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Abstract: 

The free piston engine generator (FPEG) is considered as one of the next generation 

efficient energy conversion device because of its compact structure, high geometric 

power ratio and low pollution. This paper investigated the effect of stroke-to-bore (S/B) 

ratio on the system operation characteristics and engine performance, constructed a 

detailed numerical model in MATLAB/Simulink and verified the experimental data 

whose difference value could be controlled within 5%. The effect of five S/B ratios 

(0.84, 0.91, 0.99, 1.07 and 1.14) and three compression ratios (8,9 and 10) was analysed 

at a constant bore diameter. The simulation results indicated that the operation 

frequency increased from 28.2Hz to 48.3Hz when the S/B ratio decreased from 1.14 to 

0.84. The highest indicated power is 4.1kW when the S/B ratio is 0.84 and the 

compression ratio (CR) is 10. While for high thermal efficiency and fuel economy 

design, larger S/B ratio and higher operating compression ratio should be selected while 

keeping the periodic energy input unchanged. The heat transfer loss decreased from 

29.0% to 20.4% when the S/B ratio increased from 0.84 to 1.14. And in the long stroke, 

ignition position needs to lean back (from 6.8mm to 24.8 when S/B increased from 0.84 

to 1.14) so as to keep the compression ratio unchanged under different S/B ratios. 
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Nomenclature 

a shape factor 

𝐴 piston area (m2) 

𝐴! friction parameters 

𝐴"#$%$&# leakage area (𝑚') 

b shape factor 

𝐵! friction parameters 

c load constant of the linear generator (N/(𝑚/𝑠)) 

C capacitance (F) 

𝐶( combustion duration (s) 

𝐶) discharge coefficient 

d cylinder diameter (mm) 

𝑑* reference cylinder diameter (mm) 

E average temperature of the lubrication at liner (℃) 

𝜀 voltage across the generator (V) 

f overall scaling factor 

𝐹! mechanical friction force (N) 

𝐹" gas force from the left cylinder (N) 

𝐹+ force output from the linear electric machine (N) 

𝐹, gas force from the right cylinder (N) 

𝐹-" gas force from the left scavenging pump (N) 

𝐹-, gas force from the right scavenging pump (N) 

γ ratio of heat capacities 

h heat transfer coefficient (W/(𝑚' ∙ K)) 

𝐻# enthalpy of the exhaust air (J) 

𝐻" enthalpy of the air leak (J) 

𝐻. enthalpy of the intake air (J) 

i current of the circuit (A) 

𝑘/ generator property (V/(m/s)) 



𝐾/ friction parameter 

𝐿 inductance (H) 

λ fuel mass fraction burned (%) 

𝑚 moving mass of the mover with the pistons (kg) 

𝑚$., in-cylinder gas mass (kg) 

p in-cylinder gas pressure (Pa) 

𝑝* reference pressure (Pa) 

ϕ magnetic flux (Wb) 

𝑝" left-cylinder gas pressure (Pa) 

𝑝, right-cylinder gas pressure (Pa) 

𝑝- pressure in scavenging pump (Pa) 

𝑝-" pressure in left scavenging pump (Pa) 

𝑝-, pressure in right scavenging pump (Pa) 

𝑄0 heat release from the combustion process (J) 

𝑄12 heat transfer loss (J) 

𝑄.3 energy input in one running cycle (J) 

R ideal gas constant (J/(𝑚𝑜𝑙 ∙ 𝐾)) 

𝑅0 resistance of the circuit (Ω) 

T temperature of the in-cylinder gas (K) 

𝑇* air temperature in the scavenging pump (K) 

𝜃* reference temperature (℃) 

𝑡- combustion start time (s) 

𝑇4 average cylinder wall temperature (K) 

U internal energy of the in-cylinder gas (J) 

v piston velocity (m/s) 

V gas volume (𝑚5) 

𝑣6 average piston velocity (m/s) 

𝑥 piston displacement (m) 

 



1. Introduction 

1.1 Background 

The free piston engine generator (FPEG) is a new type of energy conversion device that 

uses linear electric generator driven by free piston engine to convert the chemical 

energy of fossil fuel directly into electric energy.  The linear reciprocating motion is 

the most important characteristic compared with the traditional internal combustion 

engine. The FPEG has received a lot of attention from many researchers in recent years 

and is considered as one of the most promising energy conversion device because it is 

compact in structure without crank mechanism, low friction loss for the absence of 

significant piston side force, high geometric power ratio and reliability attributed to a 

compact structure and multi-fuel feasibility for its variable compression ratio [1-6]. 

The FPEG can be mainly divided into single-cylinder single-piston type according to 

its structure, i.e. single-piston type with a corresponding rebound device, dual-cylinder 

dual-piston type, and single-cylinder dual-piston type with two corresponding rebound 

devices located at both ends. However, regardless of the form of FPEG, it is generally 

necessary to start with the help of a linear motor, and gradually transition to stable 

power generation after the cold start process is completed. Therefore, current studies 

on FPEG mainly focus on the process of engine cold start and stable generation. In 

order to improve FPEG performance, it is necessary to find out the influence of 

important design parameters on the design stage and determine the appropriate selection 

range. However, it is difficult to study the influence of design parameters from an 

experimental perspective because lots of the designed FPEG prototypes designed in the 

literature have not reached the stable generation stage. Therefore, the influence of 

design parameters on the performance of the prototype is not sufficiently studied. 

1.2 Literature review 

1.2.1 FPEG simulation and experimental research 

Pescara first proposed the concept of modern free piston engine around 1922 [7, 8], 

which was originally applied to air compressors and gas generators. In recent years, its 



goal has been to output electrical and hydraulic energy, and different free piston engine 

generator prototypes have been designed by researchers around the world. 

Nigel Clark et al. [9, 10] from West Virginia University (WVU) have been committed 

to the research of FPEG ignited by two strokes since 1998. The prototype they designed 

used air inlet injection and loop scavenging with a cylinder diameter of 36.5 mm and a 

maximum design stroke of 50.0 mm. The operating frequency of the system under test 

was 23.1Hz, and the maximum output power was 313W. However, the prototype was 

found to be difficult to start and was prone to misfire during operation. Houdyschell et 

al. [11, 12] designed a two-stroke compression ignition prototype in 2000, which used 

two motoring coils to start the free piston engine, but it was still difficult to achieve the 

cold start of engine. Starting in 2014, WVU researchers designed a new prototype to be 

used as a home-level Combined Heat and Power (CHP) generator. It is based on a two-

stroke, gas-fuelled, spark-ignited single-cylinder engine assisted by a mechanical 

spring as a rebound device. The results indicated that an increase in spring stiffness 

from 50 to 350 kN/m improved the system operating frequency by 18% and power 

output by 12% under constant compression ratio, while the system efficiency decreased 

by 2%, which was attributed to the decrease of charging efficiency (EGR ratio increased 

by 12%) under the conditions of constant intake/exhaust and high frictional loss (4%) 

[13, 14]. 

Van Blarigan et al. [15] at Sandia National Laboratory (SNL) have done a lot of 

research on FPEG since the 1990s. Their prototype used Homogeneous Charge 

Compression Ignition (HCCI) combustion mode and a single-zone chemical dynamics 

model to study the performance of free piston engine. In 2002, they developed loop-

scavenged system aiming to optimize the scavenging parameters and maximize 

performance. The results showed that the uniflow scavenging geometry with low intake 

pressure was able to achieve optimum engine efficiency and emission characteristics 

[16, 17]. They began to design the single-cylinder dual-piston FPEG prototype in 2008, 

and have done a lot of work on the synchronous operation of piston, thermodynamic 

response characteristics and engine compression ratio control. Leick et al. [18] designed 

a relative FPEG prototype to study its potential for hybrid vehicles. The simulation and 



experimental results showed that typical power output of the linear generator was 16 to 

19 kW and HCCI combustion with hydrogen of low equivalence ratio was successfully 

demonstrated. According to the simulation model, if the prototype could run at a 

frequency of 44 Hz, the electrical efficiency could reach 97.5%, which was difficult to 

achieve in the prototype due to the influence of friction. 

Mikalsen and Roskilly [19-23] from Newcastle University simulated and 

experimentally studied FPEG. They proposed a novel approach of the modelling of free 

piston engines using a coupled dynamic-multidimensional simulation model. The 

simulation results showed that the influence of TDC position and compression ratio on 

the performance of free piston diesel engines were greater than that of free piston petrol 

engines due to the great influence of gas movement in cylinder during combustion. 

Based on the basic operating characteristics of the single-piston free piston engine, a 

full-cycle simulation model was established and the control strategy of the single-piston 

free piston engine was studied. The results showed that it was feasible to control the 

dead center position in the full load range using fuel mass and air control variables 

captured in the bounce chamber. The influence of cyclic variation on engine operation 

was studied. The variation of peak gas pressure in cylinder was found to be significantly 

higher than that in conventional engines. 

Researchers from Beijing Institute of Technology (BIT) simulated and experimentally 

studied the cold start of engine and stable generation and developed ignition and 

compression ignition prototypes [24, 26]. Boru Jia et al. proposed a detailed numerical 

model to investigate the characteristics of FPEG, and the simulation results agreed well 

with the test data from a running prototype [27]. The performance of engine during 

stable generation was predicted, and the efficiency was estimated to be 31.5% at a 

power output of 4 kW. The experimental results indicated that the peak in-cylinder 

pressure and compression ratio nonlinearly increased and became stable during the start 

of engine, the air fuel mixture was successfully ignited with a compression ratio of more 

than 9:1, and the peak in-cylinder pressure was up to 40bar after ignition [28, 29]. 

Researchers at Toyota designed a single-cylinder, single-piston FPEG prototype that 

ran continuously for a long period of time [30-32]. The spark ignition and the Premixed 



Charged Compression Ignition (PCCI) combustion modes were simulated, and the 

results showed that by using the two combustion modes, the air fuel mixture could be 

successfully ignited, with an output power of up to 10kW. The linear electric machine 

was used to control the displacement of the free piston. The simulation and 

experimental results showed that the proposed control strategy could reduce the cyclical 

fluctuation caused by abnormal combustion. 

At present, many experiments and simulation results of many research institutions 

indicate that free piston engine generator has great application prospects. However, the 

design of FPEG does not have certain criteria, and few articles mention the important 

effect of design parameters on the free piston engine’s performance. Refer to the 

traditional internal combustion engine, S/B is also one of the important design 

parameters of the free piston engine. 

1.2.2 The research on S/B ratio 

The S/B ratio is one of the key parameters for the design of internal combustion engine, 

and lots of experimental and numerical work has been conducted to study its effect on 

engine performance. Siewert [33] studied the effect of S/B ratio on Indicated Specific 

Fuel Consumption (ISFC) and emissions of a gasoline spark-ignited single-cylinder 

engine with constant compression ratio and bore diameter. The experimental results 

showed that the ISFC and hydrocarbon increased significantly as S/B ratio decreased. 

The increase of cylinder heat loss led to the increase of combustion duration, which was 

considered to be the main reason for the increase of ISFC. The increased surface-to-

volume ratio was the principal cause of the increase in hydrocarbon emissions. Filipi et 

al. [34] investigated the influence of the S/B ratio on the combustion, heat transfer and 

overall efficiency of a homogeneous charge spark ignition engine with a given 

displacement from a quasi-dimensional turbulent flame entrainment model. The 

influences of three typical S/B ratios (0.7, 1.0 and 1.3) were analysed, and the results 

showed that long stroke could reduce heat transfer loss and improve thermal efficiency 

(faster burning and smaller overall area of chamber walls), while these effects were 

found to be non-linear. The long-stroke engine exhibited better performance on braking 



fuel economy at a low speed of engine, while friction loss gradually decreased at a high 

speed of engine.  

Ozcan et al. [35] employed a quasi-dimensional multi-zone model to simulate a variable 

stroke length, liquefied petroleum gas fuelled, four-stroke engine. The simulation 

results showed that engine brake torque and power was improved using the variable 

stroke technique compared to the original engine design, and the emission 

characteristics were also improved. Ikeya et al. [36] improved the thermal efficiency of 

engine by increasing S/B ratio (ranging from 1.2 to 2.0), and the results showed a brake 

thermal efficiency of 45% was achieved at an engine speed of 2,000rpm with a S/B 

ratio of 1.5, a compression ratio of 17, an effective compression ratio of 12.5, and an 

EGR rate of more than 30%. Curto-Risso et al. [37] simulated the power output and the 

efficiency of a realistic Otto-like engine by a quasi-dimensional turbulent combustion 

engine. The simulation results showed that intermediate values between 0.6 and 0.8 

give the most favourable results (about 18% better for power and 7% better for 

efficiency) and the optimum values of stroke-to-bore ratio minimize network losses in 

a wide speed interval. 

The S/B ratio is one of the key parameters not only for the design of internal combustion 

engine, but also for the design of the free piston engine. However, during the design 

process of the free piston engine on this stage, S/B ratio is mostly chosen by direct 

reference to the reversing reciprocating engines of the same size.  However, due to the 

differences in piston dynamics and system performance between FPEG and 

reciprocating engines, the current selection methods and analysis of FPEG S/B ratio 

cannot fully exploit the potential advantages of FPEG. 

1.3 Aim and methodology 

In this research, a detailed system numerical model of the FPEG was established. The 

effect of the S/B ratio on the performance of a dual-piston type free piston engine was 

investigated. The changes of indicated thermal efficiency, indicated power, indicated 

specific fuel consumption, heat transfer loss at different S/B ratio and different 

compression ratio were studied. Meanwhile, the comprehensive influence of S/B ratio 



and compression ratio on the performance of free piston engine was analysed and 

discussed in this article, which is helpful to provide guidance for selecting the design 

parameters of PFEG prototype, and to provide appropriate boundaries for selecting 

engine compression ratio and ignition position. 

2. FPEG configuration and the description of operating stroke in 

FPEG 

2.1 FPEG configuration 

The dual-piston two-cylinder FPEG has attracted much attention due to its compact 

structure, high power/weight ratio and multi-fuel feasibility. The author’s group set up 

a dual-piston dual-cylinder spark ignition FPEG prototype and the schematic diagram 

is shown in Fig. 1. The linear electric machine is located in the middle of two free piston 

engines, and the driving force of motor is connected with two pistons by connecting 

rods and piston pins. The free piston engine adopts two-stroke thermodynamic cycle 

and the intake and exhaust process is completed by scavenging port and exhaust port. 

Fuel and intake air are mixed in the intake pipe, and then the mixture goes into the 

scavenge chamber. The fuel-air mixture is then ignited through the spark plug, and 

high-pressure gas drives the piston assembly, which converts mechanical energy into 

electrical energy by a linear generator. 

The operating process of FPEG can be divided into two stages, i.e. the cold start of 

engine and stable generation. During the cold start of the engine, the linear motor as the 

motor drives the driving components to reciprocate in a straight line. The pistons 

connected with the motor driving unit compress the fuel-air mixture for ignition until 

the cod start is completed. Then, the linear electric machine is switched to its generating 

mode to generate electricity. This research mainly focuses on the system characteristics 

during stable generation. Please refer to the previous papers published by the author’s 

group for the results during the cold start of engine [26,28-29]. 



Fig 1. Schematic diagram of FPEG configuration 

2.2 The description of operating stroke in the FPEG 

The design stroke of FPEG has an important effect on the performance of free piston 

engines as it can affect the dynamic characteristics of piston and gas exchange process. 

The limit distance that the piston can travel in the cylinder is defined as the design 

stroke, as shown in Fig. 2. The change of design stroke is achieved by changing the 

length of the connecting rod. Effective stroke refers to the actual operating stroke of the 

free piston from its bottom dead centre to its top dead centre. As the designed free piston 

engine adopts scavenging air passage, the effective compression stroke is the same 

under the condition of constant compression ratio. This is because the value of the 

compression ratio is theoretically equal to the effective compression stroke divided by 

the remaining stroke. In order to ensure the same compression ratio under different S/B 

ratios, the ignition position needs to be adjusted. The detailed parameters are listed in 

Table 1 when the S/B ratio is 1.14 and the operating compression ratio is 9. 

 

 

 

 

 

 



Table 1 Detailed parameters of experimental prototype when S/B ratio is 1.14. 

Specifications Value Unit 

S/B ratio 

Cylinder bore 

1.14 

52.5 

─ 

mm 

Design stroke 60 mm 

Exhaust port position 0 mm 

Intake port position +5 mm 

Mass of the mover assembly 5 kg 

Operating frequency 9 ─ 

Effective stroke 54 mm 

Effective compression stroke 27 mm 

Remaining stroke 3 mm 

 

 

Fig 2. FPEG operation stroke and design stroke under different S/B ratios 

3. Modelling and simulation 

3.1 Numerical modelling 

During the system stable generating process, the forces acting on the mover (which is 

the significant moving part of the FPEG and mainly include pistons, the mover of the 

linear machine and the connector between them) including in-cylinder gas forces, linear 

motor force, mechanical friction force and the inertial force of the moving parts. The 



kinetic equation of the actuator can be derived from Newton's second law, as shown in 

Fig. 3. 

 𝑚
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Fig 3. Dynamics of the mover 

where 𝑚 is the mass of the moving mover assembly (Unit: kg); 𝑥 is the displacement 

of the mover (m); 𝐹" is the gas force of left cylinder; 𝐹, is the  gas force of right 

cylinder (N); 𝐹-" and 𝐹-, is the gas force from the left and right scavenging pump (N); 

𝐹+ is the force from the linear electric machine (N); 𝐹! is the friction force (N). 

The gas pressure is derived from the gas pressure and piston area: 

 𝐹" = 𝑝" ∙ 𝐴;		𝐹, = 𝑝, ∙ 𝐴 (2) 

 𝐹-" = 𝑝-" ∙ 𝐴;		𝐹-, = 𝑝-, ∙ 𝐴 (3) 

where 𝑝" and 𝑝, is the left and right in-cylinder pressure (Pa); 𝑝-" and 𝑝-, is the 

left and right scavenging pump pressure (Pa); A is the section area of the piston (𝑚'). 

3.1.1 In-cylinder thermodynamic sub-model 

The actual change of in-cylinder pressure is complicated. Therefore, appropriate 

assumptions and simplifications were adopted in the modelling process.  For example, 

the in-cylinder gas is considered as ideal gas, in-cylinder gas property is analysed based 

on a zero-dimensional thermodynamic approach while neglecting the kinetic energy 

and potential energy of the gas in the cylinder. According to the First Law of 

Thermodynamic, the equation of the in-cylinder gas energy change over time in a 

cylinder is: 
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where 𝑈 is the internal energy of the in-cylinder gas (J); 𝑉 is the gas volume (𝑚5); 

𝑄0 is the heat release from the combustion process (J); 𝑄12 is the heat transfer loss 

(J); 𝐻. is the enthalpy of the intake air (J) and 𝐻# is the enthalpy of the exhaust air 

(J); 𝐻" is the enthalpy of the air leak (J). 

When the intake and exhaust outlets are closed, the enthalpy of intake and exhaust is 

zero, and the energy conservation equation is: 

 
𝑑𝑈
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Furthermore, the pressure change equation of the gas in the cylinder can be transformed 

into: 
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where 𝑝 is the in-cylinder gas pressure (Pa); 𝛾 is the ratio of heat capacities; 𝑚$., 

is the mass of the in-cylinder gas (kg). 

The time-based Wiebe function is used to modify the FPEG combustion process, and 

the mass fraction of combustion is expressed as: 

 λ = 1 − exp f−𝑎 ^
𝑡 − 𝑡-
𝐶(

_
89:

h (7) 

 𝑑𝑄0
𝑑𝑡 = 𝑄.3

𝑑𝜆(𝑡)
𝑑𝑡  (8) 

where λ is the mass fraction of fuel burned (%); 𝑎 and 𝑏 are shape factors; 𝐶( is 

the combustion duration (s); 𝑡-  is the time when combustion starts (s); 𝑄.3  is the 

energy input in a running cycle (J). Therefore, the heat release during combustion can 

be expressed as: 
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Due to the temperature difference between gas and cylinder wall, heat transfer loss is 

inevitable. In this paper, the Hohenberg heat transfer equation is used to calculate the 

heat transfer [38]: 

 𝑄̇12 = ℎ𝐴0;"(𝑇 − 𝑇4) (10) 
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where 𝑄̇12  is heat flow rate (J/s); ℎ is the heat transfer coefficient (W/(𝑚' ∙ K)); 

𝐴0;" is the area of the cylinder wall in contact with the burned mas (𝑚'); 𝑇 is the 

temperature of the in-cylinder gas (K); 𝑇4  is the average temperature  of cylinder 

wall (K); 𝑣6 is the average speed of piston (m/s). 

The variation of gas mass in the cylinder is mainly caused by leakage through the piston 

ring. The mas flow rate is determined by the thermodynamic properties of the in-

cylinder gas, the difference in pressure between the in-cylinder gas and the scavenging 

pump and a reference air leakage area. The mass flow rate can be expressed as [39]: 
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where 𝑚̇$.,  is the mass flow rate of in-cylinder gas (kg/s); 𝐶)  is the discharge 

coefficient; 𝐴"#$%$&# is the leakage area (𝑚'); R is the ideal gas constant (J/(mol ∙ K)); 

𝑇* is the air temperature in the scavenging pump (K); 𝑝- is the air pressure in the 

scavenging pump (Pa); and if 
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The equation of air mass flow rate equation:  
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3.1.2 Linear electric generator sub-model  

The linear electric machine operates as a generator during stable generation. The 

permanent magnet mover connected with the piston assembly cuts off the magnetic 

induction wire for generating electricity. The voltage across the generator ε in this 

process can be written as: 

 𝜀 = 𝑅0𝑖 + 𝐿
𝑑𝑖
𝑑𝑡 + 𝐶 � 𝑖𝑑𝑡 

(15) 

where 𝑅0 is the resistance of the circuit (Ω); 𝑖 is the current (A); 𝐿 is the inductance 

(H); 𝐶 is the capacitance (F). 



According to Faraday’s law of electromagnetic induction, the back electromotive 

voltage is (assuming the load circuit is pure resistance circuit): 

 𝜀 = 𝑁
𝑑𝜙
𝑑𝑡 = 𝑘/

𝑑𝑥
𝑑𝑡  (16) 

where 𝜙 is the magnetic flux (Wb); 𝑘/ is a generator property (V/(m/s)); 

Finally, the load force of the linear electric generator can be written as: 

 𝐹+ = −𝑐𝑣 (17) 

where 𝑐 is the load constant of the linear generator (N/(m/s)); 𝑣 is the velocity of 

the mover (m/s). 

3.1.3 Friction sub-model 

The friction of FPEG mainly includes the friction between piston ring and cylinder and 

the friction of linear electric generator. Based on previous studies, empirical relations 

were used to calculate the parametric friction between ring and cylinder wall: 
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𝑑
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_ 

(18) 

where 𝑓 is the overall scaling factor; 𝐴!, 𝐵! and 𝐾/ are friction parameters; 𝐸 is 

the average temperature of the lubrication at liner (℃); 𝜃* is reference temperature 

(℃); 𝑝* is reference pressure (bar); 𝑑 is cylinder diameter (mm) and 𝑑* is reference 

cylinder diameter (mm). 

3.2 Simulation method 

A system-level model of a dual-cylinder type FPEG was established in 

MATLAB/Simulink to solve the numerical equations. The developed simulation model 

included the overall kinetics model and three important sub-models: in-cylinder gas 

force sub-model, linear electric generator sub-model and friction sub-model. The in-

cylinder gas force sub-model consisted of six processes: intake, compression 

(expansion), ignition, exhaust, air leakage and heat transfer. The specific process is set 

in State flow in Simulink. The exhaust port and intake port position changes with the 

change of S/B ratio in the simulation model as shown in Table 2. The structural 



parameters of the internal combustion engine and linear electric generator needed to be 

set in advance. The cylinder bore is one of the fundamental design parameters for the 

FPEG engine, and it was set to 52.5mm in this research. The S/B ratio was then 

determined by the value of design stroke, and the cylinder bore remained unchanged 

during simulation. Therefore, the operation characteristics and in-cylinder 

thermodynamic will change with the change of S/B ratio. The performance of the FPEG 

was investigated by the simulation results under different S/B ratios and the simulation 

model is shown in Fig. 4. 

Table 2 Exhaust port and intake port position at different S/B ratio. 

S/B ratio Exhaust port position Intake port position Unit 

0.84 +8 +13 mm 

0.91 +6 +11 mm 

0.99 +4 +9 mm 

1.07 +2 +7 mm 

1.14 0 +5 mm 

 

 

(a) The basic structure of the simulation model 

 



(b) The Simulink model in MATLAB 

Fig 4. Diagram of the simulation model in MATLAB/Simulink 

3.3 Model validation 

The designed dual-piston dual-cylinder FPEG prototype is shown in Fig. 5. It is a spark 

ignited gasoline engine operating in a two-stroke thermodynamic cycle, and linear 

machine located at the middle of the two cylinders is permanent magnet tubular. The 

test bench consisted of a National Instruments PXIe data acquisition system, free piston 

engine and linear electric machine control system. The data acquisition system 

collected data from the displacement sensor, cylinder pressure sensor (Kistler 6052C31) 

and electrical power output (Yokogawa WT500), mass flow meter (Endress+Hauser). 

The control system ensured the continuous operation of the FPEG prototype, and output 

the triggered signals for ignition and injection system. 



 
Fig 5. Prototype and test bench 

The numerical model was validated with the experimental data from the prototype. 

Please refer to the previous publications published by the authors’ group for more 

details on the numerical modeling and validation results [26, 28]. The difference 

between the simulated cylinder pressure and the experimental data could be controlled 

within 5%, indicating the accuracy of the model. 

4. Results and discussion 
4.1 Piston dynamics at different S/B ratios 

 
Fig 6. FPEG piston dynamics at different S/B ratios 

The operating characteristics of FPEG with different S/B ratios are shown in Fig. 6. 

The compression ratio of engine was set to 9. It was found that the difference in the 

peak speed of the piston did not significantly change with the change of S/B ratio. 
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However, the unique operating characteristics of the free piston engine such as rapid 

expansion and slow compression became more prominent as the S/B ratio increased. 

 
  Fig.7 The operating frequency of the system and the mean speed of piston at 

different S/B ratios 

The operating efficiency of the system and the mean speed of piston at different S/B 

ratios are shown in Fig. 7. The operating frequency of the system decreased from 

48.3Hz to 28.2Hz as S/B ratio increased. With the increase of S/B, both design stroke 

and effective stroke increased, while the working compression ratio was fixed, so the 

mean speed of the piston decreased with the increase of S/B ratio. 

4.2 Performance of free piston engine at different S/B ratios 

 
Fig 8. FPEG cylinder pressure at different S/B ratios 
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The change in cylinder pressure and volume at different S/B ratios are shown in Fig. 8. 

As can be seen from the P-V diagram, the maximum volume in the cylinder increased 

with the increase of S/B ratio. Limited by compression ratio, the minimum operating 

volume of FPEG remained unchanged. Moreover, the lower the S/B ratio, the higher 

the peak pressure in the cylinder. In order to maintain the same compression ratio at 

different S/B ratios, the ignition position needs to be adjusted. As the S/B ratio 

increased, the ignition position increased, so that the FPEG system had the same 

working compression ratio as shown in Fig. 9, which means that when the engine is 

ignited, the remaining compression stroke became longer as the ignition position 

increased.  It was found that the higher the S/B ratio, the closer the thermodynamic 

cycle was to the Otto cycle. 

 
Fig 9. FPEG ignition position with different S/B ratios 
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Fig 10. Performance of free piston engine at different S/B ratios 

The performance of free piston engine at different S/B ratios is shown in Fig. 10. With 

the increase of the S/B ratio, the indicated thermal efficiency gradually increased from 

29.2% to 36.8%, while the indicated power gradually decreased from 3.9kW to 2.9kW. 

The reason is that as the S/B ratio increased, the thermodynamic cycle of the free piston 

engine operation was closer to the Otto cycle, thus improving the thermal efficiency of 

engine. The indicated thermal efficiency and the indicated power are maintained at a 

high level when S/B ratio is around 1. However, as shown in Fig. 7, the operating 

frequency of the system significantly decreased with the increase of S/B ratio, so the 

working capacity of the gas in the cylinder gradually decreased when the amount of 

input energy was fixed. As a result, the indicated power output of the free piston engine 

gradually decreased with the increase of S/B ratio. 
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4.3 Breakdown of the input energy of the free piston engine at different S/B ratios 

 
Fig 11. Free piston engine input energy breakdown with different S/B ratios 

Fig. 11 shows the free piston engine input energy breakdown with different S/B ratio 

when the chemical energy input amount is fixed. The combustion efficiency is assumed 

to be 85% during the simulation, thus the combustion loss is set to 15%. “The other 

loss” in Fig. 11 includes pump loss and exhaust loss. The frictional loss increases as the 

S/B ratio increases, as the effective stroke increased. However, the diffidence on 

frictional loss at different S/B ratios is not significant, and it is found to be less than 5% 

throughout the simulation, which is considered as much lower than that of a 

conventional reciprocating engine. 
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(b) The heat transfer area at ignition position with different S/B ratios 

Fig 12. FPEG heat transfer area at ignition position in different S/B ratios 

From Fig. 11, the heat transfer loss decreases as the S/B ratio increases. Heat transfer 

loss is mainly related to heat transfer area and the heat transfer area consists of the 

cylinder head area, the piston section area and the cylinder wall area as shown in Fig. 

12 (a). The ignition position is the distance between the piston position and the 

geometric centre at the moment of ignition. The results in Fig. 12 (b) showed that the 

ignition position increases as the S/B ratio increases and the heat transfer area decreases 

when the ignition position increases. Therefore, the heat transfer loss decreases as the 

S/B ratio increases. 

4.4 System performance with different S/B ratios and different compression ratios 

It is difficult to control the free piston engine to operate in one fixed track which means 

the free piston generally operate under several compression ratios. Therefore, the ideal 

state of FPEG is running in a small compression ratio range and in this section the 

performance of FPEG in different S/B ratios and different compression ratios is 

investigated. 
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Fig 13. Peak cylinder pressure at different S/B ratios and different compression ratios 

In the stable generation process, the change of compression ratio and S/B ratio will also 

cause the fluctuation of cylinder pressure. The change in the peak in-cylinder pressure 

of FPEG with different S/B ratios and different compression ratios is shown in Fig. 13. 

According to the figure, the peak in-cylinder pressure increased with the decrease of 

S/B ratio, and when the S/B ratio was below 1.07, the peak in-cylinder pressure 

increased with the increase of compression ratio. However, when the S/B ratio is 1.14, 

the peak in-cylinder pressure has different behaviour. It is because the difference in 

ignition position. The ignition position gets closer to the top dead centre as the 

compression ratio increases as shown in Fig. 14. The effective half stroke should be 

27mm when the operation compression ratio is 10 and now the ignition position is 

26.5mm. Therefore, after ignition, the free piston engine will soon enter the expansion 

stroke. The rapid expansion stroke is not conducive to the increase of pressure in the 

cylinder. As the compression ratio increases, this feature becomes more obvious. It can 

be seen that the ignition position increased with the increase of S/B ratio and 

compression ratio. Earlier ignition allows FPEG to work at a lower compression ratio. 

For FPEG systems with long stroke designs, a further ignition position is required at 

the same compression ratio as for short stroke designs. 

0.84 0.91 0.99 1.07 1.14
20

30

40

50

60

70

80

Pr
es

su
re

 (b
ar

)

S/B Ratio

 CR=8
 CR=9
 CR=10



 
Fig 14. Ignition position of FPEG at different S/B ratios and compression ratios 

 
Fig 15. Operating frequency of the system at different S/B ratios and compression 

ratios 

The operating frequency of the system at different S/B ratios and compression ratios 

are shown in Fig. 15. The results indicate that the operating frequency of the system 

significantly decreased with the increase of S/B ratio, while the compression ratio had 

the least influence on the operating frequency of the system. Therefore, in the design 

process of FPEG, it was found that the short stroke design was beneficial to improve 

the operating frequency of the system. However, as the compression ratio changed, the 

operating frequency of the system did not change significantly. 
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Fig 16. Indicated thermal efficiency at different S/B ratios and compression ratios 

The indicated thermal efficiency of the FPEG at different S/B ratios and compression 

ratios is shown in Fig. 16. With a fixed S/B ratio, the indicated thermal efficiency 

increased with the compression ratio. When S/B ratio was fixed, the indicated thermal 

efficiency increased with the increase of compression ratio. Therefore, in determining 

the design parameters of FPEG and manufacturing the prototype, it is suggested to 

adjust the ignition timing to make the free piston engine work under high compression 

ratio to improve the indicated thermal efficiency of the engine. As a result, both high 

S/B ratio and high compression ratio are required to achieve a high indicated thermal 

efficiency of the FPEG. 

 
Fig 17. Indicated power of free piston engine at different S/B ratios and compression 

ratios 

The indicated power of engine at different S/B ratios and compression ratios is shown 

in Fig. 17. The indicated power increased with the increase of compression ratio when 
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S/B ratio was fixed. When the chemical energy input of FPEG system is constant and 

the prototype needs higher power output, it is recommended to use lower S/B ratio and 

run the prototype at a higher compression ratio in the design process of free piston 

engine. 

 
Fig 18. Indicated specific fuel consumption at different S/B ratios and compression 

ratios 

The engine indicated specific fuel consumption is one of the most important parameters 

to characterize the engine fuel economy. Fig. 18 shows the indicated specific fuel 

consumption of the designed FPEG system at different S/B ratios and compression 

ratios. When S/B ratio was constant, the indicated specific fuel consumption decreased 

with the increase of the compression ratio of engine. The results indicate that long-

stroke design and high compression ratio operation are helpful to optimize the fuel 

economy of the FPEG. 

4.5 Discussion 

Table 3 The change in the characteristics of FPEG operation with key parameters 

Key parameters 
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In-cylinder 
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thermal 
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The influence of S/B ratio and compression ratio on gas pressure, operating frequency, 

indicated thermal efficiency, indicated power and indicated specific fuel consumption 

in the cylinder was analysed, and the variation trend is shown in Table 3. The 

performance of the free piston engine is determined by both the design parameters and 

the operating parameters. The S/B ratio is one of the most important design parameters 

and the compression ratio is one of the most important operating parameters. Compared 

with operating parameters, the influence of design parameters on free piston engine 

performance is more obvious.    

The simulation results will be mainly applied to the optimization design of free piston 

engines. And combined with the results of comprehensive S/B ratio and compression 

ratio, it is also of great significance to optimize the operation of free piston engine. 

Power and thermal efficiency are maintained at a high level when S/B ratio is around 

1. On this basis, by increasing the compression ratio of the engine, the power and 

efficiency of the free piston engine will be further improved. In pursuit of high-power 

output design, smaller S/B is suggested. And long-stroke design and high operation 

compression ratio is recommended to improve fuel economy. 

5. Conclusion 

In this study, the optimal requirement of S/B ratio in the design of FPEG prototype was 

studied to explore the performance of FPEG in the stable generation process. A 

numerical model was established in MATLAB/Simulink, and the simulation results 

were compared with the experimental data obtained from a stable running prototype. 

The difference between the simulated cylinder pressure and the experimental data could 

be controlled within 5%, indicating the accuracy of the model. 

According to the simulation results, FPEG had a fast expansion stroke and a slow 

compression stroke, which was more obvious with the increase of S/B ratio. When the 

working compression ratio was fixed, the difference of piston peak velocity decreased 

with the change of S/B ratio, but the working frequency decreased with the increase of 

S/B ratio due to the increase of design and effective stroke. 



With the increase of S/B ratio, the indicated thermal efficiency gradually increased, 

while the indicated power and indicated specific fuel consumption gradually decreased.  

With the increase of S/B ratio, it can be seen from the P-V diagram that the thermal 

cycle of FPEG operation was closer to the Otto cycle, but its operating frequency was 

significantly reduced, suggesting that in the design process of FPEG, the proper S/B 

ratio should be selected to optimize performance. 

The heat transfer loss decreased with the increase of S/B ratio and was mainly affected 

by the heat transfer area. In order to keep the compression ratio constant, the ignition 

position increased with the increase of S/B ratio, and the heat transfer area at the 

beginning of ignition decreased. Under different S/B ratios, the frictional losses 

accounted for the smallest proportion, all less than 5%. 

The in-cylinder pressure decreased from 66.1bar to 45.8bar as S/B ratio increased from 

0.84 to 1.14 when the compression ratio is 9. But it decreased as compression ratio 

increased when the S/B ratio was less than 1.07. Under the influence of ignition position, 

the variation of pressure in FPEG with long strokes was different. Compression ratio 

has little effect on working frequency. 

It is recommended to adopt high S/B ratio and high compression ratio to achieve high 

indicated thermal efficiency of FPEG. With the increase of the S/B ratio, the indicated 

thermal efficiency gradually increased from 29.2% to 36.8%, while the indicated power 

gradually decreased from 3.9kW to 2.9kW. The indicated specific fuel consumption 

decreased with the increase of compression ratio, but it decreased with the increase of 

S/B ratio. In the design process of FPEG, higher S/B ratio will increase indicated 

thermal efficiency, but will reduce indicated power. And long-stroke design and high 

compression ratio operation are conducive to fuel economy. The indicated thermal 

efficiency and the indicated power are maintained at a high level when S/B ratio is 

around 1. Therefore, the value of S/B should be chosen according to actual needs, taking 

into account power and economy. 
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Appendix 

 
Fig 19. The operating characteristics of FPEG piston at different S/B ratios when the 

working compression ratio is 8. 
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Fig 20. P-V diagram of FPEG at different S/B ratios when the working compression 

ratio is 8 

 
Fig 21. Energy breakdown of FPEG at different S/B ratios when the working 

compression ratio is 8 
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Fig 22. The operating characteristics of FPEG piston at different S/B ratios when the 

compression ratio is 10 

 

 
Fig 23. FPEG P-V diagram in different S/B ratios when the operation ratio is 10 
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Fig 24. FPEG energy breakdown in different S/B ratios when the operation 

compression ratio is 10 
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