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To tackle the critical challenge of adapting free piston expander-linear generators to the dynamic operating conditions of vehicle engine waste heat recovery Organic Rankine Cycle systems, this study introduces a comprehensive Matlab/Simulink simulation framework that integrates multi-physics coupling of thermal, mechanical, and electromagnetic dynamics. Unlike prior models focusing on steady-state performance, this work systematically quantifies the transient interactions between key design parameters—free piston assembly mass and linear generator internal resistance—and their impact on electromagnetic force generation, piston motion stability, and power output under variable intake/exhaust pressures. The study reveals that intake pressure and exhaust back pressure are the dominant dynamic factors affecting FPE-LG efficiency, with a 22% improvement in power output (96.0 W) and voltage stability (30.0 V) achieved by optimizing these pressures alongside free piston assembly mass (0.59 kg) and LG resistance (14.7 Ω). A parametric sensitivity analysis further identifies non-linear trade-offs between component sizing and operational frequency (5 Hz), providing a design map for balancing performance and durability. The methodology enables rapid prototyping of vehicle-specific free piston expander-linear generator system, with potential applications in hybrid electric vehicles, commercial trucks, and marine engines. Further work could integrate real-time control algorithms for adaptive pressure regulation and explore low global warming potential working fluids to enhance sustainability. This research lays the foundation for scalable, high-efficiency waste heat recovery technologies in mobile applications.
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1 INTRODUCTION
The growing scarcity of energy resources, coupled with severe environmental pollution, has intensified the demand for advanced technologies to improve energy efficiency and reduce emissions (Xu et al., 2021). The Organic Rankine Cycle (ORC) has emerged as a highly promising solution for recovering low-grade waste heat, particularly from internal combustion engines (Yu et al., 2023). Extensive research has been conducted on ORC systems, focusing on cycle optimization (Sun et al., 2018; Yang FB. et al., 2018; Feng et al., 2019), working fluid selection (Luo et al., 2019; Wang et al., 2011), and component design (Hou et al., 2017; Linnemann et al., 2019; Yang YX. et al., 2018). Among these components, the expander is critically important, as its performance directly dictates the overall efficiency and power output of the entire system.
Significant research efforts have been devoted to conventional positive-displacement expanders for ORC applications. Zheng et al. (2013) investigated a rolling-piston expander for low-temperature ORC systems, achieving a maximum power output of 0.35 kW and isentropic efficiency of 43.3% within an operating speed range of 350–800 rpm. Rotary expanders, such as the Wankel type studied by Antonelli et al. (2014) and the swash-plate design analyzed by Galindo et al. (2016) and Galindo et al. (2015), have also been explored, with modeling efforts showing good agreement with experimental data (e.g., ±10.5% deviation (Galindo et al., 2016)). Scroll expanders, widely adopted for their reliability, have been extensively studied through both experimental and modeling approaches. Mendoza et al. (2014) developed a semi-empirical model with prediction errors of ±9% for power output, while Garg et al. (2016) and Song et al. (2015) focused on loss mechanisms and geometric optimization, respectively. Quoilin et al. (2010) further validated scroll expander performance in integrated ORC systems.
Despite these advances, conventional expanders often suffer from mechanical complexity, friction losses, and limited adaptability to variable operating conditions—challenges that become particularly pronounced in small-scale or transient applications such as vehicle waste heat recovery. Reciprocating expanders, as investigated by Kanno and Shikazono (2016), offer higher efficiency (e.g., up to 86% adiabatic efficiency), but are typically constrained by valve dynamics and fixed stroke mechanisms. In contrast, the free-piston expander–linear generator (FPE-LG) has emerged as a promising alternative, eliminating crankshafts and mechanical linkages to reduce friction and enable inherent stroke variability. This allows for self-adaptation to fluctuating heat sources, making it particularly suitable for dynamic ORC applications. However, the coupled dynamic behavior between piston motion and electromagnetic power generation under variable intake and back pressures remains poorly understood, posing a critical barrier to system optimization and control.
Despite increasing research interest, the development of compact, efficient, and dynamically adaptive expanders remains a critical challenge for small-scale ORC systems in vehicle applications. In this context, the free-piston expander (FPE) has emerged as a promising solution due to its simple mechanical structure, absence of crankshaft mechanisms, high power density, and potential for high energy conversion efficiency (Mikalsen and Roskilly, 2007). Early studies focused on the fundamental modeling and operational principles of free-piston systems. Mikalsen and Roskilly (2008) developed a simulation model demonstrating the inherent advantages of FPEs, including operational flexibility and high efficiency, and further proposed a feedback-based control strategy superior to conventional PID for stabilizing piston motion (Mikalsen and Roskilly, 2010). Jia et al. (2018) quantitatively showed that friction losses in free-piston engines are approximately 50% lower than in conventional engines, highlighting a key source of efficiency gain. Yuan et al. (2019) and Yu et al. (2019) conducted numerical and experimental validations, reporting an indicated thermal efficiency of 27.6% and a maximum operating frequency of 25 Hz, confirming the feasibility of the concept.
More recently, research has shifted toward integrated FPE-LG systems for direct electricity generation. Weiss et al. investigated a centimeter-scale free piston expander for low-temperature waste heat recovery using a physics-based, open-cycle model. Results showed that higher injection pressure, an optimal non-dimensional injection time of 1.5, and an optimized design achieved 18% efficiency and 2.24 W output power, demonstrating the FPE’s potential as a compact and efficient thermal energy harvester (Burugupally and Weiss, 2019). Li et al. investigated a single-piston free piston expander-linear generator using two valve timing control methods: time control and position control. The system achieved maximum thermal-work, work-electric, and thermal-electric conversion efficiencies of 5.4%, 28.8%, and 1.4%, respectively (Li et al., 2020). Burugupally et al. investigated the effects of working fluid properties on a centimeter-scale free piston expander for low-temperature waste heat harvesting using a lumped-parameter model. The results showed that a peak output power of 2 W and voltage of 20 V under optimal injection duration (Burugupally et al., 2019). Aziz investigated the efficacy of five generator stator core configurations on the performance of a dual-piston air-driven free-piston linear generator. The results showed that the highest root mean square power output is 203.9 W at 8 bar inlet pressure (Aziz et al., 2022). Wu et al. investigated the performance of a single-piston free-piston expander–linear generator using compressed air. The results showed that increasing intake time or pressure enhanced work and energy output but caused work-electricity efficiency to initially rise and then decline, peaking around 30%–31% (Wu et al., 2021). Shi et al. investigated the operation characteristics and output performance of a free-piston expander-linear generator using a displacement-based control strategy. Results indicated that the maximum average power output (18.4 W) and energy conversion efficiency (17.5%) are achieved at a load resistance of 20 Ω (Shi et al., 2021). Peng et al. investigated the output characteristics and charging performance of a free-piston expander-linear generator system coupled with lithium batteries. Results showed that increasing intake pressure and intake duration time significantly enhances output voltage and power, with peak power reaching 34.07 W (Peng et al., 2023). Bianchi et al. compared two semi-empirical models for predicting the performance of a kW-scale reciprocating piston expander in a micro-organic Rankine cycle system. Results showed comparable accuracy within the calibration range, with global errors around 5% (Bianchi et al., 2019). Gao et al. investigated a novel opposed rotary piston expander for small-scale ORC systems. Results showed the volumetric efficiency ranges from 62.3% to 77.4%, while adiabatic efficiency reaches 73.2%–79.5% (Gao et al., 2021). Further advancements include Zhang et al.‘s comprehensive investigations external load resistance effects (Hou et al., 2018), intake/exhaust timing optimization (Xu et al., 2018a), and even artificial neural network (ANN)-based performance prediction models (Yang et al., 2019). Notably, they introduced the concept of work-electric conversion efficiency and explored displacement-based timing control strategies (Li et al., 2019), marking a step toward intelligent operation.
However, while significant progress has been made in modeling, control, and component design, a systematic understanding of FPE-LG performance under realistic, variable operating conditions—particularly the coupled influence of intake pressure, exhaust back pressure, and internal electrical parameters (e.g., generator internal resistance) on dynamic motion and power output—remains limited. Moreover, most studies focus on either simulation or experiment in isolation, lacking a fully coupled electro-mechanical-thermal analysis under off-design conditions representative of vehicle waste heat sources. Therefore, this study presents a comprehensive simulation framework for an FPE-LG system, specifically designed to evaluate its transient performance and identify optimal operating and design parameters under variable conditions. By integrating mechanical dynamics, electromagnetic conversion, and thermodynamic boundary conditions, this work aims to bridge the gap between theoretical design and practical deployment in mobile ORC applications.
Based on the foregoing review, the FPE-LG has demonstrated significant potential for small-scale ORC systems due to its structural simplicity, high efficiency, and inherent adaptability. However, a critical gap remains in understanding the coupled dynamic performance of FPE-LG systems under realistic, variable operating conditions—particularly those encountered in vehicle engine waste heat recovery, where intake pressure and exhaust back pressure fluctuate significantly. To address this gap, this study presents a comprehensive simulation-based investigation of an FPE-LG system under off-design conditions, using a fully coupled electro-mechanical-thermal model developed in MATLAB/Simulink. The work systematically examines the influence of both key design parameters—including free piston assembly (FPA) mass and linear generator (LG) internal resistance—and critical operational variables—namely intake pressure and exhaust back pressure—on the system’s electromagnetic force, piston motion dynamics (displacement and velocity), and electrical output performance (voltage, current, and power). The primary innovation lies in the integrated analysis of how these parameters interact under transient-like conditions, providing actionable insights for optimizing FPE-LG operation in dynamic environments. The findings offer practical guidance for matching FPE-LG performance to the variable thermal profiles of mobile ORC systems, thereby advancing its feasibility for real-world vehicle waste heat recovery applications.
2 EXPERIMENTAL SETUP AND SIMULATION MODEL
2.1 Experimental setup
A detailed description of the FPE-LG test rig is available in Xu et al. (2018a), only a brief overview is provided here for context. The integrated FPE-LG system comprises five key subsystems: the free-piston expander, a tubular permanent magnet linear generator (PMLG), an electronically controlled valve train, a servo motor actuator, and a sensor suite for real-time monitoring. The FPA, consisting of the piston and the PMLG mover connected via a rigid rod, moves freely within the cylinder and stator, enabling direct mechanical-to-electrical energy conversion. The intake and exhaust valves are independently controlled by a servo motor, allowing flexible timing adjustment to match variable operating conditions. Key system parameters are summarized in Table 1, and the experimental setup is illustrated in Figure 1. The primary electrical and geometrical specifications of the PMLG are listed in Table 2.
TABLE 1 | The main parameters of the FPE-LG.	Parameter	Value	Unit
	Operation frequency	1–8	Hz
	Cylinder diameter	80	mm
	Maximal piston stroke length	100	mm
	The mass of FPA	0.59	Kg


[image: Mechanical setup on a table, labeled components include a servo motor, right and left cylinders, compressed air tank, linear generator, draw wire displacement sensor, exhaust pipe, pressure sensor, temperature sensor, and intake pipe, connected with various wires and pipes.]FIGURE 1 | Test rig of FPE-LG.TABLE 2 | The main parameters of the LG.	Parameter	Value	Unit
	Peak force	170	N
	Thrust constant	32.2	N·A−1
	Back EMF constant	26.3	V/(m·s−1)
	Moving mass	0.24	kg
	Pole pitch	16	mm


The definitions of the operational top dead center, operational bottom dead center, and the central equilibrium position of the FPE-LG are consistent with those reported Hou et al. (2017).
2.2 Simulation model of the FPE-LG
A dynamic simulation model of the FPE-LG system is developed in MATLAB/Simulink based on the first law of thermodynamics and coupled electromechanical principles. The model integrates thermodynamic processes within the expansion chamber, mechanical dynamics of the FPA, and electromagnetic generation characteristics, enabling a comprehensive analysis of system behavior under variable operating conditions. A detailed description of the modeling methodology, assumptions, and sub-model formulations can be found in Xu et al. (2018b). The overall simulation framework is illustrated in Figure 2.
[image: Diagram of a complex system involving multiple subsystems and components. It includes labeled boxes representing subsystems such as friction, displacement, force, and acquisition. Arrows connect these components, indicating data flow and processes within a permanent magnet linear generator system. The subsystems manage tasks like displacement limit, friction constant, and force on a piston. Integrators and constants are used for precise calculations, with scopes to monitor specific outputs.]FIGURE 2 | Simulation model of the FPE–LG.3 RESULT AND DISCUSSION
3.1 Effect of the FPA mass on the performance of the FPE-LG
Figure 3 illustrates the velocity–displacement profiles of the FPA under varying FPA masses. As expected, the velocity reaches its maximum near the midpoint of the stroke and drops to zero at the operational top dead center and bottom dead center, consistent with typical reciprocating motion dynamics. A reduction in FPA mass results in increased peak velocity and stroke amplitude, indicating enhanced dynamic responsiveness. To minimize inertial forces and overall moving mass, the FPA is fabricated from a high-strength aluminum alloy. Under the specified operating conditions—intake pressure of 3 bar, operating frequency of 5 Hz, external load resistance of 9 Ω, FPA mass of 0.59 kg, and LG internal resistance of 14.7 Ω—the maximum FPA velocity reaches 3.12 m/s.
[image: Graph showing velocity versus displacement for different masses labeled as m equals zero point five nine kilograms, one point zero kilograms, one point five kilograms, and two point zero kilograms. The conditions are set with pressure in at three bar, pressure out at one bar, frequency at five hertz, resistance nine ohms, and inductance fourteen point seven ohms. Various colored and styled lines represent different masses.]FIGURE 3 | Displacement and the corresponding velocity varies with the different mass of FPA.The electromagnetic force varies with the mass of the FPA as shown in Figure 4. It is observed that the electromagnetic force shows a downward trend when the mass of the FPA decreases. According to the Ref. (Jia et al., 2016), the electromagnetic force can be written as Equation 1:
Fmag=−Cev(1)
where Ce is the electromagnetic resistance coefficient, which is written as Equation 2:
Ce=KfKv1r+R+jLs(2)
where Kf is the electromagnetic thrust force constant, Kv is the back electromotive force constant, R is the external load resistance, Ls is the inductance of LG, and r is the internal resistance of LG. So, the electromagnetic force and the velocity exhibit the same trend when varies the mass of the FPA.
[image: Graph showing electromagnetic force in newtons against time in seconds for different masses: 0.59, 1.0, 1.5, and 2.0 kilograms. Parameters include input pressure at 3 bar, output pressure at 1 bar, frequency at 5 hertz, and resistances at 9 ohms and 14.7 ohms. Each mass is represented by a different line style and color.]FIGURE 4 | Effect of the FPA’ mass on the electromagnetic force.Figures 5, 6 illustrate the influence of FPA mass on the voltage output and power output, respectively. The voltage and power output exhibit a similar trend with varying FPA mass, indicating a strong correlation between the two electrical performance metrics under different inertial conditions. The power output is denoted as Equation 3:
Pout=U2R(3)
where Pout is the power output, U is the effective value of the voltage across the external load resistance. The voltage output and the power output reach the maximum of 30.0 V and 96.0 W when the intake pressure, operation frequency, external load resistance, mass of the FPA, and the internal resistance of LG are 3 bar, 5 Hz, 9 Ω, 0.59 kg and 14.7 Ω, respectively.
[image: Graph showing voltage output in volts over time in seconds for different masses ranging from 0.59 to 2.0 kilograms. All curves peak around 27 to 30 volts. Pressure, frequency, and resistance values are given as \(P_{in} = 3 \, \text{bar}\), \(P_{out} = 1 \, \text{bar}\), \(f = 5 \, \text{Hz}\), \(R = 9 \, \Omega\), and \(r = 14.7 \, \Omega\).]FIGURE 5 | Voltage output varies with the changing mass of the FPA.[image: Graph plotting power output against time for different masses at two peaks. Lines indicate masses of zero point five nine kilograms, one kilogram, one point five kilograms, and two kilograms. Pressure in is three bars, pressure out is one bar, frequency is five hertz, with resistances R equals nine ohms and r equals fourteen point seven ohms.]FIGURE 6 | Power output varies with the changing mass of the FPA.3.2 Effect of the internal resistance of the LG on the performance of the FPE-LG
The dynamic performance of the FPE-LG system is significantly influenced by the characteristics of the LG, particularly its internal resistance. The increase in external load resistance reduces the electromagnetic damping force of the generator, allowing the piston to obtain greater acceleration under the same gas pressure drive, thereby moving to a farther position. As shown in Figure 7, increasing the LG’s internal resistance results in an increase in piston displacement. This behavior can be attributed to the reduced electromagnetic damping effect at higher internal resistance, which diminishes the electrical load on the moving FPA and allows for greater stroke amplitude. Under the following operating conditions—intake pressure of 3 bar, operating frequency of 6 Hz, external load resistance of 9 Ω, FPA mass of 0.59 kg, and LG internal resistance of 20 Ω—the maximum displacement of 0.095 m is achieved.
[image: Graph showing displacement over time with three plots representing different resistances: 10 ohms (red solid line), 14.7 ohms (green dotted line), and 20 ohms (black dash-dot line). Parameters include inlet pressure of 3 bar, outlet pressure of 1 bar, frequency of 6 Hz, resistance of 9 ohms, and mass of 0.59 kilograms. Displacement ranges from -0.06 to 0.06 meters, and time ranges from 0.20 to 0.48 seconds.]FIGURE 7 | Effect of the internal resistance on the displacement.Figure 8 illustrates the influence of the internal resistance of LG on the velocity of the FPA. Consistent with the displacement trend observed in Figure 7, the peak piston velocity increases with rising internal resistance. This behavior is attributed to the reduction in electromagnetic force as the internal resistance increases, which weakens the electromagnetic damping effect and allows the FPA to achieve higher acceleration and velocity. Specifically, when the LG internal resistance is increased from 10 Ω to 20 Ω, the peak velocity rises from 2.7 m/s to 3.1 m/s under the specified operating conditions.
[image: Graph showing velocity versus time for three resistance values: 10, 14.7, and 20 ohms. The graph includes parameters \( p_{in} = 3 \, \text{bar} \), \( p_{out} = 1 \, \text{bar} \), frequency 6 Hz, resistance 9 ohms, and mass 0.59 kg. Velocity oscillations appear in three distinct patterns.]FIGURE 8 | Effect of the internal resistance on the velocity.Figure 9 presents the variation of electromagnetic force with respect to the internal resistance of the LG. The results demonstrate that the LG’s internal resistance has a significant influence on the magnitude of the electromagnetic force. As the internal resistance increases, the peak electromagnetic force exhibits a pronounced decreasing trend due to the reduced current in the generator coil, consistent with Ohm’s law and the Lorentz force principle. Specifically, when the internal resistance is increased from 10 Ω to 20 Ω, the peak force amplitude decreases from −245.4 N to 229.9 N, reflecting a reduction in electromagnetic damping and load coupling.
[image: Graph showing electromagnetic force in Newtons over time in seconds for different resistances: 10 ohms (red), 14.7 ohms (green), and 20 ohms (black). Key parameters include inlet pressure 3 bar, outlet pressure 1 bar, frequency 6 Hz, resistance 9 ohms, and mass 0.59 kg. The force fluctuates, peaking around 0.1 and 0.2 seconds with distinct patterns for each resistance level.]FIGURE 9 | Electromagnetic force variation with the changing internal resistance of LG.The current output with different internal resistance of LG is exhibited in Figure 10. According to the Ohm’s law, the current is calculated by Equation 4:
Iout=UR(4)
where Iout is the current output. The current output is rectified by a rectifier. When the intake pressure, operation frequency, external load resistance, mass of the FPA, and internal resistance of LG are set at 3 bar, 6 Hz, 9 Ω, 0.59 kg, and 10 Ω, respectively, the maximum current recorded is 4.0 A.
[image: Graph showing current output over time for three different resistances: red solid line for ten ohms, green dotted line for fourteen point seven ohms, and black dashed line for twenty ohms. Current peaks are observed around zero point zero two seconds and zero point one seconds. The initial conditions are pressure in at three bar, frequency at six hertz, resistance at nine ohms, and mass at zero point fifty-nine kilograms.]FIGURE 10 | Effect of the internal resistance on the current output.Figure 11 presents the power output of the FPE-LG system under varying internal resistance of the LG, corresponding to the voltage trends shown in Figure 10. A consistent trend is observed: power output increases as the LG’s internal resistance decreases. This indicates that the internal resistance of the LG exerts a significant influence on the system’s electrical performance. The enhancement in power output at lower internal resistance is attributed to reduced ohmic losses and improved current delivery, thereby increasing the effective power transferred to the load. These results demonstrate that minimizing the LG’s internal resistance is crucial for maximizing the output performance of the FPE-LG system. Under the tested conditions, the peak power output reaches 145.2 W when the internal resistance is reduced to 10 Ω, with an FPA mass of 0.59 kg, intake pressure of 3 bar, operating frequency of 6 Hz, and external load resistance of 9 Ω—representing the optimal configuration identified in this study.
[image: Graph showing power output in watts versus time in seconds. Three lines represent different resistances: red for ten ohms, green for fourteen point seven ohms, and black for twenty ohms. The red line reaches the highest peak around 0.02 and 0.10 seconds. Parameters: input pressure is three bar, output pressure is one bar, frequency is six hertz, resistance is nine ohms, and mass is zero point five nine kilograms.]FIGURE 11 | Effect of the internal resistance on the power output.3.3 Effect of the changing intake pressure on the performance of the FPE-LG
To better align with the operational requirements of the ORC, we have conducted an investigation into the performance of the free piston expander with linear generator (FPE-LG) under varying operating conditions. Figure 12 illustrates the displacement of the free piston assembly (FPA) under four different variable conditions. Figure 12a presents the situation that the intake pressure increases evenly with time. It is clearly that the displacement of FPA in Figure 12a shows an upward trending evenly with time. The displacement of the FPA is depicted in Figure 12b when the intake pressure is reduced evenly with time. The displacement of the FPA is displayed in Figure 12c when the intake pressure suddenly increases at a certain moment. The displacement of the FPA is as shown in Figure 12d when the intake pressure suddenly decreases at a certain moment. It can be seen from Figure 12, the changing of displacement is closely related to the changing of intake pressure.
[image: Four line graphs (a) to (d) show displacement in meters vs. time in seconds, each with different pressure values. All parameters are constant: frequency 8 hertz, external pressure 1 bar, resistance 9 ohms, mass 0.59 kilograms, resistance 14.7 ohms. Graphs (a) and (b) have pressures of 3.38 bar and 4.32 bar, shown in red and green, respectively. Graphs (c) and (d) have pressures of 3.4 bar and 4.3 bar, shown in black and magenta, respectively. Each graph shows a repeating oscillating pattern.]FIGURE 12 | Displacement varies with the changing of the intake pressure, (a) pin = 3-3.8 bar, (b) pin = 4-3.2 bar, (c) pin = 3-4 bar, (d) pin = 4-3 bar.To evaluate the dynamic response of the free piston expander-linear generator (FPE-LG) under varying operating conditions relevant to ORC applications, the displacement characteristics of the free piston assembly (FPA) were investigated. Figure 12 illustrates the FPA displacement under four distinct intake pressure perturbation scenarios:
As intake pressure increases linearly over time (Figure 12a), the FPA displacement exhibits a corresponding steady upward trend, indicating a direct proportional relationship between pressure input and piston position under quasi-steady conditions. Conversely, a linear decrease in intake pressure (Figure 12b) results in a proportional downward trend in FPA displacement, confirming the inverse relationship observed during pressure reduction. A step increase in intake pressure at a specific time instant (Figure 12c) induces an immediate and significant upward displacement jump in the FPA. This transient response highlights the system’s sensitivity to abrupt pressure changes and its inherent inertia. Similarly, a step decrease in intake pressure (Figure 12d) causes a rapid downward displacement jump, demonstrating the system’s capacity to respond quickly to negative pressure transients. Collectively, the results presented in Figure 12 unequivocally demonstrate that the FPA displacement is directly and dynamically governed by the temporal profile of the intake pressure. The magnitude and rate of displacement change are intrinsically linked to the magnitude and rate of the applied pressure variation, whether gradual or abrupt. This underscores the critical role of intake pressure as the primary driver of FPE-LG motion characteristics under variable operating conditions.
Figure 13 presents the velocity response of the FPA under varying intake pressure conditions. A strong positive correlation is observed between the intake pressure and the FPA velocity: as the intake pressure increases or decreases—whether gradually or abruptly—the peak velocity correspondingly rises or falls. This dynamic behavior indicates that the intake pressure significantly influences the motion characteristics of the FPE-LG system, particularly the piston displacement and velocity, due to its direct impact on the driving force during the expansion process. These results confirm that intake pressure is a dominant parameter governing the system’s dynamic performance.
[image: Four graphs displaying velocity versus time for different pressure levels in colored lines: (a) Red line with input pressure 3.3 bar, (b) Green line with input pressure 4.3 bar, (c) Black line with input pressure 3.4 bar, and (d) Magenta line with input pressure 4.3 bar. Each graph shares the same parameters: frequency 8 hertz, pressure 1 bar, resistance 9 ohms, mass 0.59 kilograms, and resistance 14.7 ohms. The graphs show periodic oscillations within a 0 to 1-second timeframe.]FIGURE 13 | Velocity varies with the changing of the intake pressure, (a) pin = 3-3.8 bar, (b) pin = 4-3.2 bar, (c) pin = 3-4 bar, (d) pin = 4-3 bar.Figure 14 illustrates the variation of electromagnetic force with changing intake pressure. According to Equation 1, the electromagnetic force is directly proportional to the velocity of the FPA. As the intake pressure increases, the resulting higher piston velocity leads to a greater induced electromotive force and, consequently, an increase in electromagnetic force. It is evident from Figure 14 that the electromagnetic force exhibits a consistent trend with the intake pressure, rising and falling in response to pressure variations—further confirming the strong coupling between the mechanical dynamics and electromagnetic output of the FPE-LG system.
[image: Four line graphs show electromagnetic force versus time, each depicting a waveform pattern at 8 Hz with varying parameters. Graph (a) in red shows a peak of 3.38 bar. Graph (b) in green shows 4.32 bar. Graph (c) in black shows 3.4 bar. Graph (d) in purple shows 4.3 bar. All graphs have similar periodic patterns with slight variations in amplitude.]FIGURE 14 | Variation of the electromagnetic force with the changing intake pressure, (a) pin = 3-3.8 bar, (b) pin = 4-3.2 bar, (c) pin = 3-4 bar, (d) pin = 4-3 bar.Figure 15 presents the voltage output of the FPE-LG system under varying intake pressure conditions. The voltage exhibits a consistent trend with the intake pressure, increasing during pressure rise and decreasing during pressure drop, which reflects the strong dependence of electrical output on the piston velocity and electromagnetic force. This behavior further demonstrates that the intake pressure significantly influences the overall output performance of the FPE-LG system, particularly the voltage, current, and power output, due to its direct impact on the mechanical dynamics and electromotive force generation. These results highlight the critical role of intake pressure regulation in optimizing system performance under transient operating conditions. Figure 16 presents the power output of the FPE-LG system under varying intake pressure conditions. The variation trend of power output under varying intake pressure conditions is basically consistent with the variation trend of voltage output.
[image: Four graphs display voltage output versus time at 8 hertz. Each graph varies pressure: (a) 3.3 bar in red, (b) 4.3 bar in green, (c) 3.4 bar in black, and (d) 4.3 bar in magenta. Variables like resistance, internal resistance, and mass are constant across all graphs.]FIGURE 15 | The variation of the voltage output with the changing intake pressure, (a) pin = 3-3.8 bar, (b) pin = 4-3.2 bar, (c) pin = 3-4 bar, (d) pin = 4-3 bar.[image: Four graphs showing power output (V) versus time (s) for different parameters. Each subplot represents: (a) red, 3-3.8 bar, (b) green, 4-3.2 bar, (c) black, 3-4 bar, (d) magenta, 4-3 bar. Frequency is eight hertz, pressure is one bar, r is fourteen point seven ohms, resistance is nine ohms, mass is zero point fifty-nine kilograms. Each graph shows cyclical patterns with distinct spikes.]FIGURE 16 | Variation of the power output with the changing intake pressure, (a) pin = 3-3.8 bar, (b) pin = 4-3.2 bar, (c) pin = 3-4 bar, (d) pin = 4-3 bar.3.4 Effect of the changing exhaust pressure on the performance of the FPE-LG
The performance of the free-piston expander with linear generator (FPE-LG) is influenced not only by the intake conditions but also critically by the exhaust back pressure, which affects the net pressure differential across the piston and thus the expansion work. Figure 17a illustrates the effect of exhaust back pressure on the FPA displacement under constant operating conditions. When the exhaust back pressure is 1.0 bar, the peak displacement reaches 0.087 m; however, it decreases to 0.076 m as the back pressure increases to 1.2 bar, indicating a reduction in effective stroke due to diminished pressure differential. Figures 17b,c further demonstrate the dynamic response of the system under transient back pressure conditions. Under a gradually increasing back pressure, the displacement exhibits a downward trend (Figure 17b), while a decreasing back pressure results in a corresponding increase in displacement (Figure 17c). These results confirm that the FPE-LG system is highly sensitive to exhaust back pressure variations, and maintaining an optimal back pressure is essential for maximizing stroke length and, consequently, power output.
[image: Three graphs illustrate displacement over time. In (a), red and green lines compare pressures of one and 1.2 bar, with peak displacements at 0.05 m. In (b), a black line shows periodic displacement for pressures between one and 1.3 bar. In (c), a magenta line shows similar periodic displacement with pressure ranging from 1.3 to one bar. All graphs have similar variables: pressure in at four bar, frequency at ten hertz, resistance at 14.7 ohms, and mass at 0.59 kilograms.]FIGURE 17 | Effect of exhaust back pressure on the displacement of the FPA, (a) pout = 1,2 bar, (b) pout = 1-1.3 bar, (c) pout = 1.3-1 bar.Figure 18 illustrates the influence of exhaust back pressure on the velocity of the FPA. The peak velocity reaches 3.8 m/s at an exhaust back pressure of 1.0 bar, decreasing to 3.45 m/s when the back pressure is increased to 1.2 bar. This reduction is attributed to the diminished net pressure differential across the piston, which lowers the driving force and consequently limits the piston’s acceleration and maximum speed. Consistent with the displacement trends shown in Figure 17, the velocity exhibits a similar dynamic response under time-varying back pressure conditions: a gradual increase in back pressure leads to a decreasing velocity trend (Figure 18b), while a decreasing back pressure results in a corresponding rise in velocity (Figure 18c). These results further confirm the strong sensitivity of the FPE-LG system’s dynamic behavior to exhaust back pressure, highlighting its critical role in determining both stroke and speed performance.
[image: Three graphs depict velocity versus time under different outlet pressures for a constant inlet pressure of four bar, frequency of ten hertz, resistance of fourteen point seven ohms, and mass of zero point five nine kilograms. Graph (a) shows red and green lines for outlet pressures of one and one point two bar. Graph (b) shows a black line for an outlet pressure range of one to one point three bar. Graph (c) shows a magenta dotted line for the same outlet pressure range.]FIGURE 18 | Effect of exhaust back pressure on the velocity of the FPA, (a) pout = 1,2 bar, (b) pout = 1-1.3 bar, (c) pout = 1.3-1 bar.Figure 19 presents the variation of electromagnetic force with changing exhaust back pressure in the FPE-LG system. As shown in Figure 19a, the peak electromagnetic force is significantly higher under an exhaust back pressure of 1.0 bar compared to 1.2 bar, demonstrating the sensitivity of the electrical output to exhaust conditions. This behavior is attributed to the greater piston velocity achieved at lower back pressure, which enhances the induced electromotive force and current generation in the LG. Further analysis in Figures 19b,c reveals a clear inverse relationship between exhaust back pressure and electromagnetic force. When the back pressure increases gradually, the electromagnetic force exhibits a decreasing trend (Figure 19b), while a reduction in back pressure results in a corresponding increase in electromagnetic force (Figure 19c). These dynamic responses confirm that the exhaust back pressure directly influences the mechanical-to-electrical energy conversion efficiency by modulating the piston’s kinetic energy and, consequently, the electromagnetic output.
[image: Graphical data presenting electromagnetic force over time in three scenarios: (a) Shows a fluctuating force with green and red lines from 0 to 0.6 seconds under conditions \( p_{\text{in}} = 4 \text{ bar} \), \( f = 10 \text{ Hz} \), \( r = 14.7 \Omega \), \( m = 0.59 \text{ kg} \).(b) Displays similar fluctuations with black lines from 0 to 1.0 seconds at \( p_{\text{out}} = 1-1.3 \text{ bar} \).(c) Illustrates force with purple lines under \( p_{\text{out}} = 1.3-1 \text{ bar} \). Each graph shows force from -300 to 300 newtons.]FIGURE 19 | Effect of exhaust back pressure on the electromagnetic force of the LG, (a) pout = 1,2 bar, (b) pout = 1-1.3 bar, (c) pout = 1.3-1 bar.Figure 20a presents the voltage output of the FPE-LG system under different exhaust back pressure conditions. At a back pressure of 1.0 bar, the voltage ranges from 6.2 V to 34.8 V, whereas it decreases to a range of 4.2 V–32.2 V when the back pressure increases to 1.2 bar. This reduction in both minimum and peak voltage reflects the diminished piston velocity and lower rate of change of magnetic flux linkage, resulting from the reduced net pressure differential across the piston. Figures 20b,c further illustrate the dynamic response of the voltage output to transient back pressure variations. Under gradually increasing back pressure, the voltage exhibits a clear downward trend (Figure 20b), while a decreasing back pressure leads to a corresponding recovery and increase in voltage amplitude (Figure 20c). These results demonstrate that the electrical output of the FPE-LG is highly sensitive to exhaust back pressure, with lower back pressure enabling higher electromotive force generation and improved energy conversion performance.
[image: Three graphs showing voltage output (V) over time (seconds) for different conditions. (a) Top graph: Red and green lines represent voltage at a frequency of 10 Hz with pressures of 1 bar and 1.2 bar, respectively, for a 4 bar input.(b) Middle graph: Black line shows voltage with an output pressure ranging between 1.1 and 1.3 bar for a 4 bar input.(c) Bottom graph: Purple line indicates voltage with pressure ranging from 1.3 to 1 bar for a 4 bar input. All use a 14.7 ohm resistance and 0.59 kg mass.]FIGURE 20 | Variation of the voltage output with the changing exhaust back pressure, (a) pout = 1,2 bar, (b) pout = 1-1.3 bar, (c) pout = 1.3-1 bar.Figure 21 illustrates the influence of exhaust back pressure on the power output of the FPE-LG system, complementing the voltage trends presented in Figure 20. Under steady operating conditions, the peak power output reaches 136.0 W at an exhaust back pressure of 1.0 bar, decreasing to 118.2 W when the back pressure is increased to 1.2 bar (Figure 21a). This 13.1% reduction in peak power underscores the significant impact of back pressure on the system’s energy conversion efficiency. The power output exhibits a strong correlation with the exhaust back pressure, mirroring the trends observed in both voltage and piston velocity. This consistency confirms that the electrical performance of the FPE-LG is critically dependent on the mechanical dynamics, which are governed by the net pressure differential across the piston. Lower back pressure enhances the expansion work, leading to higher piston velocity, greater electromagnetic force, and consequently improved power generation.
[image: Three graphs display power output (W) over time (s) from 0 to 1 second. All graphs have input pressure at 4 bar, frequency at 10 Hz, resistance at 14.7 ohms, and mass at 0.59 kg. Graph (a) shows a periodic pattern with a small increase, pressure varying between 1 and 1.2 bar. Graph (b) depicts consistent peaks, pressure between 1 and 1.3 bar. Graph (c) also shows consistent peaks, pressure between 1.3 and 1 bar. Each graph's peaks vary in amplitude up to 140 W.]FIGURE 21 | Effect of the changing exhaust back pressure on the power output, (a) pout = 1,2 bar, (b) pout = 1-1.3 bar, (c) pout = 1.3-1 bar.3.5 Effect of the changing intake and the exhaust pressure on the performance of the FPE-LG
The expansion ratio has an important influence on the performance of the FPE-LG. According to Ref. [41], the expansion ratio is calculated by Equation 5:
ε=pinpout(5)
where the ε is the expansion ratio, the pin and pout are the intake pressure and the exhaust back pressure of the FPE, respectively.
The displacement variation under changing intake pressure and exhaust back pressure is presented in Figure 22. Compared to the displacement in Figure 12a, the displacement in Figure 22a exhibits less variation. This behavior occurs because an increase in intake pressure is accompanied by a corresponding increase in exhaust back pressure. In contrast to the displacement trend observed in Figure 17b, the displacement in Figure 22a demonstrates an opposite trend over time. This discrepancy arises because the exhaust pressure increase is coupled with an intake pressure increase, where the rate of intake pressure rise over time exceeds that of the exhaust back pressure. Figure 22b illustrates the displacement variation over time when intake pressure and exhaust pressure vary at identical rates. The results in Figure 22b indicate that the peak displacement value remains nearly constant over time. Conversely, the displacement in Figure 22c displays a decreasing trend, attributed to the exhaust back pressure increasing at a higher rate over time than the intake pressure. Finally, compared to the displacement in Figure 12a, the peak displacement value in Figure 22d exhibits significant temporal variation.
[image: Four plots show displacement over time with varying pressure ranges. Each graph represents settings with 8 Hz frequency, 9 ohm resistance, and 0.59 kg mass. Pressure ranges are: (a) 3 to 3.8 bar, (b) 3 to 3.3 bar, (c) 3 to 3.1 bar, (d) 3 to 3.8 bar. All graphs display sinusoidal patterns with displacement in meters plotted against time in seconds.]FIGURE 22 | Effect of the changing intake pressure and exhaust back pressure on the displacement, (a) pin = 3-3.8 bar, pout = 1.3-1 bar, (b) pin = 3-3.3 bar, pout = 1.3-1 bar, (c) pin = 3-3.1 bar, pout = 1.3-1 bar, (d) pin = 3-3.8 bar, pout = 1.3-1 bar.The variation in Free Piston Assembly (FPA) velocity with changing intake pressure and exhaust back pressure is presented in Figure 23. In Figure 23a, despite the exhaust back pressure increasing from 1 bar to 1.3 bar, the FPA velocity exhibits an upward trend. This behavior is attributed to the concurrent increase in intake pressure from 3 bar to 3.8 bar. Similar to the observation in Figure 22b, the FPA velocity in Figure 23b demonstrates minimal variation when both intake pressure and exhaust back pressure increase at the same rate. The results in Figure 23c indicate that exhaust back pressure exerts a dominant influence on velocity when its rate of increase exceeds that of intake pressure. Furthermore, the FPA velocity in Figure 23d exhibits significantly greater temporal variation compared to that observed in Figure 23a.
[image: Four graphs showing velocity in meters per second over time in seconds, with each graph depicting different plots. Graph (a) is red, (b) is green, (c) is black, and (d) is magenta. All graphs share parameters: frequency at eight hertz, resistance at nine ohms, mass at zero point five nine kilograms, and another resistance at fourteen point seven ohms. The pressure range varies slightly in each graph, with the same general pattern of repeating peaks and troughs.]FIGURE 23 | Effect of the changing intake pressure and exhaust back pressure on the velocity, (a) pin = 3-3.8 bar, pout = 1.3-1 bar, (b) pin = 3-3.3 bar, pout = 1.3-1 bar, (c) pin = 3-3.1 bar, pout = 1.3-1 bar, (d) pin = 3-3.8 bar, pout = 1.3-1 bar.The influence of varying intake pressure and exhaust back pressure on the electromagnetic force is presented in Figure 24. The results demonstrate that the electromagnetic force is directly correlated with changes in the Free Piston Assembly (FPA) velocity induced by these pressure variations. An increasing trend in electromagnetic force is observed when the rate of increase in intake pressure exceeds that of exhaust back pressure (Figure 24a). Conversely, when intake pressure and exhaust back pressure increase at similar rates, their effects on the electromagnetic force are comparable (Figure 24b). Specifically, increasing exhaust back pressure from 1 bar to 1.3 bar while increasing intake pressure from 3 bar to 3.1 bar results in a downward trend in electromagnetic force (Figure 24c). Furthermore, increasing intake pressure while reducing exhaust back pressure enhances FPA motion, leading to a significant upward trend in electromagnetic force under these conditions (Figure 24d).
[image: Four graphs display electromagnetic force (in Newtons) versus time (in seconds) for different \( P_o \) values. All plots share parameters: frequency of 8 Hertz, resistance of 14.7 Ohms, mass of 0.59 kilograms. (a) Red line with \( P_o = 3.3 \) bar, (b) Green line with \( P_o = 3.3 \) bar, (c) Black line with \( P_o = 3.1 \) bar, (d) Magenta line with \( P_o = 3.1 \) bar.]FIGURE 24 | Variation of the electromagnetic force with the changing intake pressure and exhaust back pressure, (a) pin = 3-3.8 bar, pout = 1.3-1 bar, (b) pin = 3-3.3 bar, pout = 1.3-1 bar, (c) pin = 3-3.1 bar, pout = 1.3-1 bar, (d) pin = 3-3.8 bar, pout = 1.3-1 bar.The influence of varying intake pressure and exhaust back pressure on voltage output is presented in Figure 25. As shown in Figure 25a, the peak voltage output exhibits an increasing trend when intake pressure rises from 3 bar to 3.8 bar while exhaust back pressure increases from 1 bar to 1.3 bar. Notably, the peak voltage output displays asymmetric fluctuations between high and low values. This phenomenon is attributed to the inconsistency between the magnitudes of the peak forward velocity and peak negative velocity. Minor fluctuations in peak output voltage are observed in Figure 25b when intake pressure and exhaust back pressure increase at identical rates. Conversely, Figure 25c demonstrates a decreasing trend in peak voltage output when the rate of increase in exhaust back pressure exceeds that of intake pressure. It is established that increasing intake pressure while reducing exhaust back pressure enhances voltage output. Under these conditions, Figure 25d reveals that the peak voltage output exhibits a predominantly linear trend over time.
[image: Four graphs demonstrate voltage output versus time at 8 Hz frequency, with various colors representing different conditions. Each graph has labels for frequency, resistance, and mass, with pressure conditions in bars. Graphs are color-coded: (a) red, (b) green, (c) black, (d) magenta. Each graph shows similar periodic voltage patterns.]FIGURE 25 | Variation of the voltage output with the changing intake pressure and exhaust back pressure, (a) pin = 3-3.8 bar, pout = 1.3-1 bar, (b) pin = 3-3.3 bar, pout = 1.3-1 bar, (c) pin = 3-3.1 bar, pout = 1.3-1 bar, (d) pin = 3-3.8 bar, pout = 1.3-1 bar.Figure 26 illustrates the variation in power output under changing intake pressure and exhaust back pressure conditions. As depicted in Figure 26a, the power output exhibits a linear temporal trend when both intake pressure and exhaust back pressure increase simultaneously. Figure 26b reveals slight fluctuations in power output when intake pressure and exhaust back pressure increase at identical rates. Conversely, Figure 26c demonstrates a decreasing trend when the rate of increase in exhaust back pressure exceeds that of intake pressure over time. Notably, the temporal rate of change in peak power output observed in Figure 26d is significantly greater than that in Figure 26a. These results indicate that increasing intake pressure while reducing exhaust back pressure constitutes an effective strategy for enhancing the performance of the Free-Piston Engine-Linear Generator (FPE-LG).
[image: Four graphs showing power output (W) versus time (s) at 8 Hz with resistance of 14.7 ohms and mass of 0.59 kg. Graph (a) displays a red curve with a pressure range of 3.3 to 3.8 bar. Graph (b) features a green curve with a pressure range of 3.3 to 1.3 bar. Graph (c) has a black curve with a pressure range of 3.3 to 1.1 bar. Graph (d) presents a magenta curve with a pressure range of 3.3 to 1.3 bar. Each graph shows a cyclic pattern with varying power amplitudes.]FIGURE 26 | Variation of the power output with the changing intake pressure and exhaust back pressure, (a) pin = 3-3.8 bar, pout = 1.3-1 bar, (b) pin = 3-3.3 bar, pout = 1.3-1 bar, (c) pin = 3-3.1 bar, pout = 1.3-1 bar, (d) pin = 3-3.8 bar, pout = 1.3-1 bar.4 CONCLUSION
This study presents a comprehensive dynamic model of a free piston expander coupled with a linear generator in an ORC system, enabling performance optimization through key parameter analysis. The core innovation lies in systematically quantifying the coupled effects of mechanical design (piston mass) and electrical configuration (generator internal resistance) on system output.
Results demonstrate that reducing piston mass and generator internal resistance significantly enhances power output, with a maximum of 145.2 W achieved under optimized conditions. Furthermore, performance is highly sensitive to intake and exhaust pressures, confirming that higher pressure differentials dramatically improve piston motion and electrical output. This work provides a validated modeling framework and clear design guidelines for maximizing FPE-LG efficiency.
The future research work is likely to be an iterative process: to explore and optimize the most matching combination of FPE-LG and working fluid for the application needs of a specific type of vehicle, so as to develop products with both progressiveness technology and commercial feasibility.
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GLOSSARY
pin intake pressure (bar)
pout exhaust back pressure (bar)
f operation frequency (Hz)
r internal resistance of linear generator (Ω)
R external load resistance (Ω)
m mass (kg)
Fmag electromagnetic force
Ce electromagnetic resistance coefficient
Kv back electromotive force
Kf electromagnetic thrust force constant
Ls inductance of LG
Iout current output
ε expansion ratio
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