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Abstract: A linear engine generator with a compact double-acting free piston mechanism allows for
full integration of the combustion engine and generator, which provides an alternative chemical-
to-electrical energy converter with a higher volumetric power density for the electrification of
automobiles, trains, and ships. This paper aims to analyse the performance of the integrated engine
with alternative permanent magnet linear tubular electrical machine topologies using a coupled
dynamic model in Siemens Simcenter software. Two types of alternative generator configurations are
compared, namely long translator-short stator and short translator-long stator linear machines. The
dynamic models of the linear engine and linear generator, validated with lab-scale prototypes, are
applied to investigate the influence of alternative topologies of the generator on system performance.
The coupled model will facilitate the early design phase and reveal the optimal match of the key
parameters of the engine and generator. Then, experimental tests on an integrated compressor
cylinder-generator prototype were successfully performed, and it is shown that this concept is feasible
and electrical power and compressed working fluid, such as air, can be generated by this prototype.

Keywords: linear engine generator; linear machine; coupled dynamic model; permanent magnet
linear generator

1. Introduction

A Linear Engine Generator (LEG) is a special type of combustion engine that represents
a new approach concerning the conversion of chemical energy into electrical energy directly
without a crank mechanism. Instead of using conventional engines, LEG hires a linear
engine and linear generator to generate electricity directly with the linear movement of the
piston-translator. The direct drive technology of a linear electrical machine is a perfect way
to enhance power density and dynamic performance. Linear machines eliminate the need
for mechanical transmissions. Thus, it dramatically reduces the volume, weight, friction,
and complexity of a power generation system. The LEG’s efficiency is estimated to be
higher than the efficiency of other systems, such as diesel generators, as shown in Figure 1,
implying that using a LEG should increase the total system efficiency [1,2].

LEG is a potential alternative power supply in hybrid powertrains. The proposed
hybrid electric system configuration is illustrated in Figure 2, which shows an example
of using the LEG concept in an automotive application to propel electric motors and has
been embedded into the tires of the vehicle. Alternatively, LEG can be developed as a
range-extending device in electric vehicles to work as a battery charger.
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Figure 1. Efficiency from fuel to electrical power to the DC-link for an FPEG and a typical diesel-
generator [1,2]. This figure has been reproduced with permission from IEEE ©2006 IEEE.
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Figure 2. Proposed hybrid electric vehicle system powertrain.

From 1999 to 2003, Sandia National Laboratories [3,4] studied a type of Free Piston
Engine Generator (FPEG) with a numerically homogeneous charge compression ignition
combustion in terms of a previous FPEG prototype developed in 1998 [5]. West Virginia
University studied a two-stroke FPEG numerically [6] and an experimental study was
carried out with a power output of up to 316 W [7]. In 2008, Roskilly et al. [8] at New-
castle University simulated the performance of a spark ignition FPEG. A FPEG system
was developed as a range-extending device in electric vehicles at the German Aerospace
Center in 2012. The FPEG works at 21 Hz with a measured power output of 10 kW [9].
In 2014, Toyota developed a two-stroke FPEG prototype with a gas spring chamber, which
demonstrated 42% thermal efficiency, and 10 kW could be achieved [10,11]. In 2020, the
same research team from Newcastle University [12] reported a preliminary prototype of a
hydrogen-fueled FPEG with a compression ratio of 3.7, engine speed between 5 Hz and
11 Hz, and different equivalence ratios.

With the increasing pressure of de-carbonization in transport sectors, hydrogen and
ammonia are viewed as promising zero carbon fuels. The internal combustion of hydrogen
and ammonia in a well-controlled manner poses difficulties on FPEGs that use conventional
internal combustion engines. Researchers from Newcastle University proposed an external
combustion Linear Joule Engine Generator (LJEG), and a working prototype has been
developed with a 4.47-kW mechanical power output when the efficiency was 32.2% [13].
Wau et al. [14] presented a coupled dynamic model of a linear joule cycle engine generator,
which enabled an integrated design of a linear engine and linear generator. Jia et al. [15]
conducted a modeling study on the dynamic and thermodynamic characteristics of a LJEG
and found that the system pressure was the most effective parameter to alter the system
power output. Ngwaka et al. [16] built a numerical model of the friction forces and it was
validated by experiments using a compressed air driven linear engine prototype. More
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recently, Ngwaka et al. proposed a closed-loop LEG concept with Argon-Hydrogen-Oxy
external combustion to tackle the challenge of using zero carbon fuels in LEGs. Both
external combustion and internal combustion engines may find their applications in the
electrification and de-carbonization of transport sectors.

The research teams at Newcastle University have developed a linear engine prototype
and a linear electrical machine prototype to validate the dynamic models before a coupled
model is developed, respectively. The dynamic characteristic of the coupled system is
defined by four interlinks, namely engine design, engine performance, electric machine
design, and electric load.

This paper is to address the potential impact caused by the topologies of alternative
Permanent Magnet (PM) generators on the performance of the LEG system. The structure
of the paper is as follows. In Section 2, linear engine generators have been proposed.
In Section 3, a coupled dynamic system of LEG has been investigated. In Section 4,
performance validation has been carried out for the integrated system. Sections 5 and 6
give the simulation and experimental results of the proposed integrated linear engine
generators. Lastly, the paper has been concluded in Section 7 with a brief summary.

2. Linear Engine Generator Development

Figure 3 illustrates a LEG system that is comprised of an expander with a double-
acting free piston mechanism, a compressor with a smaller diameter and similar mechanism,
a combustor, and a generator. The only moving part of the LEG is two double-acting pistons
and the translator of the generator. As the piston-translator reciprocates back and forth,
air is compressed in the compressor cylinder before entering the combustor. Fuel (e.g.,
hydrogen and ammonia mixture) is injected into the combustor for the heat addition
process. Hot exhaust gas from the combustor enters into two chambers of the expander
cylinder alternatively to generate an expansion force. The expansion work deduces the
work spent on the compression process to obtain the net force for electricity generation.
A lab-scale prototype in terms of the illustrated LEG system was presented in detail in [14].

:4 b -—Fuel

i Swirler 1
Valve WValve
u -ﬂ
= '
Exhaust  Expander Exhaust Linear generator Airinlet Compressor J\l; mlet

Figure 3. LEG system overview.

In the previous study’s [17] modelling and design of three alternative generators,
which is composed of feasible PM arrangements, have been performed to react with the
same LEG driving force in order to identify the superior generator for integration with the
LEG system. Three different topologies, namely radially magnetiszed, axially magnetized,
and Quasi-Halbach magnetized PM linear machines, which is shown in Figure 4, are
designed, optimized, and compared within the volumetric constraints of the LEG system.
Consequently, in terms of the parameter comparison results, the axially-magnetized PM
linear machine (Figure 4b) offered a better performance. The design process has been
reported and the results were previously validated in [18].

Two configurations of the linear machine are considered in this paper, namely the
long and short translator versions with different translator masses. The lab-scale generator
prototype with a long translator was carefully simulated and examined [19-22].
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Figure 4. Electrical machine topologies investigated.

Figure 5a shows a long translator generator, which is the reference design with the
moving mass of 9 kg (Model “‘A’) and with a slot/pole combination of 6/7. This design
is also the configuration of the lab-scale prototype that has been used for experimental
validation. Figure 5b shows the decreasing moving mass of the longer translator generator
(reference design) to 5.2 kg (Model ‘B’); Figure 5c shows the short translator generator
with fixed sheer stress and electrical machine design and the same active electromagnetic
interaction as the reference design (doubled the stator length and halved the translator
length) with the moving mass of 5.2 kg (Model ‘C’); and Figure 5d shows the increasing
moving mass of the short translator generator to 9 kg (Model ‘D’). For the same mechanical
force input profile from the linear engine, the generator with a lighter translator will have a
higher velocity, hence it generates a greater back EMF and a potentially larger electrical
power output. Although Model ‘A’ and ‘D’ have the same weight of the translators, a large
initial electromagnetic force is generated by model ‘D’ due to the bulk amount of PMs,
which makes the LEG system fail to start properly. Therefore, the comparison study focuses
on the rest of the three designs. Furthermore, due to engine limitations, Model ‘A’ is unable
to run on loads less than 4 Ohms.

(a) Model ‘A’ —Long translator 9 kg (b) Model ‘B’ —Long translator 5.2 kg (c) Model ‘C’ —Short translator 5.2 kg (d) Model ‘D’ —Short translator 9 kg

Figure 5. Linear electrical machines, (a) long translator (reference design), (b) long translator (same
stator and halved the mass of translator in reference design), (c) short translator (doubled the stator
and halved the translator of reference design), (d) short translator (doubled the stator and halved the
translator of reference design with same mass of the translator in reference design).

3. A Coupled Dynamic Model of the LEG System
3.1. Model Structure and Simulation Implementation
To investigate the dynamic characteristics of the overall system, it is required to use

an integrated model to consider the mutual effects of electrical and mechanical responses
based on the work in [23,24]. A flowchart of a novel integrated model is shown in Figure 6.
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It is clear that there is a dynamic interaction between the engine, generator, and resistive
load, and any variation in the sub models will affect the system performance. It has been
shown elsewhere that, in FPEG, the translator mass should be kept to a minimum for the
optimum performance of the engine [25].
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Figure 6. Flowchart of novel integrated model in AMESim.

The electromagnetic force behaviour of the generator while the generator is connected
to the resistive load is obtained by FEA analysis, and then data are transferred to AMESIim
software for modelling purposes by using a series of look-up tables. In other words,
data from the look-up tables are extracted from MagNet software when the generator is
connected to a variety of resistive loads for a number of different velocity points. In this
case, the electromagnetic force of the electrical machine is considered as a function of three
inputs, namely velocity, position, and resistive load (current). Using this novel technique
to model the dynamic interaction between the engine, generator, and load, it is possible
to investigate the performance of the whole system in a real-time situation for further
optimisation. In addition, the real generator behavior interacts with the engine rather than
an ideal damper approximating a linear generator, which has been used in the literature so
far. Figure 7 shows the dynamic modelling block diagram of the engine-generator.
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Figure 7. Linear generator and engine system model in AMESim software (Simcenter Amesim 2020.1
by Siemens AG, Germany).

3.2. Linear Engine Sub-Model

The linear engine dynamic model implementation with an ideal damper, which approx-
imates the linear generator, can be found in the previous publications and the main engine
geometrical parameters have been parametrized for optimal performance [14,18,23,24].
Based on Newton's second law, the piston motion is determined by the forces acting on the
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moving mass, i.e., the gas force within the cylinders of the expander and compressor, the
friction force, and the load force. Therefore, the piston dynamic equation can be written as
Equation (1), where F; is gas force, Fris friction force, F; is load force, m is moving mass,
and a is acceleration.

Fg+Ff+Fl:ma (1)

The gas force can be calculated from the pressure within the cylinder, which is gov-
erned by the first law of thermodynamics and expressed by Equations (2)—(5) with an ideal
gas assumption, where F; is gas force, p is in-cylinder pressure, A is piston area, Q is heat
input, 1 is specific heat ratio, V is in-cylinder volume, ; is mass flow rate considering the
inlet or outlet of the cylinder, ; is the enthalpy of the inlet or outlet flow, and the subscripts
exp and com represent the expander side and compressor side, respectively.

Fg:Fexp+Fcom (2)
Fexp = ZPeprexp 3)
Feom = chomAcom (4)
dp  y—1( 4dQ pydV vyl ..
Fini ( dt) Voo Ty L ©)

In order to calculate the heat transfer from the expander, compressor, and pipes to the
environment, the heat transfer coefficient is obtained. The relevant equations are written
below, where / is the convective heat transfer coefficient (subscripts i, o, cyl, and pipe stand
for inside, outside, cylinder, and pipe, respectively), a is the overall heat transfer coefficient,
Ay, is the characteristic heat transfer area, T is the temperature (subscripts g, w, and 0
represent gas, wall, and environment, respectively), d is the wall thickness, k is the thermal
conductivity of the wall, D is the cylinder bore diameter, Nu is the Nusselt number, and Re
is the Reynolds number [26].

d
1
I L @)
1 d 1
hi,cyl = 3.26D70'2p0-8T*0.55w0,8 (8)
ke Nu k.
hi pipe = —2—— = —172.0,0483Re%7% ©)
Dpipe pipe

The friction force of a free piston engine is mainly due to the piston ring and cylinder
liner, and some from the bearing/shaft [16]. As non-lubricant graphite piston rings with
back-bone springs were used for this study, the friction from the piston ring mainly consists
of performance of the engine [27]: dry friction caused by the tension force of the piston ring
(Fr4) and the friction due to the in-cylinder pressure loading (Fr,). The Stribeck model [28]
is used to calculate Fr; as expressed in Equation (11), where Fr. and F; are the Coulomb
friction force and maximum static friction force, and Cs is the Stribeck constant. Fp is
derived from Equation (12), where jif, is pressure friction coefficient, p is in-cylinder
pressure, D is cylinder bore diameter, and W is piston ring width.

Ff = Ffd + Ffp (10)

il
Fra = Fre+ (Fps = Fe)e 5 (11)

Frp = upp(ptDW) (12)
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3.3. Generator Sub-Model

The force generated from the thermodynamic Joule Cycle acts as a prime mover to
drive the linear generator. The piston velocity, i.e., the translator velocity, and the total
force from the working gas in the cylinders are fed into the linear generator. These two
input variables to the linear generator are affected by responding forces from the linear
generator, which in turn influence the dynamic balance of the linear motion of the joule
engine. The linear generator responding forces Fj, can be divided into its components
(Equation (13), [29]).

b = ele+Fcog+Fco+Fed+FCp+Far (13)

where F,,: electrical force, Fg: cogging force, F,: core loss force, F,4: eddy current force,
Fep: copper loss force, and Fy,: armature reaction force. For simplicity and accurate results,
the linear generator responding forces (Fj,) are obtained by the help of the Finite Element
Analysis (FEA) modelling method, and then look-up tables are created and used to model
the aggregated linear generator responding forces.

3.4. Input Parameters of the Coupled Model

The parameters of the three models are shown in Table 1.

Table 1. Design parameters of the FPEG.

Generator Configuration

Components Parameters [Unit]
Model ‘A’ Model ‘B’ Model ‘C’
Moving mass [kg] 9 5.2 5.2
Maximum stroke [mm] 120 120 120
linear expander
Inlet pressure [bar] 6.19~7.20 6.57~7.88 7.12~8.34
Inlet temperature [K] 1037~1077 1052~1112 1074~1165
Inlet pressure [bar] 1 1 1
linear compressor
Outlet pressure [bar] 6.5~7 71~77 7.8~8.4
Stator outer diameter [mm)] 180 180 180
) Translator outer diameter [mm)] 103 103 103
Linear generator
Active electromagnetic length [mm] 120 120 120
Machine length [mm] 240 240 240

4. Model Validation and Performance Prediction
4.1. Linear Engine Sub-Model Validation

It is necessary to verify the prototype dynamic model before extensive parameter
analysis. The verification is based on the experiment results, and the detail of the prototype
has been previously presented [14,23]. In the prototype engine, a moving mass load is
used to replace a linear generator, and compressed air from outside is used to start the
engine. When the expander piston reaches its Top Dead Centre (TDC), the expander inlet
valve opens, and then the piston is pushed to its Bottom Dead Centre (BDC) by the high-
temperature and high-pressure working fluid to complete an expansion stroke. At the
same time, the compressor piston connected by the shaft with the expander piston moves
synchronously and completes a compression stroke. The exhaust valve of the expander
begins to open at the start of the expansion stroke and closes near the TDC position, which
is controlled by the engine control unit and the compressor valves open and close according
to the set value of the pressure in the compressor. Comparisons of the piston movement
characteristics of the test and simulation results are presented in Figure 8.
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Figure 8. Comparison of the test result and simulation result.

Figure 9 describes the gas force and friction force comparisons, respectively. The
comparison of gas forces shows that the test and simulation results have the same trend and
a relatively small gap. The gas force is measured indirectly, which is based on the dynamic
balance of the moving mass. When the piston reaches TDC and BDC, the maximum gas
forces of the test and simulation reach 2255.42 N and 3140.20 N, respectively, which could
be explained by the high pressure in the chambers. The errors of the gas forces and friction
forces will cancel each other and not be passed onto the electric side. The difference between
the test and simulation results may be due to the possibility of leakage near the TDC in
the experiment. More consideration for the effects of leakage in the simulation model may
further improve the model. In addition, it shows that the simulation results and the test
result of the friction force are not as consistent as the previous parameters. The simulation
friction result shows the friction increases from 120N to 476 N with the piston movement
and changes direction when the piston turns. The test friction has a larger fluctuation but
has a rough consistency with the simulation friction. Hence, the dynamic behaviour of the
prototype engine has been understood.

4000
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(a) Gas force (b) Friction

Figure 9. Comparison of test result and simulation result.

4.2. PM LSM Sub-Model Validation

In this test, the prototype was directly driven by a ball screw (i.e., actuator) with
a maximum velocity of 5.7 mm/s. No-load back EMF waveforms obtained from the
simulation and experimental results for one phase are plotted on the same graph, as shown
in Figure 10. Soft magnetic composite (SMC)-based stator components might change their
magnetic properties whilst they are machined in real life. This might be one of the reasons
that the measured and simulated results in Figure 10 do not match perfectly.
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Figure 10. Comparison of predicted and measured no-load back EMF of the machine at 5.7 mm/s.

The peak value of the predicted no-load beck EMF is 14 mV, where a deviation
rounding can be approximately (~9.5%) seen, however, this may be considered fair with the
existing noise in the measured signal at this very low speed. In addition, the characteristics
of the material used in the FEA model may not match the characteristics of the real material
used in the prototype. Design tolerance in the manufacturing process also plays a significant
role, which may result in inaccurate dimensions.

4.3. Performance Prediction of the LEG System with Long Translator Generator (Model ‘A’)

The electric power generated from the Model ‘A’ generator is depicted in Figure 11.
The associated mechanical power generation versus the load resistance is also shown. The
Model ‘A’ generator is capable of generating about 1.8 kW of electric power from 2 kW of
mechanical power input that is generated in the thermodynamic process. The generator
efficiency and the LEG system efficiency are also given in Figure 11.

2000

——Mechanical power input

——Electrical power output

—— Alternator efficiency
60 —— System efficiency

1800
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1200 20 —\
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Power (W)
Efficiency (%)
)

(=]

5 6 7 8 9 10 11 12 13 14 15
Resistive load (Ohm)

(@) (b)

Figure 11. Mechanical power input and electrical powers output of long translator alternator versus
resistive load. (a) Mechanical power input and electrical powers output of Model ‘A’ generator versus
resistive load. (b) Model “A’ generator and system efficiencies versus resistive load.

Using the dynamic model, the variation of the phase voltages, phase currents, and
power dumped in the load resistance, at peak load condition of 5 Ohms, are shown in
Figure 12a—c. It shows the amplitude imbalance over the entire mechanical cycle with
variable electrical frequency (fe = 130 Hz) operations.

An ideal damper that mimics the linear generator omits the effects of the detailed
electromagnetic force, machine losses, and magnetic force ripples, which presents a very
smooth overall electromagnetic force versus the piston displacement and time, which
is illustrated in Figure 13. These results enable the system designers to investigate the
effect of the actual generator reacting force on the linear engine performance, rather than
assuming the electrical machine behaves simply as a damper, where the reacting force
varies linearly with velocity acting against the engine’s driving force. The effects of the



Energies 2022, 15, 5295 10 of 20

machine inductance, saturation, tooth/slots, and finite length of the stator/translator cause
disturbances. The resultant actual reacting force with fluctuations will have an impact on
the thermodynamic performance of the engine.
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Figure 12. One mechanical cycle variation of (a) Phase voltages; (b) Phase currents; and (c) Electrical
power dumped by the load of 5 Ohms in generator Model ‘A’.

800
600
400

~—— Generator force|

= Damper force = Generator force

——— Damper force

Force (N)
' "
(=3
o

Foree (N)

0.01 002 003 /0.04 0.05

006 007 0p8

200
-400
-600
-800
Time (s) Piston position (m)
(a) (b)

Figure 13. Linear generator reacting force Model “A’: vs. (a) time and (b) piston position.

With the coupled model of the LEG, the linear engine is connected to the generator,
which is in an open circuit condition to look at the ripple force of the generator. This ripple
force, i.e., the cogging force, is due to the non-uniformity of the reluctance path in the air
gap area (slot effects) and oversizing of the translator or stator (end effects), as well as the
velocity effect/core loss (iron loss and eddy current loss). The cogging force of the Model
A’ generator versus time and piston position can be seen in Figure 14.

Cogging Force (N)
Cogging force (N)

Time (ms) Piston position forward and backward (mm)
(a) (b)
Figure 14. Cogging force of Model ‘A’ generator versus: (a) time and (b) piston position.

5. Results and Discussion
5.1. Alternative Topologies of PM Generator-MagNet FEA Analysis

Electric power versus resistive load, which is characteristic of two configurations of
short and long translator generators, can be seen in Figure 15. In the FEA software, the
applied velocity to the translator was kept constant for both configurations regardless of
the mass of the translator, and it is equal to 5 m/s. Figure 15 illustrates that model ‘A’
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generates approximately 3.8 kW of electric power, which is double the amount of electric
power generation compared to model ‘C’. The reason behind this is that in the model “A’
generator, all coils are active at any time instant, contributing to generate output power,
whereas in the model ‘C’ generator half the number of coils are inactive at any time instant
and act as an external consumer of load, reducing electrical power generation. In the model
‘B’ generator, since the number of PMs is halved compared to the PMs in the model ‘A’
generator and the electrical power is also approximately halved.

4000

Model A
3300 Model B
3000 ——Model C

2500
2000
1500
1000

500
01 2 3 45 6 7 8 9101112131415
Resistive load (Ohm)

Electric power (W)

Figure 15. Electrical power versus resistive load for constant speed of 5 m/s, (FEA by MagNet software).

5.2. The Linear Engine Spontaneous Response to Alternative Topologies of PM Generator

Figure 16 represents the comparison of the velocity of three models versus piston
displacement. Model ‘A" has the lowest peak velocity of 4.9 m/s for the heaviest piston
mass. Model ‘C” has a peak velocity of 7.1 m/s and model ‘B” has the highest value of
7.9 m/s. This could reflect the reality that model ‘B’ has the highest frequency while three
models have a nearly equal stroke. However, the position of the peak velocity is not in the
center of the stroke and the velocity versus displacement curve is not a standard ellipse,
which is related to the reality that the balanced position of the piston is not in the center due
to load force, friction, and valve timing. In more detail, due to the valve control mechanism,
the gas force is relatively large at the beginning of the stroke and gradually decreases to
the value of the sum of other forces in different directions. This is the force balance point
where the piston exceeds the stroke center, and the velocity reaches a peak value.

——Model A ——Model B ——Model (]

0.02 0.04 0.06 0.08 0.1

Velocity (mn/s)

Displacement (m)

Figure 16. Comparison of the velocity of three models versus piston displacements.

The air is compressed in the compressor part and the pressure increases with the
decrease of the volume of the compressor, which can be seen in Figure 17. Model ‘B” has
the highest pressure (9.78 bar) when the volume reduces to the position near TDC and
BDC, while model ‘A’ has the lowest peak pressure (7.49 bar). The pressure amplitude
in Model ‘B’ is the largest among the models. The three cases (i.e., Model ‘A’~'C’) apply
roughly the same valve timings, therefore the velocity profiles, and, in turn, the frequencies
of the systems, play a key role in pressure build-up. With the heaviest moving mass, Model
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‘A’ develops the lowest peak pressure in the compressor and the lowest frequency of the
system, which leads to the lowest peak pressure after the pressure balance is established.
For Model ‘B’ and ‘C’, which have the same weight for their moving masses, the slight
difference of stroke length causes the difference in peak pressure. With less resistance than
Model ‘B, it has the longest stroke compared to the target stroke of 120 mm, which results
in its top peak pressure in the thermodynamic cycles. In Figure 18, the peak pressure
discrepancy is also derived from the abovementioned reasons.

9 | \ —Model A
8 \ ~——Model B

—Model C

Pressure (bar(A))

0 50 100 IS0 200 250 300 350 400 450
Volume (m”3)

Figure 17. Comparison of pressure in compressor of three models versus volume.

. ——DModel A
30
——Model B
5
= = ——Model C
20
<
=4
o 15
g 10 ——p
" "\
d c
0
0 100 200 300 400 500 600 700

Volume (m"3)

Figure 18. Comparison of pressure in expander of three models versus volume.

Figure 18 describes the pressure changes in the expander with the changes of the
expander volume. In the expander part, the high-temperature and high-pressure air is
input in the expander from point ‘a’ to point ‘b” to push the expander piston. Model
‘B’ has the highest pressure of 9.78 bar, while Model ‘A’ and Model ‘C’” are 7.49 bar and
8.73 bar, respectively.

5.3. The LEG Performance Comparison
5.3.1. Energy Inputs and Outputs

The variation in the combustion heat input due to applying different external resistive
loads to the generator have been studied, which is shown in Figure 19. It is revealed that
the combustion heat input is progressively increased with the load resistance increase for
Model ‘A’, whereas for the other two generator models they are constant. Peak combustion
heat inputs versus resistive loads in the Model ‘B’ and ‘C’ generator models are generally
greater than the Model ‘A’ design. This indicates that combustion heat input is directly
linked with moving mass. At a load of 4 Ohms connected to the terminals of generator
Model ‘B’ and ‘C’, the generators require about 34% more combustion heat input compared
to Model “A’. In Figure 20, it is shown that the Model ‘C’ generator can generate about 15%
more electric power compared to other generators.
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Figure 19. Combustion power versus resistive load.
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Figure 20. Electric power versus resistive load.

Figure 21 illustrates the velocity profiles of the piston/translator assembly in a single
cycle (two strokes). The lighter moving mass demonstrates a shorter cycle time and higher
frequency compared to the heavier moving mass. Due to the reduced frequency of the
intake valves, the overall combustion heat input of the LEG system with the heavier moving
mass decreases.

——short 5.2 kg translator ——Ilong 9 kg translator
——long 5.2 kg translator
8
—Model A
8 Model B
4 —Model C
g 2
£ 0
o
2 0 0.p7
-
4
-6
-8

Time (s)
Figure 21. Velocity versus time for load of 5 Ohms.

5.3.2. Energy Density Comparison

Table 2 reveals a comprehensive comparison of alternative generators. Model ‘C’ can
produce 2120 Watts output power, which is about 16.5% and 19% more than model ‘A’
and ‘B’, respectively. However, the Model ‘A’ generator can achieve the highest system
efficiency of 30% among other generators. In terms of the ratio of power versus cost and
power versus volume, Model ‘C’ is superior, however Model ‘A’ is better for the power
versus weight of the electrical machine.
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Table 2. Parameter comparison of the proposed generators.

Generator Configuration

Parameter, Unit

Model ‘A’ Model ‘B’ Model ‘C’
Generator’s peak electrical power, W 1770 1710 2120
Engine mechanical power, W 1933 1830 2390
Heat energy, W 6100 8960 8750
Power efficiency, % 91.5 93.4 88.7
System efficiency, % 30 19 25
Piston amplitude, mm 116.4 118.2 117.8
Peak velocity, m/s 49 7.9 7.1
Frequency, Hz 15 24 22
Integrated volume, cm’ 9.16 9.16 6.11
PM mass, kg 3.18 1.59 1.59
Piston-Translator mass, kg 9 5.2 5.2
Total mass, kg 24.37 37.13 37.13
Generator price, £ 446 288 288

6. Discussion on System Integration
6.1. Proposed Integrated Prototype

Figure 22 shows how the electrical machine is intended to fit within the FPEG air com-
pressor. The short translator generator saves space and has the potential for an integrated
design, high efficiency, compact size, and flexibility in renewable energy integration.

Fuel High pressure gas
~ | Reactor

Compressed air

compressor cylinder t expander cylinder

Intake air

Non-magnetic sealing

(b)

Figure 22. FPEG system. (a) Proposed integrated design of FPEG system. (b) Integrated compressor-
generator prototype parts.
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The fundamental issue of integrating an electrical machine with a compressor cylinder
is ensuring that the fluid does not skip from chambers for the piston/translator to compress
the air or working fluid into a high compression ratio. When the temperature in the
compressor cylinder rises, materials with a high working temperature point must be
employed. Furthermore, incorporating valves on end plates and shaft sealing are the
remaining issues that were thoroughly explored and addressed in [30,31].

6.2. Prototype Testing

Figure 23 depicts the laboratory assembly setup, in which the linear prototype machine
(i.e., compressor cylinder-generator) is attached to a crankshaft mechanism, prime mover,
and drive unit to simulate the operation of the combustor and expander cylinder. It was
not possible to build and integrate this generator-compressor cylinder prototype with an
engine’s expanding cylinder, hence the translator/piston assembly must be connected to
a linear motion prime mover to mimic the expander cylinder performance. A crankshaft
is used in the conversion of rotary to linear motion. It is one of the hardest-working
components and converts the prime mover’s rotary movement into linear motion. The
specifics are as follows: Direct intake, bell-shaped, Stroke is 50.0 mm, Conrod is 110.0 mm,
Pin is 15 mm, and Conrod pin is 21 mm.

(a) Test rig (b) Crankshaft for converting rotary motion to linear motion

Figure 23. (a) Test rig for the prototype machine. (b) Crankshaft.

6.2.1. No-Load Electrical Testing

The results of an open circuit test with a continuous rotational speed of 600 rpm
and a peak speed of 1 m/s are shown in Figure 24. Since both sides of the compressor
cylinder were vented to the atmosphere, this was strictly an electrical test rather than an
electro-mechanical test. Since the three phases of the machine are well balanced, there
is confidence in the assembly of the SMC stator components and the concentricity of the
bearings. Table 3 gives the key results of the open circuit test. A comparison between
the predicted and simulated back EMF at a fixed speed of 0.3 m/s is shown in Figure 24.
The model is seen to overpredict by around 10% compared to an idealized finite element
analysis simulation; reasons for this will include damage to the SMC material and possible
parasitic air gaps in the stator assembly. To investigate just one of these effects, a small
air gap was inserted between the SMC teeth and coil carrying coreback components in
the finite element analysis model, as shown in Figure 25. The results of the back EMF
prediction for a gap of 0.05 mm were also shown in Figure 25 and bring the agreement
between the measured and simulated results closer.
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EMF (Volts)

Time (s) —EXPA —EXPB —EXPC

Figure 24. Back EMF at 600 rpm with peak of ~f1 m/s.

Table 3. Parameters of back EMF tests.

Voltage ~45 Volts
Stroke 50 mm
N (speed) 600 rpm
Velocity 1 m/s
T 0.015 s
f 66.67 Hz

Voltage (V)

time (s)

measured A measured B e measured C
===esimulation 1A ===-simulation 1B ==w=-simulation 1 C
--------- simulation2 A eeeecesimulation 2B eeseereeesimulation 2 C
(a) (b)

Figure 25. (a) Predicted (FEA) and measured (EXP) voltage at a constant speed of 0.3 m/s. Simulation-
1 is an idealized model, Simulation-2 includes 0.05 mm air gaps. (b) Small air gap added into the
simulation to investigate possible existence of parasitic gaps.

The difference between the simulation and experimental results in Figure 25a could be
due to several reasons: uneven machine air gap length in real life, manufacturing of the
translator affected by the components’ tolerance, and the electromagnetic performance of
the SMC components machined before assembly.

6.2.2. On-Load Electrical Testing

To electrically load the generator, the three phases were connected to a star-connected
three-phase resistive load, as shown in Figure 26, and the voltage, current, and electric
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power of one phase when operating at 300 rpm and a peak speed of 0.5 m/s were recorded
(Figure 27). Figure 28 compares the measured and simulated power output for a variation
in load resistance. It is found that for both measured and FEA, the maximum power of
30 W occurred at 6 (). The simulated power using the model excluding the parasitic air
gaps (Simulation-1) overpredicts the output power by almost 10%.

—Voltage

——Current

Voltage, Current, Power [V, A, W ]

-14
Time (s)

Figure 27. Voltage, current, and electric power of one phase at 300 rpm with peak of ~0.5m/s.

35
30
25
20
15

10

Electric power (W )

5 —EXP ——FEA

0 1 2 3 4 5 6 7 8 9 10 11 12

Resistive load ( Ohm )

Figure 28. Comparison of experimental (EXP) and simulated (FEA) results of electric power (rms)
versus resistive load at 300 rpm~0.5 m/s.
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6.2.3. Compression Test

In order to test the compressor cylinder’s pressure capability, the inlet and exhaust
valves were installed in the endcap, and two exhaust valves were piped to a pressure
vessel, as shown in Figure 29. The air was stored in an accumulator, and the pressure
was seen increasing with each compression stroke. For safety considerations, the test was
stopped after a few cycles once the pressure hit 1 bar. Thus, the concept of a combined
generator /compressor cylinder was successfully proven in the prototype.

In-let valve and exhaust valve connection on endcap
of prototype (two inlet-two exhaust).

LA

Pressure gage on compressor vessel shows
1 bar

Figure 29. Compression testing.

7. Conclusions

Experimental tests on a novel integrated compressor cylinder-generator system proto-
type were successfully completed in this study, demonstrating that the concept is feasible
and that the prototype can generate electrical power and compressed air simultaneously.
As a result, this paper claims that a linear generator can be integrated into a compressor
cylinder while overcoming mechanical challenges.

The dynamic and thermodynamic characteristics of a LJEG system with an alternative
generator configuration are presented in detail. By decreasing the moving mass of the
system, more power can be generated in a short translator generator (i.e., Model ‘C’) at
the expense of consuming more fuel or combustion power compared to long translator
generators. Short translator generators generate more electric power with lower efficiency
and higher combustion power compared to a long translator generator (i.e., Model ‘A’ and
'B’), which generates a little less power with higher efficiency at lower combustion power.

A short translator generator has a higher frequency compared to a long translator
generator, implying that if the frequency is high, the valves will open and close more
frequently and more hot air is drawn from the combustor. This results in the requirement of
more combustion power to warm up the air in the combustor before moving to the engine
for expansion-compression purposes. Therefore, Model ‘C’ is more promising in terms of
electric power generation.
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It might be concluded that during the launching of the FPEG system, the short transla-
tor (i.e., Model ‘C’) can consume less fuel because of its lighter mass compared to a long
translator generator (i.e., Model ‘A" and ‘B’). In other words, in the transient condition
of the system, the short translator consumes less combustion power to drive/push the
piston-translator, however in the steady state condition, the short translator generator (i.e.,
Model ‘C’), due to having a lighter mass and higher frequency, consumes more fuel or
combustion power. In the start mode of the system, the short translator perhaps consumes
less energy compared to the long one because, initially, the engine is required to push the
translator to reach a certain frequency, so the one with a heavier mass would consume
more fuel.

Depending on the requirements of the application, a short or long translator generator
can be adapted. A short translator is preferable since it occupies less volume and is good
for compact systems, however, if the weight is important, a long translator can be chosen.
In terms of cost, a short translator is more economical because of the use of overhanging
stators with 50% less permanent magnet material. Furthermore, an FPEG system with a
short translator generator (i.e., Model ‘C’) is preferable in terms of system cost and volume,
whereas Model ‘A’ is a better option in terms of system efficiency in comparison to Model
‘B’and ‘C".
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Abbreviations

LEG Linear Engine Generator
FPEG  Free Piston Engine Generator
LJEG Linear Joule Engine Generator
PM Permanent Magnet

TDC  Top Dead Centre

BDC  Bottom Dead Centre

SMC  Soft Magnetic Composite
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