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Abstract: The free piston linear expander (FPLE) is an energy conversion device that converts
mechanical energy into electric energy by using a linear electric machine (LEM) without emission.
This research addresses the numerical modeling of a dual-piston air-driven FPLE constructed on the
basis of the free piston engine linear generator (FPELG) concept. The model was built in
MATLAB/Simulink. The simulation results were in good agreement with the experimental data.
Where the in-cylinder pressure and displacement profiles attained errors of less than 10% (within the
acceptable range). Then, the predicted results of the simulation model, namely, the displacement
profile, in-cylinder pressure, piston velocity, and engine power results were analyzed. Findings
indicate that intake pressure was the most important parameter for enhancing engine performance.
The in-cylinder pressure increased by approximately 16% and 21.7% when the intake pressure was
increased from 5 to 6 bar and from 6 to 7 bar, respectively. The piston velocity increased by
approximately 12.3% when the intake pressure increased by 1 bar. Finally, engine power increased
by approximately 26.5% and 30.6% when the intake pressure increased from 5 to 6 bar and from 6

to 7 bar, respectively.

Keywords: free piston linear expander; numerical model; engine performance

1. Introduction

Wide attention has been devoted by researchers to the
development of alternatives to conventional internal
combustion engines (ICEs). In addition, researchers have
focused on the production of new-generation engines with
low emission, high performance, and enhanced stability.
In order to decrease the exhaust gasses emission some
researchers focused on renewable energy such as wind and
sunlight. The Savonius wind turbine was considered one
of the most important clean energy with low cost. Al-
Ghriybah et al.? studied the influence of the inner blade
position on the performance of the Savonius rotor.
Moreover, to improve the power output, the influence of
spacing between inner blades on performance was
investigated!. While some other researchers used electric
engines as an alternative of the conventional engine to

decrease the mission. For example, the motorcycle using
an electric engine was designed and studied®. The free-
piston engine linear generator (FPELG) is considered to
be one of the alternative converter technologies suitable
for many applications e.g., hybrid vehicles, power plants,
and hydraulic tools*>9.

The first concept of FPE was reported by Pescara in the
1920s”®. The components of FPELG can be described
according to two main parts: the linear electric machine
(LEM) and the free-piston engine (FPE)*!%!D, FPELG has
some specifications such as low emission, and high
thermal efficiency, also the FPELG uses fewer
components to ensure lesser friction compared with
conventional engines*>%!?. The pistons move freely
between the dead centers because the FPELG does not
have a crankshaft®!"!2, Thus, the FPELG entails both
advantages and disadvantages.
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For the advantages, the FPELG produces lesser friction
compared with conventional engines, as only the friction
between the cylinder’s walls and piston ring (piston
assembly) acts as the main friction, and the other forces
emanating from the piston skirt, accessories, and bearing
are negligible>*!%13 In addition, multi-fuel engine, low
emission, and high thermal efficiency*>*!?, While for the
disadvantage, the FPELG suffers from a number of
technical issues, including poor control of piston
motion'*!519_n addition, as the crankshaft is lacking in
FPELGs, free movement is produced for the pistons
between the dead centers, namely, the top dead center
(TDC) and the bottom dead center (BDC)*!"!?), Thus, the
pistons can only be controlled by the forces emanating
from the pressure gas in the cylinders and load'>!"!®,
Consequently, cycle-to-cycle is produced which is
considered one of the main issues of the FPELG!21819,
Such issues pertaining to the operation and high
performance remain unresolved, thus preventing the
commercial production of FPELG. In addition to the
aforementioned initiatives, researchers have developed
FPELG models and implemented simulations on the basis
of simplified conventional engine models. However, this
approach is unsuitable, indicating the need for further
investigation and development of new models.

In general, linear FPEs can be classified into four main
types, as shown in Figure 1.

Combustion chamber ~ Exhaust Piston  Translator Rebound device

Linear electric machine

Spark plug

Injector—1"%
Intake valves

Single-piston linear engine configuration

Combustion chambers

Dual-piston linear engine configuration

Mechanical spring-Rebound device

| — Bl : :
! ERRRENNE L = I x ERRERNEN
Opposed-piston linear engine configuration

1
Four-cylinder complex linear engine configuration

Fig. 1: T Types of linear FPE configuration

The first type is a single-piston FPE®*!329 this kind of
FPELG has a simple mechanical specification with high
controllability®?D. The second type is the double-piston
FPE?>?® can be described the components by LEM
connected between two combustion cylinders and no-
rebound device is present®!?). The advantages of double
piston FPE compared to other types are a high
compression ratio is produced and higher power to weight
ratio with a more compact device are also involved®.
While the disadvantages of double piston FPE can be

summarized as lesser controllability of the piston motion
compared to the single-piston type, thus, cycle-to-cycle
variations are produced'*?>. Third type is the opposite-
piston FPE?®, the components include one combustion
chamber with two opposed piston units connected with
two LEM and two rebound device. The losses of heat are
low by using a shared combustion chamber compared to
other types of FPE. The engine size of the opposite-piston
type is bigger compared to the single and dual piston FPE
types>®2%27), Last main type is the four-pistons FPE.
Among them, the combination between opposed-piston
and dual-piston types are the complex ones>*?¥,

Zhao et al.?® developed a hydraulic FPELG. Their
operating principle was actuated by converting the energy
originating from the chemical reaction of air and fuel to
hydraulic energy. In their study, the dynamic combustion
and hydraulic characteristics of the hydraulic FPELG
were investigated. Meanwhile, as the duration time of the
compression stroke is longer than that of the expansion
stroke, the dynamic behavior with respect to the hydraulic
FPELG is asymmetric. Hu et al.>” studied the behavior of
a hydraulic FPELG and found that the premixed
combustion phase could produce combustion with a
shorter duration than the normal combustion.

Abidin et al.*" developed a dual-piston configuration of
the FPELG. The operating principles of FPELG for the
starting stage was studied. The motoring force was
utilized to push the piston between the TDC and BDC in
the starting stage. The motoring force was used to increase
the piston velocity gradually until a combustion force was
reached, thus starting a combustion. However, the
combustion pressure was influenced by the capacity of the
battery, which was used to control the piston’s motion. In
another research®”, motoring forces were used for the
starting stage of the FPELG. The process was continued
until the combustion force was achieved, and then the
system was switched into the combustion process. Results
showed that the combustion started after four cycles, and
a starting force of 125 N was achieved. Another study Zhu
et al.’¥ used a hydraulic damper in the opposite piston
configuration of the FPELG to produce a resonance
movement. Certain limitations were observed in the piston
motion control, suggesting the need for a control system
with more complex configurations. Can be concluded that
difficulties in the starting operation of FPELG is existing.
A control strategy to improve the starting operation of
FPELG is required to overcome the issues related to the
starting stage.

The air-driven FPLE can be easily described by
referring to the bounce chamber (rebound device) on both
sides of the engine. A linear motor, mechanical spring or
cylinder for the gas spring was used as a rebound
device**!?. The FPELG with a spring as a rebound device
was developed. The spark-ignition (SI) FPELG with a
homogeneous charge compression ignition (HCCI) was
investigated. Results showed that the intake pressure and
compression pressure could be adjusted by manipulating
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the spring’s stiffness. Thus, the tendency of the piston to
hit the head of the cylinder and engine knocking were both
avoided®®. While gas spring was used as a rebound device
in FPELG by Mikalsen and Roskilly'®. Moreover, two
bounce chambers were used to reduce the pressure
leakage. Results showed that the engine could run for
approximately 4 hours without cooling and lubrication
problems'V.

The numerical model of FPELG by using a bounce
chamber as a rebound device was proposed. Motoring
force was used in the starting stage to run the FPELG¥.
A low compression ratio was derived because of the
limited starting force of the motoring device. Sandia
National Laboratories®> developed an FPELG model that
comprised dynamic and thermodynamic sub-models. A
research group in West Virginia University’® also
developed an FPELG numerical model to investigate
certain combustion characteristics. However, both studies
focused on the thermodynamic and combustion directions
of FPELGs. In another study, the numerical modeling and
simulation were conducted using MATLAB/Simulink for
the opposite-type FPELG?”. Results showed that the
model could predict in-cylinder pressure with good
accuracy. Other researchers’’*® investigated the
performance and piston motion of the single-piston
FPELG via numerical modeling to demonstrate the effect
of spring stiffness on engine frequency. Jia et al.!'?
developed a numerical model for both the starting stage
and steady-state operating stage of an FPELG. In another
study, the optimum operating condition during the cold
start-up stage of an engine was studied using a model
established in MATLAB/Simulink®”. However, a model
based on the dual-piston FPELG was particularly
established. The literature review indicates that a majority
researchers have focused on the combustion direction of
the FPELG, whereas only a few of them studied the
FPELG, including the rebound device.

On the other side, many researchers in different
countries are presently pushing vehicle-manufacturing
companies and power plants to apply the emission
reduction rules as a means of reducing the gas emissions
responsible for global warming?*#%4D, Consequently, the
studies pertaining to alternative fuels with low emissions,
such as hydrogen fuels and biofuels, have also
increased!®294%42) The effect of hydrogen on ICEs was
also studied*. Findings showed that peak pressure could
be increased, to enhance the efficiency of the engine.
Emission gases (i.e., CO2, HC, and NOx) from hydrogen
fuel were lesser compared with the fuel without H2.
Another study demonstrated that the FPELG with a four-
stroke cycle has a higher thermal efficiency
(approximately 13.2%) compared with that with a two-
stroke cycle!”. However, it was produced more NOx
emissions. Huang and Kong*? studied the influence of
adding hydrogen to a fuel mixture (i.e., methane-air
mixture) with different equivalence ratios. A number of
studies*>%1215 showed that the power-to-weight ratio can

reach high values for the dual-piston FPELG compared
with those of the other types, but its energy conversion
efficiency is low because of poor piston motion control
and combustion and generator issues. In addition, the low-
efficiency issue can be attributed to gas leakage and
excessive heat transfer, among others'>#).,

For the conventional engines, the relevant literature
can be summarized as follows. The performance of the
four-stroke engine of the CNGDI type and different
injection positions were studied. Researchers found that
start injection timing has a significant impact on brake
torque, volumetric efficiency, and brake thermal
efficiency*®. Another study found that the power
generator could be developed on the basis of the organic
rankine cycle (ORC) system. The thermal efficiency was
between 2.5% and 4.45%, and the expander rotation was
between 1650 and 2750 rpm*?. Other researchers focused
on the optimization of the spark-ignition engine. In this
scheme, the gasoline fuel blend was used by varying the
amount of octane while maintaining a specific volume of
bioethanol. The test involved an injection duration of less
than 10% and advanced ignition timing. This setup
allowed for the collection of data pertaining to
optimization. The researchers found that some parameters
could be improved (engine power, torque, and specific
fuel consumption) based on the control strategy*®.
However, the response surface methodology (RSM) was
one of the most important tools for optimizing certain
parameters of the engine®*?). This scenario implies that,
on the one hand, the FPELG remains far from being
commercially applicable. On the other hand, emission
should be continuously considered as one of the most
important challenges for all types of ICEs.

In conclusion, the air-driven FPLE is one of the
important technologies for converting mechanical energy
into electric power without any emissions involved. The
engine performance is one of the most critical issues of the
FPLE engine. However, to the best of our knowledge, no
research pertaining to the influence of the operating
parameters such as intake pressure on the FPLE
performance has been conducted. Moreover, only a few
studies in the literature have been experimentally
investigated of the FPLEs. In addition, models to describe
FPLE engines that can operate with only two air-driven
cylinders are not found in the literature. Therefore, the
objective of this study is to explore the influence of the
operating parameters on FPLE performance. The
numerical model of the FPLE with air-driven cylinders is
proposed. The simulation model is established using
MATLAB/Simulink, and then the simulation result is
validated by experimental data. The error is less than 10%
for the peak pressure. Thus, the predicted results of the
model are in good agreement with the experimental data.
Furthermore, this study investigates the influence of
intake pressure on displacement profile, in-cylinder
pressure, piston velocity, and engine power. The results
show that intake pressure has a significant effect on engine
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performance. When the intake pressure is increased, the
in-cylinder pressure, piston velocity, and engine power
also increase. FPLE performance can be improved by
increasing the intake pressure. Further study is required to
explore this topic on optimal intake pressure.

2. Numerical modeling and simulation of
FPLE

2.1 Dynamic modeling of FPLE

The dynamic modeling of the FPLE is derived based
on Newton's second law. Furthermore, the FPLE system
can be demonstrated on the basis of the FPELG’s
operating principle. When the engine is running, two
forces act on the piston assembly, one for each cylinder.
These forces originate from the gas pressure that is
compressed during the FPELG’s operation. The forces
work alternately to guarantee a resonance movement, i.e.,
pushing the piston between TDC and BDC. Figure 2
shows the free-body diagram of the air-driven FPLE and
the corresponding forces. Thus, the dynamic equations
can be expressed as.

2
X

maez = F(¢) = F.(t) = FLgm () — Ff, (1)

where 7z (unit: kg) represents the mover assembly mass,
& (m) represents the position of piston, ¢ (s) represents
time, F; (N) represents the force acting on piston in left
cylinder, /4 (N) represents the force acting on the piston
in the right cylinder, Fy (N) represents the friction force,
and #.gy (N) represents the LEM force.

X (Movement direction )

Fy

Fr

FLEM

Fig. 2: Free body diagram of the air-driven FPLE

2.1.1 Modeling of the air-driven expander

The air-driven expander equations are derived using
the ideal gas concept. On the other hand, the operation
process of the air-driven expander is similar to the ICE,
but it does not entail a combustion process (i.c., no
ignition and fuel injection systems)*?). Thus, the modeling
can also be derived based on the ideal gas equations or
combustion chamber equations by removing the formulas
related to the combustion process. Figure 3 shows the
pressure—volume (P-V) diagram of a trapped gas; this

scheme is used as the basis for calculating the energy
conversion. Thus, the stored energy during engine
operating can be calculated using Equation (2).

Vr
Es; = (Pins — Po) dV, )

VB

where E; is the stored energy (J), V7 is the instantaneous
volume when the piston’s position is at TDC (m?), V is
the instantaneous volume when the piston’s position is at
BDC (m?), Py is the instantaneous gas pressure in the
cylinder (bar), Py is the initial gas pressure in the cylinder
(bar), and V is the instantancous working volume. While
the compression energy can be expressed as

V2

E. = f P av, 3

41

where E. is the energy of compression (J), and P is the in-
cylinder gas pressure.

.
>

\%

Fig. 3: P-V diagram of the trapped gas

Figure 4 shows the air-driven cylinder parameters used
in the numerical model. In addition, the trapped gas
pressure model, including the change rate of the
temperature, can be described using the ideal gas concept,
which is given by

PxVY=C, 4

where C is a constant, and y is the polytropic exponent.
The Equation after differentiating with respect to time
can be written as

VdeP+ xPxVV‘lde—O 5
at 7Y dt )
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Assuming that Equation (5) is a function of
temperature, the final equation for calculating the change
rate of the gas pressure in the right cylinder is

dPT _ 1 ( 1) dmm} dmex
dt _V Y ﬂinj dt HUex dt
— pA(T - Tw)) (6)
p dv
Yoael

where the P, is the gas pressure in the right cylinder, 4,
is the injected mass enthalpy, /. is the exhausted mass
enthalpy, m;,; is the mass of injected gas, m,, is the mass
of exhausted gas, p is the heat transfer coefficient, Ar is
the total area of heat transfer, 7 is the temperature of the
chamber, and 7, is the temperature of cylinder wall.

V is calculated as

Dy
V= HT (hyy, + ), (7

where /4, (m) is the minimum distance (the distance from
TDC to the head of the cylinder), x (m) is the
instantaneous piston displacement, and D, (m) is the
cylinder’s bore diameter.

Aris calculated as

Dj
Ar =nDy(hy, +x) + 2 [T[T] ®)

Intake ports

Fig. 4: Parameters of the air-driven cylinder

2.1.2 LEM modeling

The LEM in some FPELG works with two stages i.e.,
motoring mode and generating mode. While in some other

FPELG the LEM works as only in generating mode'?.

However, in this study, the LEM only works as a generator.
In order to represent load, assume that a resistor is
provided to the system. Figure 5 shows the circuit used in
the proposed LEM model in this study. Faraday’s law was
considered in the LEM modeling.

Faraday’s law is given by

__Ndo

T ®

where N represents coil turns number, ® represent the flux,
and e represents the induced voltage.

On the basis of a phase-equivalent circuit model and
assuming that the Equation is a function to time, the
current and the induced voltage can be expressed as

e(®) = (R, + R)I(D) + L% 1(t) (10)
_ e(t) - + t
1@® _Rp+Rl<1_exp A ) (an
@ . (mx\dx
£(t) = ONLcMyy 5sin (7) - (12)

where [ represent the instantaneous current, ¢ represents
the instantaneous voltage, R, represents the phase-
winding resistance, R; represents the load resistance, My,
represents the PM thickness, L. represents the coil length
that cuts the magnetic lines, x represents the piston
displacement, and ¢ represents the vacuum permeability.

From Equations (11) and (12), the total
electromagnetic force can be written as

1
Fiem = 6LZN? g5 0y m (1

(13)

_ Rp*Ri  dx
—exp L )E s

where gq. represents the maximum air gap flux density
that can be calculated as

=2 om,,sin (52). (14)

gmax n,ge 21_

where w represents the width of PM, and g. represents the
effective air gap length.
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Fig. 5: Equivalent circuit of the LEM

2.1.3 Friction model

The friction of a four-stroke engine was analyzed by
Heywood>". Friction can be classified into four main parts,
namely, crankshaft bearings 10%, accessories 15%, valve
train 25%, and piston assembly 50%°". However, the
friction value in the FPELG is smaller compared with
those of conventional ICEs because the crankshaft and
other parts connected to the crankshaft are absent in the
FPELG. Thus, the friction of the piston assembly and the
LEM can be considered the main value of the FPELG’s
friction force. In order to drive the friction force model,
the main equation to calculate the friction force of FPELG
can be expressed as

Ff = FfT‘ + Ffl + FfLEMi (15)

where Fy (N) represents the total friction, Fj (N)
represents the friction of the right cylinder, Fy (N)
represents the friction of the left cylinder, and F e (N)
represents the friction of the LEM.

The friction between the mover and stator represents
the LEM friction force. When the engine is running stably,
the velocity of the piston is almost fixed. Thus, the LEM
friction force is assumed to be constant. According to the
above details, the final equation to calculate FPELG
friction can be written as

Frr = €[-DitVy)ay/IVl| [1 _pl ;aT“] [1

+c X PTP(;)] [g—i].

(16)

where € (unit: -) represents the scaling factor, a, b, and ¢
(-) are the friction factors, V'p (m/s) represents the velocity
of the piston, 7; (°C) represents the temperature of the
lubrication oil, D, (mm) represents the cylinder diameter,
D, represents the cylinder diameter (reference), D;
represents the directional movement, 7, (°C) represents
the ambient temperature, P, (bar) represents the
simultaneous gas pressure, and P, represents the ambient
pressure.

3. Methodology of the simulation model

The methodology used to establish the air-driven
expander FPE is discussed in this section. Here, the
FPELG operation concept may be described as the forces
used in the FPLE. The forces are classified into four parts,
namely, the force acting on the right piston, the force
acting on the left piston, the force of LEM, and the total
friction force. Assuming the compressed air is provided to
the left chamber then the piston is moved from TDC to
BDC. During this movement, the energy is stored in the
right chamber. Then, the pressure in the right cylinder
pushes back the piston again to the left side. By repeating
this process, a resonance movement is generated, and the
current is generated by the LEM. In this study,
MATLAB/Simulink was used on the basis of a zero-
dimensional model to build the FPLE system’s model.
According to mathematical equations, the model should
include the forces that originate from the left and right
cylinders (i.e., the air-driven expander), the LEM force,
and the friction force. Figure 6 shows the simulation
model of the air-driven FPLE built using
MATLAB/Simulink. Some assumptions are considered in
this model. The parameters such as gas leakage and heat
transfer are neglected because of their extremely small
values. Based on Newton's second law, the dynamic
model is built as shown in Figure 6. It can be seen from
the figure the left and right cylinder models are connected
to the LEM model. In addition, the system model,
including the friction sub-model and control, is developed.
Figure 7 shows a detailed dynamic model of the FPLE
simulation. While Figure 8 shows a detailed simulation
model of the air-driven expander for a cylinder of the
engine side, which is similar to the configuration in the
other side. Figures 9 shows the LEM model. The
simulation model is validated using experimental data. By
using this model, the characteristics of the air-driven
expander FPLE, such as the piston linear position profile,
velocity of the piston, the in-cylinder pressure, and the
engine power can be investigated.
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Fig. 6: Detailed simulation model of the air-driven FPLE
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Fig. 9: Detailed LEM model of the simulation

4. Validation

4.1 Experimental setup

In order to validate the simulation model, the
experiment was conducted using a rig of the air-driven
FPLE prototype in Universiti Teknologi PETRONAS

(UTP) at the Centre for Automotive Research and
Electrical Mobility (CAREM). Table 1 shows the
operating conditions and specifications of the air-driven
FPLE for both experimental and simulation models.

Table 1. Parameters and operating conditions of the air-driven

FPLE
Parameter Value
Bore of cylinder for both sides 56 mm
Maximum stroke 96 mm
Effective stroke 84 mm

Mass of connecting rod and piston | 7 kg

Resistance (external load) 4.8 ohm
Cylinders Number 2

Intake pressure 5 bar
Frequency 13
Cylinder volume 221 cc

Figure 10 shows the configuration of the air-driven
FPLE prototype. The prototype is composed of two
cylinders, and both cylinders work with compressed air.
The compressed air is provided to the cylinders through
valves. The LEM is connected between these two air-
driven chambers. The main control unit (MCU) is also
connected to the prototype for controlling the signals.

Figure 11 shows a diagram of the experimental setup
and the control system. Compressed air is supplied to the
prototype by using a compressor and a tank. Some
accessories, such as sensors, gauges, regulators,
connectors, and high-pressure pipes, are provided. The
intake pressure value of 5 bar is supplied to the chambers
to alternately produce resonance movement. Current is
generated from LEM during the resonance movement. In-
cylinder pressure, displacement, and power data are
collected.
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Fig. 10: Configuration of the air-driven FPLE prototype
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Fig. 11: Diagram of the experimental setup and control system
of the air-driven FPLE

4.2 Validation results

A specified set of experimental measures was verified
in the experimental tests. After the data collection, the
experimental results were analyzed and then compared
with the simulation data. The in-cylinder pressure profiles
in both simulation and experimental data are illustrated in
Figure 12.

The data of five cycles for both simulation and
experiment were used for validation. It can be seen from
the Figure that the peak pressure in the simulation data
was less varied compared with that in the experimental
data. In addition, the simulation results of the in-cylinder
pressure were higher than the in-cylinder pressure of the
experiment. Despite the difference, the simulation result

almost corresponds to the experimental data within an
acceptable error range. In particular, the maximum
difference (error) is less than 10%, as shown in Figurel2.
However, the errors of most in-cylinder pressure values
between the simulation result and the experimental data
were less than 5%, thus verifying the validity of the model.
Meanwhile, the piston’s linear position against time for
both simulation and experimental data is illustrated in
Figure 13.
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Fig. 12: Comparisons of in-cylinder pressures between
experimental data and simulation results with error percentage
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Fig. 13: Comparisons of piston displacement profiles between
experimental data and simulation results with error percentage

Some variations can be observed in the experimental
data. Thus, the error percentage after comparing the
simulation and experimental data was further calculated.
As shown in the figure, the errors of most piston
displacement values between the simulation result and the
experimental data were also less than 5%. However, the
maximum error was less than 10%, which is within an
acceptable range. These errors can be attributed to the
accuracy of instrumentation and sensors used in the
experiment. Moreover, the leakage between the piston
ring and cylinder wall and certain environmental
conditions could have affected the experimental data.
Nonetheless, an assumption was considered for the
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simulation model of the aforementioned in detail in the
modeling section of this study. However, the derived
comparison indicates that the model is valid and can be
used to predict results for investigating the characteristics
of a dual-piston air-driven expander linear generator.

5. Simulation results and discussion

In this study, three different values of intake pressure,
i.e., the pressure at 5, 6, and 7 bar were selected for the
simulation test. The other parameters of the engine model
were set according to the values listed in Table 1. Figure
14 shows the piston displacement profile, piston velocity,
and in-cylinder pressure of both sides (i.e., left and right
sides) when the intake pressure is set with 5 bar.

LR L

Fig. 14: Simulation results of the piston displacement profile,
piston velocity, and in-cylinder pressure of the left and right
sides

The maximum piston linear position at TDC and BDC
are 44 and -44 mm, respectively. The results of the piston
displacement indicate that the engine work with a full
stroke, and the piston can reach the right position i.e., if
the piston displacement is more than this value the piston
may hit the cylinder head, and if less than this value will
produce less power. In addition, the frequency (13 Hz) can
be clearly calculated from the displacement profile. The
piston velocity profile is shown in Figure 14. The
maximum value of piston velocity is achieved at 2.5 m/s.
While the in-cylinder pressure in both sides increases to
approximately 6.5 bar when the engine model has an
intake pressure of 5 bar.

The results are further analyzed by determining the
relation between piston velocity and displacement (Figure
15). It can be seen from the figure that the piston achieves
the maximum velocity when it approaches the middle of
the stroke in the plot, and the value decreases dramatically
at TDC or BDC. This finding is similar to those of
previous studies>*. The highest piston velocity was
approximately 2.5 m/s at the intake pressure of 5 bar. Then,

the piston velocity increased further near TDC and BDC,
followed by a significant decrease. This trend differs from
that of the crankshaft engine in which the piston velocity
is slower around TDC and BDC because it is restricted by
the crankshaft mechanism or it follows the crankshaft
path3?.
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Fig. 15: Profile of piston velocity against piston displacement

The plot of in-cylinder pressure against time for both
cylinders (left and right cylinders) is shown in Figure 16.
It can be seen from the figure that the pressure increased
gradually from 5 bar (intake pressure) to approximately
6.5 bar, but the increase was dependent on the energy
saved by the gas spring at each stroke. However, a few
other parameters are also affecting on the in-cylinder
pressure such as the duration time were used for the intake
valve (open/close timing).
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Fig. 16: Profile of in-cylinder pressure against time for the left
and right cylinders

The results further indicate that peak pressure is
produced alternatingly. In particular, the pressure
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decreased to a minimum value at the right cylinder when
the pressure reached the maximum value in the left
cylinder and vice versa. This trend suggests that the
expansion stroke occurred in the right cylinder when the
compression stroke occurred at the left cylinder; as a result,
the maximum in-cylinder pressure was recorded at the
TDC and BDC. Consequently, the in-cylinder pressure
was used as the main parameter to evaluate the power
output of the FPLE. High in-cylinder pressure
corresponds to high power output. However, some other
parameters (e.g., piston displacement between TDC and
BDC) could negatively affect the high in-cylinder
pressure. Thus, stroke length was affected; in particular,
its value decreased.

The characteristics of the air-driven expander FPELG
was further investigated by conducting a simulation test.
Different intake pressures (5, 6, and 7 bar) were
considered. Figure 17 shows the influence of the different
intake pressures on the in-cylinder pressure. The findings
indicate that in-cylinder pressure is directly related to
intake pressure. When the intake pressure is increased, the
in-cylinder pressure also increases. The in-cylinder
pressure is increased by approximately 16% when the
intake pressure is increased from 5 to 6 bar. While the in-
cylinder pressure is increased by approximately 21.7%
when the intake pressure is increased from 6 to 7 bar. This
trend indicates that in-cylinder pressure has a nonlinear
relationship with intake pressure. From the figure, the
maximum in-cylinder pressure can be obtained when the
intake pressure is at the maximum. However, the optimal
intake pressure also depends on certain parameters, such
as engine design, valve opening time, and load. Overall,
the findings imply that engine performance can be
improved when high intake pressure is supplied to the
system.

R =) oo o

Peak pressure (bar)

(]

4 > 6 7 8
Intake pressure (bar)

Fig. 17: Effect of different intake pressures on in-cylinder
pressure

For the piston velocity, Figure 18 illustrates the
influence of intake pressure on piston velocity. According

to the simulation results, piston velocity is directly
proportional with intake pressure, and the relationship is
linear. From the figure can be seen the piston velocity is
low at the intake pressure of 5 bar, and it is high at 7 bar.
As combustion does not occur in this type of engine, thus,
the cylinder working as a gas spring. Thus, a possible
reason for the increase in piston velocity is the energy
stored by each cylinder, which increases when the
pressure increases under the same cylinder volume and
other conditions. The induced voltage is high when the
engine works at the maximum piston velocity. This
finding indicates that output power can be increased when
the piston velocity is maximized. Can be concluded that
the piston velocity is increased by approximately 12.3%
when the intake pressure is increased by 1 bar.

e
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4 3 6 7 8
Intake pressure (bar)

Fig. 18: Effect of different intake pressures on piston velocity
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Fig. 19: Effect of different intake pressure on the engine power

The simulation model can predict the results of the
engine power. Figure 19 shows the effect of intake
pressure on engine power. From the figure can be seen that
the power is increased when the intake pressure is
increased. In addition, can be observed that the increase in
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power is not linearly proportional to intake pressure. A
high engine power (7.5 kW) is observed at the intake
pressure of 7 bar. The engine power increases by
approximately 26.5% when the intake pressure increases
from 5 to 6 bar. While the engine power increases by
approximately 30.6% when the intake pressure increases
from 6 to 7 bar. However, engine power does not refer to
the output power because there are some losses that occur
in the conversion of energy by LEM. These losses pertain
to LEM friction force, heat transfer, cogging force, the
number of the stator core, and design factors. All these
parameters affect output power. Thus, further study is
needed to investigate the output power of air-driven
expander FPELG. In addition, the efficiency of air-driven
expander FPELGs under different intake pressures should
be determined.

In summary, an air-driven expander FPELG model is
proposed in this study. As the simulation model can
successfully predicted the results, it can also be used to
analyze the characteristics of engines. According to the
simulation results, can be indicated that the intake
pressure significantly affects the performance of the air-
driven expander FPELG. In addition, the optimal intake
pressure is required to enhance engine performance.

6. Conclusion

This study established a numerical model of the dual-
piston air-driven FPLE based on the FPELG concept.
MATLAB/Simulink was used to build the zero-
dimensional numerical model. Experimental data were
used to validate the simulation results. The simulation
results were in good agreement with experimental data for
both in-cylinder pressure and displacement profile. In
addition, the measured error was within the acceptable
range of less than 10%, indicating that the model can
successfully predict the results. The effect of intake
pressure on displacement profile, in-cylinder pressure,
piston velocity, and engine power were also investigated
in this study.

The simulation results also showed that intake pressure
plays a significant role in FPLE engine performance. The
in-cylinder pressure was increased by approximately 16%
when the intake pressure increased from 5 to 6 bar. While
the in-cylinder pressure was increased by approximately
21.7% when the intake pressure increased from 6 to 7 bar.
As for piston velocity, a linear relationship was observed
between intake pressure and piston velocity, and the
increase was approximately 12.3% when the intake
pressure was increased by 1 bar. Moreover, engine power
was increased by approximately 26.5% when the intake
pressure was increased from 5 to 6 bar. While the engine
power was increased by approximately 30.6% when the
intake pressure was increased from 6 to 7 bar. This study
has presented a fundamental analysis of FPLE engines.
Further research is required to explore in detail the optimal
value of intake pressure.
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Nomenclature

FPLE Free piston linear expander

LEM Linear electric machine

FPELG Free piston engine linear generator

ICE Internal combustion engines

TDC Top dead center

BDC Bottom dead center

PM Permanent magnets

m Mover assembly mass (kg)

x Instantaneous piston displacement (m)

t time (s)

F Force acting on piston in the left
cylinder (N)

£ Force acting on the piston in the right
cylinder (N)

Fyr Friction force (N)

FLEM LEM force (N)

E; Stored energy (J)

Vr Instantaneous  volume when the
piston’s position is at TDC (m?)

Vs Instantaneous volume when the
piston’s position is at BDC (m?)

Py Instantaneous gas pressure in the
cylinder (bar)

Py Initial gas pressure in the cylinder (bar)

V Instantaneous working volume(m?)

E. Energy of compression (J)

P In-cylinder gas pressure (bar)

C Constant

P, Gas pressure in the right cylinder (bar)

Miyj Mass of injected gas

Mex Mass of exhausted gas

Ar Total area of heat transfer (m?)

T Temperature of the chamber (K)

Ty Temperature of cylinder wall (K)

D Minimum distance (the distance from

TDC to the head of the cylinder) (m)
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Dy Cylinder’s bore diameter (m)
N Coil turns number
e Induced voltage (V)
1 Instantaneous current (I)
R, Phase-winding resistance
R Load resistance (ohm)
My, PM thickness
L. Coil length that cuts the magnetic lines
(m)
Fy Total friction (N)
Fj Friction of the right cylinder (N)
Fy Friction of the left cylinder (N)
Fueu Friction of the LEM (N)
a, b, c Friction factors
Vp Velocity of the piston (m/s)
T Temperature of the lubrication oil (°C)
T, Ambient temperature (°C)
Dy Cylinder diameter (m)
D, Cylinder diameter (reference)
D; Directional movement
P, Simultaneous gas pressure (bar)
P, Ambient pressure (bar)
Greek symbols
y Polytropic exponent
Hinj Injected mass enthalpy
Hex Exhausted mass enthalpy
D Heat transfer coefficient
(0] Flux number
& Instantaneous voltage (V)
0] Vacuum permeability
€ Scaling factor
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