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This study presents an experimental investigation of the dynamic
characteristics and operational stability of a two-stroke, two-cylinder free-
piston engine (FPE) employing a purely mechanical starting mechanism,
eliminating the need for the conventionally used linear electric motor. The
engine was successfully initiated on the first ignition attempt through a
forced oscillation procedure, producing a peak in-cylinder pressure of
approximately 8 bar during starting phase. Under free-running, no-load
conditions, pronounced cycle-to-cycle variations were observed, with peak
in-cylinder pressures ranging from 6 to 15 bar and a non-stationary top
dead center (TDC) position. Operational instability was primarily
attributed to two coupled mechanisms: piston impacts with the stroke-
limiting device and ignition timing deviations associated with piston
velocity. Quantitative analysis revealed a coefficient of variation (COV) of
peak pressure of 24.8%, substantially exceeding those of the peak pressure
location and TDC position (both approximately 9.6%). These results
provide one of the first experimental dataset describing combustion
variability in mechanically started FPEs and highlight critical parameters
required for stable operation.

Keywords: free-piston engine, mechanical starting mechanism, operational
stability, dynamic characteristics, combustion parameters.

1. INTRODUCTION

The urgent need to reduce greenhouse gas emissions in
the transportation sector has driven intensive research
into alternative powertrain technologies. Among these,
the free-piston engine (FPE) has emerged as a highly
promising energy conversion platform for next-
generation internal combustion engine applications [1-
4]. By eliminating the crankshaft and connecting rod
assembly used in conventional engines, the FPE offers a
more direct power transmission path and the potential
for enhanced thermal efficiency [5—8]. This architecture
enables variable compression ratio operation and allows
flexible adaptation to a wide range of fuel types.
However, the absence of the crankshaft, which
inherently constrains piston motion in conventional
engines, fundamentally alters the piston dynamics of the
FPE. In such systems, operational stability is not a
mechanically guaranteed property but rather a dynamic
equilibrium maintained through the balance among
combustion, load, and feedback forces, which typically
requires active control strategies and advanced dynamic
modeling, similar to optimization techniques applied in
conventional engine management [9-16]. Achieving
consistent reciprocation under varying operating
conditions therefore requires precise regulation of these
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forces, generally implemented through closed-loop con—
trol of parameters such as fuel injection timing, injec—
tion quantity, spark plug configurations,and load chara—
cteristics [17,18]. This fundamental distinction creates
opportunities for higher efficiency while simultaneously
posing challenges for robust and reliable functioning.

Existing FPE control strategies primarily address
two operational phases: starting and steady-state opera—
tion. Regarding the starting phase, various control
approaches for the linear actuator have been inves—
tigated to generate the required driving force. Jia et al.
[19,20] implemented a resonance-based starting strategy
on a spark-ignition gasoline FPE prototype in which a
linear generator operating as a linear motor provided an
in-phase actuation force synchronized with piston
motion. A closed-loop control system was employed to
regulate this force precisely. Experimental results de—
monstrated that this approach increased the peak in-
cylinder pressure and compression ratio, allowing stable
operation to be achieved within only a few cycles.
Ignition occurred as early as the fourth cycle with a
fixed actuation force of 125 N. The study also showed
that larger starting forces produced higher piston
velocities and cylinder pressures, thereby facilitating
combustion initiation.

Feng et al. [21] focused on identifying the optimal
compression ratio for a free-piston engine generator
(FPEG) to ensure successful cold-start ignition. A nu—
merical model developed in MATLAB/Simulink was
validated using experimental data from a stably opera—
ting prototype, and the deviation between simulated and
measured in-cylinder pressures was maintained below
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5%. Simulation results indicated that the compression
ratio was the dominant factor governing cold-start
ignition performance, whereas operating frequency
exerted a comparatively minor influence. Based on
these findings, the study recommended optimal cold-
start parameters that included an excess air ratio of 0.8—
0.9, a compression ratio of 4-7, and an operating
frequency of 10—16 Hz. Building on this work, Yuan et
al. [22,23] conducted resonance-based starting phase
experiments on a free-piston engine actuator (FPEA)
prototype using an initial starting force of 570 N.
During the starting process, piston motion exhibited
self-excited oscillations with gradually increasing amp—
litude and frequency until a stable state was achieved
after several cycles. The results confirmed that the
resonance starting method allows the piston to reach a
large stroke while maintaining stable peak in-cylinder
pressure, compression ratio, and motion characteristics.
For a diesel-fueled FPEA designed to achieve an auto-
ignition pressure of 4.0 MPa, a linear alternator thrust of
600 N was sufficient to reach the target pressure within
three cycles. However, when the starting force was
reduced to 520 N or less, the required pressure could not
be achieved. Additional simulations indicated that a
starting force of 640 N rapidly stabilized the comp—
ression ratio at 22.7 while increasing the peak gas
pressure to 7.2 MPa.

In the steady-state operational phase, research has
predominantly focused on ensuring stability and conti—
nuous reciprocation. Zhang et al. [24] investigated a
two-cylinder FPEG system and reported that the coef—
ficient of variation (COV) of peak in-cylinder pressure
was 22.78% without motor assistance. When thrust was
applied, this value decreased to 10.12%, demonstrating
the stabilizing effect of the linear motor. Under single-
cylinder operation, the reported COV values were
0.84% for the TDC position, 3.33% for the compression
ratio, 2.27% for the peak in-cylinder pressure, and
0.84% for the location of peak pressure. These values
were substantially lower than the peak pressure COV of
10.11% observed during dual-cylinder operation,
indicating that single-cylinder behavior provides signifi—
cantly higher stability. Similarly, Liu et al. [25] exami—
ned the influence of operating parameters on the coef-
ficient of variation of indicated mean effective pressure
(COVIMEP). Simulation results showed that advancing
the spark timing from —15° to —30° before top dead
center reduced COVIMEP from 15.55% to 1.02%,
indicating that ignition timing is a critical factor influ—
encing combustion stability. Furthermore, COVIMEP
remained below 10% when the fuel equivalence ratio
ranged from 1.0 to 1.45. Consistent with the findings of
Zhang et al. [21], COVIMEP in dual-cylinder
functioning was 10.11%, which was substantially higher
than the value of 0.83% observed in single-cylinder
behavior. These results further confirm the superior sta—
bility associated with single-cylinder configurations.

Despite these advances, most existing studies rely on
electromechanical actuation systems during the starting
phase. Comparatively little attention has been given to
purely mechanical starting mechanisms, although such
systems could reduce structural complexity and cost
while improving robustness in specific applications. In
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addition, experimental validation of FPE systems
capable of maintaining stable free-running operation
without active actuator assistance remains limited.

However, most previous experimental studies still
rely on linear electric motors or linear generators to
provide starting assistance and piston motion stabi—
lization, resulting in increased system complexity and
dependence on active control strategies. Experimental
investigations of mechanically started FPE systems
operating without actuator assistance remain very limi—
ted, particularly under free-running conditions.

To address these gaps, the present study investigates
the starting and free-running performance of a two-
stroke, two-cylinder, spark-ignition FPE prototype that
replaces the linear actuator with a purely mechanical
starting mechanism. The objective is to simplify the
system architecture while maintaining the capability for
stable and sustained functioning. Two experimental
phases were conducted.

e Starting phase:A starting strategy specifically
designed for the mechanical starter was developed to
provide sufficient initial piston thrust for ignition
without electronic actuation. Its feasibility was
evaluated through repeated starting experiments.

* Free-running phase:After ignition was achieved, the
engine operated without external thrust assistance.
Key parameters influencing stability, including ope—
rating frequency, combustion pressure, and ignition
timing, were systematically examined to evaluate
their effects on piston motion regularity and com-—
bustion performance.

High-precision sensors and data acquisition systems
were employed throughout the experiments to ensure
accurate measurements of piston kinematics, in-cylinder
pressure, and timing parameters. The primary objective of
this study is to experimentally investigate the feasibility
and operational stability of a mechanically started free-
piston engine (FPE) operating without a linear electric
motor or active actuator assistance. By eliminating the
linear motor during the starting phase, the proposed
architecture reduces system complexity, manufacturing
cost, and control dependency. Experimental analyses of
combustion variability through COV evaluation, piston
dynamics, and ignition-timing effects under no-load
operation provide fundamental insights and useful
references for the future design, control, and development
of efficient mechanically started FPE systems.

2. FPE MODEL SPECIFICATION

2.1 FPE Configuration

Figure 1 provides a schematic of the dual-cylinder FPE
prototype developed for this investigation, and its pri—
mary technical parameters are detailed in Table 1. Unlike
most experimental FPE systems, this prototype does not
incorporate a linear electric motor. Instead, a purely
mechanical starting mechanism was developed to provide
the initial thrust required to initiate piston motion.

The configuration comprises two symmetrical com—
bustion chambers, each functioning as an independent
internal combustion unit, and a stroke-limiting mecha—
nism to prevent piston—cylinder head collision. Fuel is

FME Transactions



delivered through a port fuel injection system, with the
air-fuel mixture prepared in an auxiliary chamber that
operates analogously to the crankcase of a traditional
two-stroke engine. Sustained oscillatory motion is
achieved through alternating combustion events in the
two chambers, coordinated by a pre-programmed fuel
injection and ignition control system. Due to the
absence of a linear generator, the only moving compo—
nents are the piston and the connecting shaft. Conse—
quently, the prototype does not produce electrical power
and operates under no-load conditions. This design
allows the experimental setup to focus exclusively on
investigating the fundamental dynamic and combustion
characteristics of the FPE without the influence of
electrical loading effects.The proposed FPE architecture
is primarily intended for future FPEG applications,
where the reciprocating motion of the piston can be
directly coupled with a linear generator for compact
electricity generation systems, such as portable power
units and hybrid vehicle range extenders.
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Figure 1.Schematic diagram of the FPE prototype

1 - Spark plug; 2 - Left cylinder; 3 - Piston; 4 - Fuel injector;
5 - Scavenging chamber; 6 - Mechanical starter; 7 - Air
intake port; 8 - One-way valve; 9 - Scavenging port; 10 -
Right cylinder; 11 - Exhaust port; 12 - Main connecting
shaft; 13 - Piston displacement limiting mechanism.

Table 1. Specifications of the dual-cylinder FPE prototype

Parameter Value
Number of cylinders 2

Engine type Two-stroke
Bore 34 mm
Motoring stroke 22mm
Maximum stroke (limited) 30 mm
Reciprocating mass 0.5kg
Compression ratio 9:1

Fuel Gasoline

2.2 Mechanical starting system and control

The detailed structure of the mechanical starting mec—
hanism is illustrated in Figure 2. Similar to FPE systems
employing a linear electric machine during starting
phase, this mechanism is designed to generate sufficient
compression pressure within the combustion chamber to
enable reliable ignition and combustion. The starter
produces a controlled linear oscillation with a fixed
amplitude of 22 mm, corresponding to a compression
ratio of 3.0:1, thereby maintaining consistent comp—
ression pressure throughout the initial starting cycles.
This ensures repeatable ignition conditions without the
need for active electronic control. The piston displa—
cement profile during the starting process is presented in
Figure 3, illustrating the oscillatory motion and the
system’s ability to consistently re-establish the con—
ditions required for ignition across successive cycles.
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Figure 2. Mechanical starting mechanism

1 - Main shaft; 2 - Rack; 3 - Starting mechanism shaft, 4 -
Driven gear; 5 - Fasteners; 6 - Magnetic clutch;7 -
Handwheel; 8 - Eccentric wheel; 9 - Driven gear shaft; 10-
Driven gear engaged with the starter gear of starter motor

The mechanical starting mechanism generates a
driving force of approximately 400 N, supplied by an
electric motor coupled to the starter gear. During start—
ing phase, the positioning gear engages with the mag—
netic clutch via a connecting pin, enabling motion tran—
smission. The torque produced by the electric motor is
delivered through a chain system to the starting sprocket
mounted on the starting shaft, where it is converted into
eccentric rotational motion by an eccentric wheel. This
motion is subsequently transferred to the crank and the
starting mechanism shaft. Upon completion of the
starting process, the magnetic clutch disengages from
the driven gear, allowing the main shaft to operate
freely. Overall, the mechanism is engineered to
transform the rotational motion of the electric motor
into the linear reciprocating motion of the main shaft.

Intake port i .. .
| Starting Stroke and Ignition Signal (22mm)

,,,,,,, i
Top Dead Center (3 1mm)

Exhaust
:portf Exhaust port closed (8mm)

| Bottom Dead Center (Omm)

Figure 3. Schematic of the piston coordinate system

The FPE's control system diagram is presented in
Figure 4. The control system performs three main func—
tions: (1) engaging or disengaging the magnetic clutch to
regulate the timing and duration of the piston's linear
oscillation; (2) controlling the fuel injection process; and
(3) controlling the ignition process. Two proximity sen—
sors, one on the left (G1) and one on the right (G2), are
mounted at each end of the cylinder to detect the direction
of piston displacement relative to the left and right
cylinders. In addition to position detection, these sensors
provide input signals for the respective fuel injection and
ignition control systems, enabling precise synchronization
between piston motion and the combustion process.

The ignition process is initiated when either sensor G1
or G2 detects a signal, triggering a dwell time of 3.5 ms,
after which the spark is generated, as illustrated in Figure 5.
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Figure 4. Schematic of the control system

Consequently, the ignition timing is not fixed but
varies according to the piston's displacement speed,
which can change in each operating cycle. For the fuel
injection process, due to the two-stroke operating
principle of the FPE, the compression stroke in one
cylinder occurs simultaneously with the intake stroke in
the opposite cylinder.

Fuel is injected during the intake stroke. Signals
from sensors G1 and G2 are employed to accurately
identify the intake and compression phases of each
cylinder, thereby determining the precise fuel injection
timing in synchronization with the piston's motion. To
precisely control the piston's displacement position, an
encoder (EN) is integrated into the driven gear of the
drive mechanism, providing continuous feedback to the
control system.
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Figure 5. Ignition signals for the left and right cylinders
2.3 Piston Force and Stroke Limits

The total force acting on the system in a free-oscillation
state can be expressed using Newton's Second Law.
Starting process:

d’x
Fst_Fsl_Fsr_Frf:m? (D
Operation process:

d*x
Fcyl_Fcyr_Ff:m? (2)

where F,, and F,,, are the gas forces generated by heat
release in the left and right cylinders, respectively; P,
and P,,are the combustion pressures in the left and right
cylinders; and 4 is the piston crown area. Fydenotes the
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friction force, m is the mass of the moving system
(piston and connecting shaft), and d’x/df’ is the linear
acceleration of the piston. Fy, F, represent the comp—
ression forces on the left and right sides, respectively.
Fy is the force from the starting mechanism during the
starting phase.

Fcyl = PcleA (3)
Fcyr = PcerA (4)

For the piston to execute a power stroke, the thrust
generated by combustion in one cylinder must exceed
the total resisting forces acting on the system.

2

Foy >md—2x+Ff +F, %)
dt
d*x

Fcyr >m?+Ff +EY[ (6)

Unlike a conventional crankshaft-based piston engi—
ne, where piston motion is constrained by the crankshaft
mechanism, the piston in a FPE moves entirely without
mechanical linkage constraints and is simultaneously
influenced by all acting forces. Among these forces, the
inertial force, which is proportional to the mass of the
piston assembly and its acceleration, plays a crucial role
but is inherently difficult to control.

A sharp increase in acceleration prior to combustion
can cause the inertial force to become excessive, posing
a risk of piston-to-cylinder head collision. Therefore,
the design of the stroke-limiting mechanism is essential
to dissipate or counteract excess inertial force, thereby
preventing mechanical impact and ensuring operational
stability. Owing to the complex dynamic behavior of the
FPE, precise control over the piston's position and
trajectory is a key requirement for maintaining stable
and safe operation of the system.

2.4 Statistical Analysis of Cycle-to-Cycle Variability

The Coefficient of Variation (COV) is commonly used
as an indicator to quantify the fluctuation level of key
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operating parameters of internal combustion engines,
such as Top Dead Center (TDC) position, compression
ratio, peak in-cylinder pressure, and the position at
which peak pressure occurs. Moreover, COV serves as a
critical metric reflecting the engine's continuous
operational capability and stability. A lower COV value
corresponds to reduced cycle-to-cycle variation, thereby
indicating higher operational stability of the system.

cov=2 7)
P

where ¢ is the standard deviation and p is the mean va—
lue of the measured parameter.
Specifically, the COV of the peak in-cylinder
pressure (COVpy,y) is calculated as:
op
COVip =225 ®)

Pmax

where opac denotes the standard deviation of the peak
in-cylinder pressure, and p,,,, represents its mean value

of the peak pressure.
The standard deviation (op,,,,) is determined by:

0 5
op = Zi]il(pmjz Pmax) ©

where p(i) is the peak pressure of the i-th cycle, piax

max
is the mean peak pressure over all cycles, and N is the
total number of cycles. An analogous approach is used
to calculate the COV of the TDC position.

3. EXPERIMENTAL SETUP AND TEST CONDITIO-NS
3.1 Experimental Prototype

The experimental layout of the FPE and its associated
instrumentation are depicted in Figure 6. A data
acquisition system, built on the LabVIEW platform,
utilized an NI-USB 2 interface and a PicoScope 4425
high-speed data logger to guarantee high-accuracy,
rapid data sampling. An AVL-ZF43 pressure transducer,

coupled with a Kistler 5010 signal amplifier, was used
to measure in-cylinder combustion pressure. Further—
more, an optical encoder with a 0.4 mm per pulse
resolution was mounted on the engine to obtain precise
measurements of the piston's position and velocity.

3.2 Test Conditions and Procedure

The experiment was conducted in two sequential stages:
the starting phase and the free-running phase. In the
starting phase, the mechanical starter induced a linear
oscillatory motion in the piston at a 10 Hz frequency and
a fixed 22 mm amplitude. The purpose of this phase was
to generate sufficiently high in-cylinder compression
pressure to initiate combustion. Once the required
compression pressure was reached, fuel was injected into
the intake port. Similar to the performance of a
conventional two-stroke engine, the air-fuel mixture was
drawn into an auxiliary chamber during the intake stroke
and retained by a one-way valve. The incorporation of
this auxiliary chamber enabled naturally aspirated
operation without the need for external air-compressor
assistance. Upon achieving the target compression
pressure, the starting mechanism disengaged from the
connecting shaft, and the ignition process was imme—
diately triggered, thereby concluding the starting phase.

In the free-running phase, the air-fuel mixture stored
in the auxiliary chamber was transferred into the com—
bustion chamber, where compression and combustion
occurred. The ignition timing was fixed in the same
manner as during the starting stage, with sequential
ignition in the two cylinders when the piston reaches the
predetermined ignition position. A key operational
consideration in this phase was the effect of the piston
impact against the stroke limiter.

Such collisions generated a rebound force that
altered the in-cylinder peak pressure, resulting in dif-
ferences between the peak pressures before and after
impact. Throughout both phases, key operational para—
meters including in-cylinder pressure, piston velocity,
and piston displacement were continuously recorded
and analyzed to evaluate the performance characteristics
of the FPE.

" )

In-Cylinder Pressure

Controller

Figure 6. Experimental setup of the FPE test bench

—_———

Data Collection

1 - Ignition system; 2 - Left cylinder; 3 - Encoder; 4 - Mechanical starting mechanism; 5 - Proximity sensor; 6 - Fuel injector; 7 -

Right Cylinder; 8 - Piezoelectric pressure sensor
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4. RESULTS AND DISCUSSION

4.1 Mechanical Starting Process

At the onset of the starting process, an activation signal
was transmitted to the controller to drive the electric
motor, which was mechanically coupled to the main
shaft connecting the two pistons. The piston oscillated
with a constant amplitude and at a fixed frequency of 10
Hz. The in-cylinder compression pressure was initially
maintained at approximately 4 bar. Once this pressure
threshold was reached, the system initiated the ignition
sequence to commence combustion within the chamber,
as shown in Figure 7.
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Figure 7. In-cylinder pressure profile during the starting
phase

Figure 8 illustrates the transition in the engine's
operating state. During the starting phase, lasting
approximately the first 1.4 s, the piston was driven by
the mechanical starting mechanism, undergoing forced
oscillations with a stable amplitude of 22 mm and a
consistent motion trajectory. Following the disenga—
gement of the starting mechanism, the engine entered
the free-running mode after a transition period of about
0.5 s. In this mode, the piston exhibited unstable
oscillations with amplitudes increasing to as much as 30
mm, indicating the establishment of a self-sustaining
combustion cycle and the characteristic unconstrained
motion of the engine.
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Figure 8. Piston displacement dynamics during the
transition from the starting phase to free-running operation

The maximum piston velocity increased from
approximately 0.7 m/s during the starting phase to 5 m/s
upon transition to the free-running mode, as illustrated
in Figure 9. This substantial increase resulted from the
combustion force acting directly on the piston, replacing
the mechanical driving mechanism and enabling the
engine to achieve its characteristic operating frequency
and velocity. This transition phase underscores the
distinction between the forced motion during
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startingphase and the more complex dynamics that
emerge when the engine operates autonomously under
the influence of thermodynamic processes.

Starting process

Operating process

Piston Velocity (m/s)

A U R T T
T
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Piston Displacement (mm)

Figure 9. Piston velocity during the transition from starting
phase to steady-state operation
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Figure 10. Pressure fluctuation characteristics during the
transition from starting phase to steady-stateoperation

The variation in the timing of peak in-cylinder
pressure between the initial starting phase and the stable
operation of the FPE is shown in Figure 10. The
pressure profile during the first ignition differs mar—
kedly from that observed during stable operation, ref-
lecting the distinct operating characteristics of these two
phases.

During the first ignition, as the mechanical starter
disengages from the main shaft, the piston continues its
motion due to inertia, resulting in a gradual increase in
compression pressure and force. When the compression
force balances the inertial force, the piston momentarily
halts, and the pressure generated by the post-ignition
combustion causes the piston to reverse its direction.
The gas force produced by the first combustion event
only needs to overcome the inertia from the starting
mechanism and frictional resistance to enable this re—
versal. During this process, the peak pressure reaches
approximately 8 bar and occurs with a notable delay
relative to the ignition timing. In contrast, during stable
operation, the TDC position is unconstrained and main—
tained by the dynamic equilibrium of acting forces, inc—
luding combustion-induced gas forces, inertial forces,
and friction. In this phase, the in-cylinder pressure
varies continuously and complexly with piston position
and ignition timing throughout the heat release process.

4.2 Operation Process

As seen in Figure 11, the in-cylinder pressure across 50
consecutive cycles of the FPE shows substantial
fluctuation. The peak pressure varied between a maxi—
mum of 15 bar and a minimum of 6 bar, indicating a
large amplitude of variation. This instability can largely
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be attributed to the absence of external loading in the
FPE system. In the absence of electromagnetic drag
from a linear generator, even a low combustion pressure
of 6 bar is enough to reverse the piston's direction. The
TDC position occurs at approximately 30 mm, which
corresponds to a maximum compression ratio of 9:1.
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Figure 11. Continuous recording of 50 consecutive cycles
during steady-state operation
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Figure 12. In-cylinder pressure over 10 consecutive cycles
during steady-state operation

When the piston reaches its highest position, the
stroke-limiting mechanism prevents direct collision with
the cylinder head while simultaneously generating a
reaction force that reverses the piston motion. At this
point, the peak in-cylinder pressure is formed due to the
maximum compression in the combustion chamber.
Experimental results over 10 consecutive cycles show
that the peak pressure may occur either before or after
the ignition event. Due to a 3.5 ms dwell time, if the
piston velocity is high, a delay in spark occurrence may
cause ignition to take place after the peak pressure has
already been reached, as illustrated in Figure 12.

4.3 Combustion Timing Effects

Figure 13(a) depicts the combustion process occurring
before TDC, during which spark ignition initiates
combustion, leading to the formation of peak in-cylinder
pressure and causing the piston to reverse its direction
of motion. Figure 13(b) presents the corresponding
pressure-volume (p-V) diagram, in which the cycle is
divided into three distinct regions: the gas-exchange
region, the positive work region (where combustion
pressure is higher than compression pressure), and the
negative work region (where the compression pressure
exceeds the combustion pressure). The negative work
region arises from high compression forces, resulting in
elevated in-cylinder pressures at the end of the
compression stroke. While such high pressure can
hinder piston motion, they simultaneously prevent direct
contact between the piston and the cylinder head,
thereby contributing to improved combustion efficiency.
The piston reverses its motion when peak pressure is
reached, specifically at the point where the gas force
surpasses the inertial force.

FME Transactions

Figure 14 illustrates the case in which combustion
process occurs after TDC. In this scenario, the maxi—
mum compression pressure is attained precisely when
the piston reaches TDC. At this instant, the stroke-limi—
ting mechanism generates a reaction force that reverses
the piston’s motion. After the piston begins its down—
ward stroke, spark ignition is initiated, and combustion
commences. Because this combustion takes place at an
increased cylinder volume, after the piston has moved
away from TDC, the resulting peak combustion pressure
is generally lower than that achieved when combustion
occurs at or before TDC. The gas force generated during
this process continues to drive the piston downward
throughout the expansion stroke.The experimental re—
sults indicate that ignition timing control is one of the
most critical factors affecting combustion stability in
mechanically started FPE systems.
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Figure 13. (a) Ignition occurring prior to the peak in-
cylinder pressure; (b) In-cylinder pressure as a function of
piston displacement
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4.4 Cycle-to-Cycle Variability

As demonstrated in Figure 15, the in-cylinder com—
bustion pressure of the FPE exhibits significant varia—
bility over 50 consecutive cycles. The peak pressure
fluctuates between 15 bar and 6 bar, reflecting the sys—
tem's operational instability.
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Figure 15. Fluctuations in peak in-cylinder pressure and
TDC position during steady-state operation
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Figure 16. Piston displacement dynamics during 5 s of
continuous steady-state operation

However, even at the lowest recorded peak pressure,
the generated gas force was adequate to propel the pis—
ton back to the ignition position of the opposing cy—
linder. Using the collected data, the COV for key para—
meters was calculated. The results show that fluctua—
tions in the TDC position are relatively minor, largely
because the piston frequently interacts with the stroke
limiter. The COV of the peak in-cylinder pressure was
found to be 24.2%, whereas the COV of the piston
position was significantly lower at only about 9.6%.

Figure 16 presents the engine operating for appro—
ximately 5 seconds. The maximum piston stroke reaches
30 mm, constrained by the stroke-limiting mechanism,
while the primary displacement range fluctuates
between 25 mm to 29 mm. Controlling the maximum
stroke of the piston is a complex task that requires the
simultaneous optimization of multiple parameters,
including fuel quantity, injector position, and ignition
timing, as well as, in some cases, tolerating minor
impacts to maintain stable and durable engine operation.

5. CONCLUSION

This study experimentally investigated the dynamic
characteristics and operational stability of a two-stroke,
two-cylinder spark-ignition free-piston engine (FPE)
initiated by a purely mechanical starting mechanism.
The results demonstrate that stable engine operation can
be achieved without the use of a linear electric motor.
The mechanical starting system successfully drove the
piston to oscillate at approximately 10 Hz with an
amplitude of 22 mm, enabling successful ignition on the
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first attempt and generating a peak in-cylinder pressure
of about 8 bar.

Under no-load, free-running conditions, piston
motion was governed by the dynamic interaction among
combustion, inertial, and load forces, resulting in
significant cycle-to-cycle variations. During operation,
the peak in-cylinder pressure varied between 6 and 15
bar, while the maximum piston velocity increased from
0.7 m/s to 5.0 m/s. The experimental observations
further revealed that the combined effects of the stroke-
limiting rebound mechanism and the velocity-dependent
ignition timing, caused by the 3.5 ms system dwell time,
constitute the primary sources of operational instability.
These factors lead to deviations in the formation of peak
pressure relative to the intended ignition timing in
certain cycles.

Quantitative analysis of combustion variability
showed that the coefficient of variation (COV) of peak
in-cylinder pressure reached 24.8%, which is
significantly higher than the COV values of the peak
pressure location and TDC position (both approximately
9.6%). This result suggests that although the piston
stroke is partially constrained by the mechanical
mechanism, the combustion process remains highly
susceptible to cycle-to-cycle fluctuations. The present
work should be regarded as a foundational experimental
investigation of mechanically started FPE operation.
The proposed architecture provides a simplified
alternative to complex linear actuator-assisted systems.
The experimental results demonstrate that reducing
mechanical losses alone is insufficient to ensure
improved engine efficiency unless stable combustion
phasing and controlled piston dynamics are
simultaneously maintained.Significant cycle-to-cycle
combustion variations were observed under no-load
operation, while instability mechanisms such as piston
rebound effects and velocity-dependent ignition timing
deviations were identified as key factors affecting
operational stability. These findings provide important
insights for future studies focused on adaptive ignition
control, combustion stabilization, and stable loaded
operation before the practical efficiency advantages of
mechanically started FPE systems can be fully realized.

ACKNOWLEDGMENT

The authors gratefully acknowledge the support pro—
vided by Ho Chi Minh City University of Technology
and Engineering (HCM-UTE) for facilitating this re—
search and providing the experimental facilities used in
this study.

REFERENCES

[1] Hung, N. B. and Lim, O.: A review of free-piston
linear engines, Appl. Energy, Vol. 178, pp. 78-97,
2016.

[2] Guo, C., Zuo, Z., Feng, H. and Jia, B.: Advances in
free-piston internal combustion engines: a
comprehensive review, Appl. Therm. Eng., Vol.
189, Art. no. 116134, 2021.

[3] Thi, N.H., Trang, N.V., Cong, H.T., Loc, H.V.,
Huy, D.H. and Huy, N.D.: A Preliminary Study of a

FME Transactions



Two Stroke Free-Piston Engine for Electricity
Generation, in:Proceedings of the 5th International
Conference on Green Technology and Sustainable
Development (GTSD), Ho Chi Minh City, 2020.

[4] Nguyen, V.T., Nguyen, H.T., Huynh, T.C. and Dao,
H.D.: A Preliminary Study of Spark-Ignition
System for Free-Piston Linear Engine, Journal of
Technical Education Science, Vol. 18, No. 1, pp.
61-68, 2023.

[5] Thi, N.H., Trang, N.V., Cong, H.T. and Huy, D.H.:
Preliminary Design of a Single-Phase Linear
Generator for Free-Piston Engine Application, in:
From Smart City to Smart Factory for Sustainable
Future: Conceptual Framework, Scenarios, and
Multidiscipline Perspectives, SCFF 2024, Lecture
Notes in Networks and Systems, Vol. 1062,
Springer, Cham, 2024.

[6] Raheem, A.T., Aziz, AR.A., Zulkifli, S.A. et al.: A
review of free piston engine control literature-
taxonomy and techniques, Alex. Eng. J., Vol. 61,
No. 10, pp. 7877-7916, 2022.

[7] Li, J., Zuo, Z., Jia, B. et al.: Comparative analysis
on friction characteristics between free-piston
engine generator and traditional crankshaft engine,
Energy Convers. Manag., Vol. 245, Art. no.
114630, 2021.

[8] Mikalsen, R. and Roskilly, A.P.: A review of free-
piston engine history and applications, Appl.
Therm. Eng., Vol. 27, No. 14-15, pp. 2339-2352,
2007.

[9] Wang, Y., Chen, L., Jia, B. and Roskilly, A.P.:
Experimental study of the operation characteristics
of an air-driven free-piston linear expander, Appl.
Energy, Vol. 195, pp. 93-99, 2017.

[10]Moriya, K., Goto, S., Akita, T., Kosaka, H., Hotta,
Y. and Nakakita, K.: Development of free piston
engine linear generator system Part 3—Novel
control method of linear generator for to improve
efficiency and stability, SAE Tech. Paper 2016-01-
0676, 2016.

[11]Wang, X., Chen, F., Zhu, R., Yang, G. and Zhang,
C.: A review of the design and control of free-
piston linear generator, Energies, Vol. 11, No. §,
Art. no. 2179, 2018.

[12]Raheem, A.T., Aziz, A.R.A., Zulkifli, S.A., Rahem,
A.T., Ayandotun, W.B. and Mohammed, H.A.: A
review of free piston engine control literature-
taxonomy and techniques, Alex. Eng. J., Vol. 61,
No. 10, pp. 7877-7916, 2022.

[13]1Bade, M., Clark, N., Famouri, P. et al.: Feasibility
of multiple piston motion control approaches in a
free piston engine generator, SAE Int. J. Adv. Curr.
Pract. Mobil., Vol. 2, No. 2, pp. 914-928, 2020.

[14] Alrbai, M. et al.: Numerical investigation of
combustion characteristics of a single-cylinder
linear engine fueled by natural gas under the
influence of exhaust gas recirculation, Int. J.
Ambient Energy, Vol. 43, No. 1, pp. 6899-6908,
2022.

FME Transactions

[15]J Dori¢ et. al.: Constant volume combustion cycle
for IC engines, FME Transactions, Vol. 39, No. 3,
pp. 97-104,2011.

[I6]R Takéacs et. al. :Quantitative Analysis of Water
Condensation in LP-EGR Systems for Internal
Combustion Engines, FME Transactions, Vol. 54,
No. 1, pp. 1-12, 2026.

[17]Yang, Z. et al.: Effect of ignition timing on the
combustion process of a port injection free piston
linear generator: a system level multi-physics
coupling method, Fuel, Vol. 333, Art. no. 126520,
2023.

[18]Bansal, A. et al.: Numerical Investigation on Effect
of Spark Plug Configuration on Performance in an
Engine Cylinder, FME Transactions, Vol. 51, No.
4, pp. 585-594, 2023.

[19]Jia, B., Zuo, Z., Feng, H., Tian, G. and Roskilly,
A.P.: Development approach of a spark-ignited
free-piston engine generator, SAE Tech. Paper
2014-01-2894, 2014.

[20]Jia, B., Tian, G., Feng, H., Zuo, Z. and Roskilly,
A.P.: An experimental investigation into the
starting process of a free-piston engine generator,
Appl. Energy, Vol. 157, pp. 798-804, 2015.

[21]Feng, H., Zhang, Z., Jia, B. et al.: Investigation of
the optimum operating condition of a dual piston
type free piston engine generator during engine
cold start-up process, Appl. Therm. Eng., Vol. 182,
Art. no. 116124, 2021.

[22] Yuan, C., Xu, J. and He, Y.: Parametric study on
the starting of a free-piston engine alternator, Int. J.
Engine Res., Vol. 19, No. 7, pp. 777-788, 2018.

[23]Yuan, C., Ren, H. and Xu, J.: Experiment on the
ignition performances of a free-piston diesel engine
alternator, Appl. Therm. Eng., Vol. 134, pp. 537-
545,2018.

[24]Zhang, Z. et al.: Demonstration of a single/dual cy—
linder free-piston engine generator prototype: Mile—
stone achieved on system stability, Energy, Vol.
278, Art. no. 127948, 2023.

[25]Liu, Y. et al.: Numerical investigation on the indi—
cated mean effective pressure and integral heat
release rate variations under different key operating
parameters of a spark-ignited free piston engine
generator, Int. J. Energy Res., Vol. 2024, Art. no.
1341603, 2024.

NOMENCLATURE
Roman Symbols
A Piston crown area, m?
cov Coefficient of variation
COVppas Coefficient of wvariation of peak
pressure
COVyyep Coefficient of variation of indicated
mean effective pressure
F Force, N
Fo Gas force in the left cylinder, N
F., Gas force in the right cylinder
F; Friction force acting on the moving
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components, N

FPE Free-piston engine
FPEG Free-piston engine generator
Fy Compression force on the left side, N
F,, Compression force on the right side, N
F Force generated by the starting
mechanism, N
IMEP Indicated mean effective pressure, Pa
m Mass of the moving system, kg
N Number of cycles
P In-cylinder pressure, Pa
Dma Peak in-cylinder pressure, Pa
(i) Peak pressure of the i cycle, Pa
pmax
D Mean value of a parameter
DPrmax Mean peak in-cylinder pressure, Pa
TDC Top dead center
v Piston velocity, m s
X Piston displacement, m
Vv Cylinder volume, m’
Greek Symbols
o Standard deviation
Opmax ~ Standard deviation of peak pressure, Pa
e/ Equivalence ratio
0 Ignition timing (crank-angle equivalent), ©
w Angular frequency, rad s™!
Subscripts

eyl Left cylinder
cyr Right cylinder

f Friction

i Cycle index

max Maximum value

sl Left-side compression
sr Right-side compression
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st Starting mechanism

EKCIHEPUMEHTAJIHO UCITUTUBAILE
JNHAMUNYKHUX KAPAKTEPUCTHUKA U
CTABUWIHOCTU MEXAHUYKHU NIOKPETAHOI'
MOTOPA CA CJIOBOJHUM KJIUIIOM

A. X. Xyu, X. T. Honr, H. X. Txu, B.-T. Hrynen

OBa crynuja mpencraB/ba €KCIEPUMEHTAIHO HCIUTH—
Bake JUHAMHYKHX KapaKTePUCTHKAa W OIepaTHBHE
CTaOMJIIHOCTH JABOTAKTHOT, IBOLIMIMH—JIPUYHOT MOTOpPA
ca cmobomamm kiumoM (MCII) koju KOpUCTH HCK—
JbyYMBO MEXAaHWYKH MEXaHH3aM IIOKpeTama, EINMHU—
Humyhn motpedy 3a KOHBEHIHMOHATHO KOpPHUIIheHUM
JIMHEApHUM eJISKTPOMOTOPOM. MOTOp je YCIEeIHO OK—
PEHYT HpHU MPBOM MOKYIIAjy Majbekha MyTeM MOCTYIKa
NPUHYJHE OCLUIIaLyje, Ipon3Boaehn BPIIHU NMPUTHCAK
y IWIMHIPY ox mnpubmmkHO 8§ Oapa TOkoM (ase
HOKpeTama. Y YCJIOBUMa CIOOOJHOr paja, 0e3 onTe—
pehema, npuMehene cy m3paxeHe Bapujalyje oJ IIHUK—
JIyca J10 LMKIJIyca, ca BPIIHAM NPUTUCIUMA Y LHIHHAPY
y pacnoHy ox 6 mo 15 Gapa u HecTalMOHapHUM
monoxkajem ropme MprBe Tauke (I'MT). OmeparuBHa
HECTaOMIIHOCT je TIPBEHCTBEHO MPUITMCAHA JBaMa
MMOBE3aHNM MEXaHM3MHMa: yaapuMma Kimma ca ypehajem
3a OrpaHMYaBakE XOAa U OACTYIAmHUMa BPEMEHA Ia—
JbeHa MOBE3aHMM ca Op3uMHOM Kiumna. KBaHTHTaTHBHA
aHanu3a je orkpuia koeduuujeHt Bapujanuje (KOB)
BpIIHOT mpuTUcKa o 24,8%, IITO 3HATHO MpeMallyje
KOe(DUIMjEHT Bapujalyje MecTa BPIIHOT MPUTHCKA U
nonoxaja I'MT (oba mpubmmxao 9,6%). Osu
pe3yiITaTH IpyXkajy jeaH oJ] MPBUX €KCIEPUMEHTATHIX
CKyIIOBa IojaTaka KOju ONMNCYjy BapHujaOMIHOCT
caropeBama y MexaHnuku nokperanuM OIIE u uctuuay
KpUTHYHE MapaMeTpe MOTpeOHe 3a CTa0wIaH pa.
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