdone was recorded 

as the lowest. While the 

highest indicated 

workdone of 95.64 J was 

produced at 5 Hz VOF. 

Despite the highest peak 

power of 496.85 W 

displayed at 5 Hz VOF, the 

power (rms) obtained 

was 28.4 W. while the 

F 

MPRI-JERT INTERNATIONAL JOURNAL OF 
ENGINEERING & RESEARCH TECHNOLOGY 
VOL. 11 NO.5 JUN-2020 ISSN: 1074-4741 

 

KEYWORDS: 

Safety, 

Rehabilitation, 

robot, Patient, 

Accident, Sensor 



 
 

 

 
 

 120 

MEDITERRANEAN PUBLICATIONS 
AND RESEARCH INTERNATIONAL 

INTERNATIONAL JOURNAL – ERT  
VOL. 11 NO.5 JUN-2020 ISSN: 1074-4741 

EDITOR-IN-CHIEF 
Prof. Saeid Eslamian [IRAN] 

highest power (rms) generated was 95.7 W at 33.3 

Hz VOF. At 8 bar intake pressure, the maximum 

pressure developed inside the cylinder continued 

to decrease as the VOFs was increased. With 

further improvement on the power output, this 

technology could be used 

to achieve our energy 

sustainable goals. 

 

INTRODUCTION  

s the world population and energy consumption continue to grow, 

the global energy demand is expected to rise to 44% by the year 

2030. In 2018, records have it that 101.3 quadrillion BTUs of energy 

was consumed by the United States, which thus represented 4% increase 

than the year 2017 [1]. Amidst the growing energy consumption, there is a 

need to reduce greenhouse gas (GHG) emissions. Besides these, the 

depletion of fossil fuels and increasing environmental pollutions also 

necessitate the need to search and develop alternative energy sources that 

are clean, available, and affordable. Recognizing alternative sources is a way 

of pursuing energy sustainability. Higher energy efficiency can be achieved 

if the energy in low-quality fuels and waste heat is harnessed for electric 

power generation. It is no doubt that conventional energies have received 

a lot of modifications and improvements, and thus its commercialization. 

However, there are drawbacks associated with it, which includes engine 

parameters optimization restriction, low engine efficiency, low power-to-

weight ratio. So, with the advent of the free-piston engines (FPE), the 

attention of researchers all over the world have been drawn towards its 

unique features.  

Contrary to the conventional engines, a FPE is a ‘crankless’ internal 

combustion engine with no restriction of piston motion inside the cylinder 

by a crankshaft. However, the movement of the piston is influenced by the 

interaction of the combustion gases and the load forces acting upon it [2-4]. 

It has a distinctive feature of a variable compression ratio making it capable 

of producing higher mechanical and thermal efficiencies [5-7]. Besides, it 

operates with various kinds of fuels such as gasoline, hydrogen, compressed 

natural gas (CNG), etc., owing to their varying strokes. It can as well operate 

A 



 
 

 

 
 

 121 

MEDITERRANEAN PUBLICATIONS 
AND RESEARCH INTERNATIONAL 

INTERNATIONAL JOURNAL – ERT  
VOL. 11 NO.5 JUN-2020 ISSN: 1074-4741 

EDITOR-IN-CHIEF 
Prof. Saeid Eslamian [IRAN] 

as homogenous charge combustion ignition (HCCI) combustion [3, 8], 

thereby reducing the temperature-dependent emissions such as NOx [6, 9]. 

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 [3]. These potential advantages make FPE engines be considered as 

a promising alternative to conventional engines and therefore provide wide 

areas of applications for its use.  

FPE can work both on larger and smaller scales. When it is used on a larger 

scale as internal combustion, it offers different applications ranging from a 

driving system for hybrid electric vehicles and electric vehicles to power 

generation. While on a smaller scale, it works as a waste heat recovery 

system as commonly found with a free-piston expander linear generator 

[10-15]. Considering larger applications, FPLG engines have been 

investigated by several researchers using modelling, simulation, controlling 

strategy as well as experimental techniques. Jia et al. developed a spark-

ignited free-piston engine using numerical modelling that was validated 

with test results. Following the establishment of a model, the starting 

process, and the combustion process with different throttle openings were 

simulated. The simulation results show good agreement with the prototype 

test data. The efficiency of the prototype was estimated to be 31.5%, with an 

output power of 4 kW [16]. A zero-dimensional model was equally used to 

simulate the operation of the FPLG, heat transfer, and frictional forces using 

basic empirical formulas. The earlier developed models were later built 

upon with more detailed thermodynamic models to compare the emission 

performance and efficiency of the engine based on each parameter [4]. 

On the other hand, for a smaller scale, the recent technology of FPE is 

exploring the use of different working fluids (such as hydraulic, air, CO2) for 

electric power generation applications. The waste heat from an internal 

combustion engine or any other low-temperature source is transformed 

into electricity using a free-piston expander. This technology offers an 

effective recovery system by which most of the unaccountable heat losses 

to the surrounding environment via the exhaust, cooling, and friction in a 
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standard Otto cycle are recovered. It operates using a working fluid that 

boils at low temperatures to produce phase change (i.e., liquid to vapour). 

Different research approaches have been applied by researchers to harness 

heat energy at low temperatures. Organic Rankine Cycle (ORC) system was 

employed using refrigerants such as HCFC-123 as working fluid but had 

technical challenges such as bearing wear and stability, among others 

occasioned by the high-speed rotation [17]. In spite of the challenges, 

further work was done to improve the challenges by adopting another 

approach, which employed a refrigerant filled in a cavity and having the 

capability to boil at a low temperature of 50oC. The approach was able to 

tackle the challenge of high-speed rotation though with a drawback.  

Presently, a free-piston expander is considered for use in a low temperature 

external thermal source. This approach does not require rotating parts and 

uses pressurized steam as its working fluid. Most of the research work 

studied considers internal and external combustion as a driving force to 

generate pressurized vapour which transformed to generate electrical 

power. This paper, therefore, considers another approach that uses 

compressed air as the driving force with which electrical energy is produced, 

thereby eliminating internal and external sources of heat. The research 

study uses a FPLG engine experimental rig that operates both in combustion 

and expansion modes. However, 8 bar compressed air was used for the 

driving force to generate electricity through the linear motion of the 

translator when the engine operates in the expansion mode. 

 

Experimental Procedure 

1.1. Description of FPLG engine  

The FPLG engine basically consists of two components as shown in figure 1, 

i.e., the two FPEs which contains dual cylinders and dual pistons connected 

to the ends of a shaft (also referred to as translator), and a tubular type 

linear generator consisting of series of permanent magnets mounted on the 

translator shaft and the coils assembled in the stator core made of Perspex 

materials. The arrangement of the FPE and the linear generator (LG) was 

done to transform the linear motion of the translator to electric power. 
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During an expansion process, the translator moves forth and back to cut 

magnetic fields and generate electricity. The compressed air flowing into 

the cylinder to drive the translator assembly is controlled by the 

electromagnetic valves, which are managed and controlled by the FPLG 

control system. The engine is also equipped with cooling and lubricating 

systems. 

 
Figure 3. Structure of a free-piston linear generator engine 

 

The detail specifications of the FPLG engine and the schematic diagram of 
the experimental setup are shown in table 1 and figure 2, respectively. Linear 
encoder and magnetic strip were used to electronically measure and control 
the position of the translator as it moves forth and back, and to send signals 
to the controller. The electromagnetic valves are used to regulate fluid 
direction, flowrate. speed, and other fluid parameters. A Kistler 
piezoelectric pressure transducer together with a charge amplifier was used 
to measure the in-cylinder pressure during the expansion process, and to 
provide the controller with the needed signal. Based on these signal inputs, 
the NI controller was able to manage and control the operation of the FPLG 
engine. The parameters like pressure, displacement, the output current to 
mention but few are logged using a National Instruments (NI) data 
acquisition system. 
 

Table 1. Engine specification parameters of the FPLG engine 

Engine Specifications Value 

Cylinder bore (mm) 56 

Maximum stroke (mm) 84 

Cylinder displacement (cc) 221 
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Number of cylinder liner 2 

Working pressure (bar) 8 

Operating frequency (Hz) 10 

Moving mass (kg) 7 

Intake valve opening time (ms) 5 - 100 

 

1.2. Experimental Procedure and Working Principle 

For this study, the arrangement of the generator unit coupled to the FPLG 

engine is illustrated in Figure 3. 

The stator cores, housing the 

coils, are made of Perspex and 

arranged in series. Connected to 

the terminal ends of the coils are 

external loads. The experimental 

conditions used to conduct the 

tests is displayed in table 2. Two 

frequencies (33.3 and 66.6 Hz) 

were set for the valve opening 

and closing respectively. The 

compressed air pressure was maintained at 8 bar for the period the engine 

was set to run. 

Figure 4. A schematic diagram of the experimental setup 

  

 
Figure 5. Stator core arrangement 

with Perspex 

Table 2: Experimental conditions 

Experimental conditions Value 

Air intake pressure (bar) 8 

Valve opening frequency, VOF 

(Hz) 

5 - 33.3  

Valve closing frequency, VCF 

(Hz) 

10 - 66.6 

Cylinder liner aspect ratio 

(AR) 

1.5 
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Figure 4 illustrates the working process by which the FPLG engine operates 

using electromagnetic (Festo) valves. Four electromagnetic valves are 

connected to the cylinder heads on either side of the engine via two ports. 

Two valves are arranged in parallel and connected to each port in order to 

have a high flowrate. When the system is initialized to operate, all the valves 

(VI, V2, V3, V4) from the side B1B2 are actuated to open and allow the 8 bar 

compressed air from the receiver tank to inject into the right cylinder for the 

set opening duration. With this, the translator is driven from its Top Dead 

Center (TDC) toward its Bottom Dead Center (BDC), i.e. from right to left 

until the expansion process lasts. While at this position, the right cylinder 

has its piston at BDC, and the electromagnetic valve changed the flow 

direction. Meanwhile, at the left cylinder, the piston position is at TDC. All 

the valves (VI, V2, V3, V4) at the side C1C2 then open to inject compressed air 

into the left cylinder through the ports, thereby driving the piston from TDC 

towards BDC (i.e. from left to right) until the expansion process completes. 

At this position, the air in the left cylinder is driven out by the movement of 

the left piston, and the valves at the side C1C2 then change the flow 

direction. The system restarts the working processes all over again while the 

compressed air continues to drive the translator forth and back. With the 

linear motion of the translator, the LG then transforms the kinetic energy 

into electricity that is consumed by an external load. 

 
Figure 6. Working Process of the FPLG Engine 
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Experimental Results and Discussions 

1.3. Velocity profile 

The engine was set up to run at different valve of opening frequency to 

produce different velocity profile of the piston motion as illustrated in 

Figure 5. At the combustion side (CS), the velocity profile of the piston 

motion from BDC to TDC is indicated by the clockwise motion from the left 

side position, while from the right side position shows the motion from BDC 

to TDC at the bounce side (BS). The curve was processed using a moving 

average of 5. The piston motion from left to right or vice versa equally 

translates to the movement of the translator relative to the GU unit. 

Generally, the figure clearly shows that the translator travelled at a low 

velocity and acceleration when approaching TDC and BDC during its forth 

and back motion, while it attains faster velocity and acceleration as it 

departs TDC and BDC. At the center of the stroke, the peak velocity is 

attained. At the highest valve opening frequency (VOF) of 33.3 Hz, the peak 

piston velocities to and fro TDC are both 2.5 m/s, while they are 1.25 m/s and 

2.5 m/s respectively at 5 Hz VOF. As observed from the graph, the translator 

motion continued to decrease from the full stroke as the VOF was increased. 

At the 33.3 Hz VOF, the translator can be seen to travel 58 mm from BDC to 

TDC while it was 92 mm for both 5 and 12.5 Hz VOF. The 5 Hz VOF has more 

resident time at the TDC and BDC than 12.5 and 20 Hz VOF as shown in the 

graph. For 33.3 Hz VOF, the resident time is zero. Summarily, the velocity of 

the translator seems to be highest at the 33.3 Hz VOF, though at reduced 

piston stroke. 

 
Figure 7. Translator velocity against 

piston position 

 
Figure 8. P-V diagram at 8 bar air 

intake pressure 
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1.4. Pressure-volume diagram 

The pressure-volume (P-V) diagram for the FPLG engine working in 

expansion mode at 8 bar intake pressure and different VOFs is presented in 

figure 6. The area under the curve shows the workdone by the compressed 

air on the piston at the CS and usually expressed as indicated workdone. 

From the curves, the indicated workdone can be observed to decrease as 

the VOF was increased from 5 to 33. 3 Hz. At 5 and 12.5 Hz VOFs, the 

indicated workdones are 95.64 J and 63.40 J respectively. While it was 77.19 

J and 61.38 J for 20 and 33.3 Hz VOFs respectively. The possible explanation 

to this is that at 5 Hz VOF, the piston has the longest stroke, while it is 

shortest at 33.3 Hz VOF as indicated in figure 5. So, more work is done on 

the piston with a longer stroke than the one with a shorter stroke. 

1.5. Power (root mean square) and peak power 

It is no doubt that free piston linear generator engines have the potential 

for higher efficiency when compared with conventional reciprocating 

engines. Power (root mean square) and peak power are the parameters 

that are used to measure engine performance. In this study, the power 

(rms) and peak power are calculated at different VOFs with 8 bar air intake 

pressure. The results of the experiment is presented in figures 7 and 8. 

Figure 7 shows the average peak power produced at various VOFs against 

the piston positions, while figure 8 presents the average power generated 

i.e power (rms) against the translation speed, which is a function of the 

VOFs. The power output curves can be observed to lie on each other and 

follow the same pattern of travel. The peak observed in the curve is an 

indication that electrical power is generated as a result of the to and fro 

motion of the translator relative to the GU unit. From figure 7, the peak 

power occurred at -8 mm position. However, this position can vary 

depending on the assembling of the GU unit relative to the linear encoder. 

From the graph, 5 Hz VOF can be seen to display the highest peak power of 

496.85 W having travelled full stroke, while the lowest peak power of 

348.35 W occurred at 12.5 Hz VOF at almost the same stroke. The 33.3 Hz 

VOF, though with the least stroke, produced the next peak power after the 

highest.  
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Figure 9. Peak pressure against 

piston position 

 
Figure 10. Power (rms) and peak 

power at 8 bar air intake pressure 

Figure 8 shows that there is a direct relationship between the translator 

speeds and the VOFs. As the VOFs was increased, the translator speeds 

increased and vice versa. 100.4 cycle per min and 674.2 cpm are the lowest 

and the highest translator speeds recorded and occurred at 33.3 Hz and 5 

Hz respectively.  Meanwhile, the average power (rms) also increased as the 

VOFs increased. At the varying VOFs, different average powers (rms) were 

generated. The lowest and the highest power (rms) generated at 8 bar 

intake pressure are 28.4 W and 95.7 W and occurred at 5 Hz and 33.3 Hz 

respectively. Figure 9 however, identifies that the decrease in the piston 

stroke as a result of the increase in the VOFs has increased the power (rms) 

produced. In this regard, the difference in the power (rms) produced can be 

therefore attributed to the translator speed and the number of times 

magnetic flux is cut by the translator. At the 33.3 Hz VOF, which corresponds 

to the shortest travelled stroke, the highest power (rms) was generated. 

 

 
Figure 11. Power (rms) and peak 

power at 8 bar air intake pressure 

 
Figure 12. Maximum pressure 

against translator speed 
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1.6. Peak pressure  

The peak pressure produced by the FPLG engine for different VOFs at 8 bar 

intake pressure is presented. Figure 10 shows the maximum pressure 

attained at both the combustion side and bounce side of the FPLG engine 

alongside the translator speed. The translator speed, as mentioned in figure 

8, is directly related to the VOF. So, it can be said that maximum pressure is 

related to the VOFs. From figure 10, it is observed that the translator speed 

is related to the maximum pressure both at the CS and BS. An increase in 

translator speed has resulted in a slight decrease in maximum pressure. At 

the lowest VOF, maximum pressure was observed to be the highest when 

compared to other VOFs both at the CS and BS. At 100 cpm speed, the 

maximum pressures recorded at CS and BS are 8.6 bar and 8.0 bar 

respectively, while they are 5.6 bar and 6.1 bar respectively at 674 cpm 

speed. The variation in the maximum pressure at both CS and BS may be due 

to leakages of the compressed air from either piston rings or the pneumatic 

valves as the engine runs continuously. 

 

Conclusion and Recommendations 

The effect of valve opening frequency on the performance of an air-driven 

free piston linear generator (FPLG) engine is experimentally studied. 

designed and fabricated to operate in both expansion and combustion 

modes. For this study, the engine was configured to operate in expansion 

mode at 8 bar air intake pressure. The valve opening frequencies used in 

conducting the experimental tests are 5, 12.5, 20, and 33.3 Hz. The findings 

of the experiment can be summarised as follows: 

1. The translator velocity showed an increase in value as the VOF was 

increased with the highest translator velocity achieved at the 33.3 Hz 

VOF, while the lowest velocity occurred at the 5 Hz VOF. 

2. The indicated workdone revealed to be inversely proportional to the 

VOF. At the 33.3 Hz VOF, the lowest indicated workdone was 

displayed while the highest workdone occurred at the 5 Hz VOF.  

3. The highest power (rms) generated occurred at the 33.3 Hz VOF, even 

though the highest peak power recorded was at 5 Hz VOF. 
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4. The maximum pressure obtained showed to be slightly reduced as 

the VOFs was increased. 

 

The possibility for further improvements particularly in the output power 

generated still exists since the stator core used in conducting the tests are 

made of Perspex as against metallic core. However, for further study, a 

design, simulation, and experimental tests will be carried out on the GU unit 

to improve the average power output, and equally to explore other gases 

for improved engine performance. 
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