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Abstract

Electrical power generation with minimal negative impact, such as low noise ratio, reduced
air pollution and reduced carbon footprint on the environment yet producing high efficiency,
has become a goal for numerous research institutes and industries. Therefore, more desirable
concept to solve aforementioned problems should be identified and implemented. However,
several authors in the field of power generation have identified Free-Piston-Engine-Linear-
Generator (FPELG) as a possible solution, due to its advantages, such as high efficiency,
minimized volume, fewer frictional losses and reduced carbon footprint, as well as its

economic feasibility, as compared to rotatory generators with crankshaft mechanism.

Despite the advantages of FPELG over rotatory generators, shortcomings of its own were
found, such as piston balancing, system combination (linear generator and free piston
engine), and stator design, to trap maximum electromagnetism energy, as well allowing
smooth piston motion during energy generation. This study investigates this optimal
operational efficiency of a FPELG design and development as an alternative electrical

energy generation.

The study objective was to evaluate the efficiency of a linear based alternator in a free piston
engine linear configuration, with an added necessity to develop a test bench for obtaining
the results. Secondly, with this test setup, data was generated scientifically and evaluated to

concur that this setup is economical.

Two types of generators (combustion and linear) were designed and built in two platforms.
Firstly, the FPELG was physically built and with the same component specifications a
Matlab®/Simulink program was developed to test the efficiency, voltage, speed and current
during the system operation.

Secondly, a combustion engine was developed in Matlab®/Simulink for evaluation of the
system efficiency as compared to Free Piston Engine Linear Generators. Both engines were
examined based on frictional losses to determine which generator is the utmost efficient,
compared to the other. Evaluating the assumptions that a linear based alternator in a free
piston engine is more efficient were conducted and it was observed that the linear generator
is travels at ~2m/s for a cycle of ~ 0.03s.
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The speed of the generator depended on the air pressure as well as the load carried by the
translator. It was observed that the load mass was exceeding the translator mass and as a
result the translator speed was reduced. This caused a bend in the translator and resulted in

the translator colliding with the stator.

The magnetic flux depended on the translator speed. However, the Matlab®/Simulink
showed that the desired output power was feasible with that speed of 2m/s. The physical
model also showed that the voltage obtained for all scenarios tested was feasible to meet the
expected output power of 7W.

The system efficiency evaluation was based on the frictional losses. The combustion engines
results were based only on Matlab®/Simulink program. However, it is assumed that the
results obtained from Matlab®/Simulink program will match the results of the built

combustion engines, as is the case for the linear generator.

The combustion engine is seen to experience additional losses, as compared to the linear
generator. The losses experienced on the linear generator are lower, due to the fact that

FPELG s have less mechanical wear as compared to the combustion engines.

This research provides a design approach for the alternator, which comprises of the specific
measurements for stator design. However, the translator is used as the prime mover between
the engine and the alternator. The physical model is then combined into a single unit. Next,
the results are simulated and compared to the simulation results from Matlab® Simulink
between the linear generator and combustion engines. The program parameters used for the
engine design are relative to the physical model, to compare the results of the same

parameters.
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Chapter 1: Introduction

1.1. Background to the Fundamental Analysis

In this chapter the background to the study is addressed and the layout of the dissertation is
explained. The active power imbalance between generation and loads is caused by
insufficient generation, as fuel costs and environmental concerns continue to rise [1].
Furthermore, due to insufficient generation of electricity, the demand for electrical energy is

increasing, while the availability of fossil fuels (coal, diesel and petrol) is decreasing [2].

The Free Piston Engine (FPE) concept is defined as a linear crank-less combustion engine,
with a linear load directly coupled to the moving piston [3]. However, FPE compared to other
combustion engines has the potential to replace the firing cylinder with a variable-pressure
bounce chamber and add a control variable to the engine, however, this lead to cost reduction

engine power density and higher frictional losses.

However, this concept is introduced as the alternative way for energy generation with
reduced carbon footprint. The engine structure consists of two main components, which are
the free piston engine and a linear alternator. Compared to combustion engines with a
crankshaft mechanism, the combustion process of the free piston linear engine may be
optimized through variation of the compression ratio.

The free piston engine linear generator is categorized into three generator types; the single
piston, dual piston and opposed piston, of which the dual piston is the one with higher

power/weight ratio than others [4].

Emission reduction has encouraged the development of environmentally friendly
technology. Free piston engine, coupled with a linear generator and battery, is identified
as the promising candidate for high efficiency hybrid vehicles. However, electrical
generators with high efficiency and low exhaust emissions are needed for advanced hybrid
electric vehicles designs [5].

The linear generator plays a very important role in the free piston engine system for the

deliverance of high efficiency system. Electrical generators with high efficiency and low
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exhaust emissions are needed for advanced designs [6]. As a result, FPE systems have high
efficiency and reliability in the energy conversion process as a result of the absence of
mechanical devices, like a crankshaft or a connecting rod [7].

Progress in FPE development has not been confined to research laboratories; industries have

taken advantage of the mechanically simpler design and lower fuel consumption of FPE [8].
1.2.  Problem statement on Efficiency Evaluation Concept

Current research in power generation in a small scale makes mention of a more effective way

of generating electricity by means of a linear generator within a free piston configuration.

Evaluating the assumptions stated that a linear based alternator in a free piston engine is
efficient, a test bench model will be created to evaluate the characteristics of the

aforementioned generator.

1.3. Objectives of the Study

The objective of this study is to evaluate efficiency of a linear based alternator in a free piston
engine linear configuration, with an added necessity, to develop a test bench for obtaining

these results.

Using this test setup, data is generated scientifically and to be evaluated to concur that this

setup is economical.

1.4. Hypothesis

By developing, assembling and building a scaled model of a linear alternator as a test bench,
evaluating efficiency compared to readily available combustion engines on the market, with

the same output wattage may be conducted and investigated in conjunction with simulations.

Creating a simulation model for evaluating efficiency of a linear alternator using Matlab®/
Simulink platform and comparing acquired results to a rotary generator setup of the same

wattage.

© Central University of Technology, Free State
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1.5. Research Methodology

A type of FPE configuration is to be identified, and the design, development and assembly
strategy for efficiency evaluation of a linear based alternator has to be implemented. Dual
piston engine configuration is identified by previous mentioned literature as the optimal

engine configuration, due to lower vibrations and higher power to weight ratio.

Dual piston engine configuration to be assembled, comprises of the built linear alternator,
control system and the pistons as indicated in Figure 1.1. A linear alternator is physically
built on a small scale, with major components in the same power range as a rotary generator

setup.

Efficiency of a linear based alternator is evaluated on both the physical and the simulation
models. In addition to efficiency evaluation, multiple graphs may be created illustrating
velocity, voltage, current and frictional losses between the two systems. The creation of a
simulation model using Mathematical techniques in Matlab®/Simulink may determine

efficiency evaluation of a linear based alternator in free piston engine configuration.

Hall Effect Hall Effect
Sensor Sensor
Compressor <_|:|_>
= T
—— Piston Piston

Cylinder Linea Cylinder

Pressure Gauge
g Generator

Switch

_.._.>\#

1U  CONSEE = c
Power Supply

Micro Controller

Figure 1.1: Proposed Dual Free Piston Engine Linear Generator Configuration Setup

Figure 1.1 demonstrates the dual piston engine configuration with control system, whereby
the cylinder with pistons are operated by air pressure. Once the air pressure is on the control

© Central University of Technology, Free State
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system from the compressor, the control system will further control the motion of the pistons
either to extract or retract within the linear generator through the switch. During that
operation the feedback circuit is connected to the oscilloscope to provide the results of

system performance in a form of multiple waveforms.

1.6. Publications and Presentations during the study

During the course of this research work, the following article was presented.

T.G Kukuni, Dr B. Kotze, “Evaluation of a Linear Motor for Utilization in a Free Piston
Generator”, Southern African Universities Power Engineering Conference, 24-26 January
2018, Johannesburg, South Africa.
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1.7. Layout of the Dissertation

Chapter 1 is an introduction to the dissertation which presents the background, problem
statement, objectives of the study, methodology, as well as the hypothesis for the research

conducted.

Chapter 2 provides the theoretical overview of the currently available and newly developed
linear generators and their applications. The primary focus is based on the materials and
concepts needed for designing a linear electrical generator.

Chapter 3 covers the development of the mathematical model, as well as the physical
prototype for linear generator system and the mathematical model for crankshaft systems.
Matlab®/Simulink library is used to develop the mathematical models.

Chapter 4 discusses the simulation results of both Matlab®/Simulink and the build of a
physical prototype model, as well as the crankshaft losses. The proposed system efficiency
is evaluated for observation, energy efficiency and to evaluate its readiness for a small

production model.

Chapter 5 presents the conclusions and suggests the future works of research to be carried

out as to promote efficient linear generator designs within free piston engine configurations.
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Chapter 2: Current Developments in Free Piston Generators

2.1. Introduction

This chapter discusses the theoretical overview of the designs currently available and
theoretical simulation model of Free Piston Engine Linear Generators (FPELGS). There are
several methods for generating electricity within the FPELG by converting mechanical
energy into electrical energy via electromagnetic principles. This chapter is to discuss these

options.

2.2. Literature Review

DC generator usage is restricted, due to low transmission efficiency and high maintenance
brushes and commuter segments [9]. In addition to generator history and functionality, the
theoretical simulation is presented before the engine design prototype.

Zulkifli et al. [10], discusses the strategy for starting a FPELG, by employing a gas spring of
the engine before the combustion that is mechanical resonance and electric motoring, with

an open-loop and rectangular current commutation.

The basic model of the FPELG model is implemented to study the efficiency of the linear
alternator configuration within the FPE. The equations describing the FPELG development
are presented together, with key assumptions for simplicity of the model for use in
optimization.

Precise motion control with satisfactory dynamic response, minimal frictional loss and less
mechanical wear, are some advantages that linear generators have over combustion engines.
Several authors have discussed the use of free piston engine linear generator (FPELG) with
an alternator, as the future for powering hybrid cars and for power generation.

This research focuses on evaluating the efficiency of a linear alternator in a free piston engine
(FPE) configuration. There are several shortcomings that have been encountered with

previous designs of FPELG with an alternator.
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Famourie et al.., [11], “Design and testing of a Novel Linear Alternator and Engine System
for Remote Electrical Power Generation”, investigated the stable operation of a spark ignited,
gasoline fuelled linear engine and alternator system. His study revealed that at no load, the
system was able to operate at 25Hz oscillation frequency and it generated 132 V with an
open circuit. Famourie study further states that at a full load, maximum output power of 316
W is produced at 79 V.

Famourie, furthermore, developed two separate systems (alternator and engine), with only a
link between two systems being the stroke length and oscillation speed.

Cawthorne, managed to improve Famourie's design by combining both alternator and engine

into a single unit system.

However, Cawthorne’s research did not cover the presentation of speed profiles at various
loading levels and examine the efficiency of the various loads at various speeds.

Mikalsen et at.., [12], ““A review of free piston engine history and application”, indicates that
historical free piston engines were mostly of the opposed piston type and had the mechanical
linkage between two pistons, in order to balance it and prevent vibrations. Despite all this,
they had some advantages over rotational engines and the main advantage was the

compactness of the units and the dynamic balance.

Patrichencko el at.., [13], the authors, present an “Approach to controlling the extreme
positions of a free piston generator using linear electric machine”. The machine is used to
provide the appropriate compression ratio necessary for ignition and limit the stroke of the
piston in the expansion phase, using Matlab® /Simulink platform for the model

implementation.

Furthermore, Ferrari el at.., [14], “Development of a free piston linear generator for use in
an extended range electric vehicle”, presents the methodology of the free piston engine linear
generator. The authors present the use of the FPELG as a range extending device in an
electric vehicle to achieve the robust operation of the FPLG system, hydraulic actuator

implementation for FPLG motion simulation had to be developed.

A simulation program may be created for efficiency testing at the desired frequency and for
motion control of the FPELG on a platform like Matlab®/Simulink. The design, simulation
and implementation of free piston engine linear generator as an alternative means of energy

supply can be created and developed.
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Previously developed FPELG with Alternator research, focused on hybrid vehicles and
environmental concerns, however, this research is based on utilizing linear alternator in a
Free Piston Engine configuration as a possible alternative energy solution by evaluating the

efficiency of the linear alternator.

However, determining the number of turns is important when building any type of generator.
A new winding design affects other parameters, such as resistance and inductance. This
results in copper resistance changing due to its relation to resistivity and length and area of

the wire as indicated in the formula below:

Qcu*l
Rorm = 4 (2.1)

Where: Rarm = Copper Resistance, Qcu = Resistivity of the copper conductor,
[ = Length of the wire, A = Cross- Sectional area of the wire [15].

The number of windings further causes a change in inductance, since inductance depends on
magnetic flux through a coil of a given number of turns and current is linked by the coil.
L=— (2.2)

I

Where: L = Inductance, N = Number of turns in the coil, @ = Total magnetic flux, | = current.

Equation 2.2 can be simplified and re-written as follows:

¢="" (2.3)

=22 (2.4)

Equation (2.5) can be introduced into equation (2.4), by making inductance subject of the

formula in equation (2.2), which therefore results in equation (2.5) as follows:
= — (2.5)

Linear machines that are recently being manufactured and designed, usually brushless linear

generators. Commutation is performed electronically using electric switches and other forms
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of sensors that provide logic signals for commutation. Tubular or cylindrical linear
generators as indicated in Figure 2.1, are the type of generators that are being constructed.

S

Shaft Magnets

Coil

Forcer

Figure 2.1: Cylindrical Linear generator with circular magnets on a shaft and a force with
coils [15]

The design is similar to the linear actuator while the difference being that magnets or coils
are repeated to increase the stroke length. This design may have magnets on the inner tubular

housing or on the shaft [16].

Concentrated windings, as shown in Figure 2.1, have benefits over traditional distributed
windings in-terms of lower resistance windings and a higher slot fill factor [17]. Furthermore,
concentrated windings also provide higher inductance, which is advantageous when

designing for a wide speed range [18].

n = (100) (2.6)
Where:
n denotes efficiency,
Pout = Output Power,

Pin = Input Power.

w=F=xD (2.7)
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w denotes work done, F denotes force and D denotes displacement between two pistons,

however, from equation (2.7) we can derive equation 2.8 by adding the following equation:

v= % (2.8)
However, equation 2.8 can be simplified into

D =vt (2.9)
Which therefore introduces the t time factor in equation 2.10 as follows:

p= % (2.10)

Where: P denotes power,

w is the work done,

tis the time,

v is velocity,

10
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2.3.  Free Piston Engine development

For any research to accomplish accurate desired results, the fundamental principle is to
identify the simulation or physical models to be developed. However, for this study a Free
Piston Engine Linear Generator Model (FPELGM) developed consists of combustion

cylinder, linear alternator and control system.

In the current designs, the load on FPELG is connected after the rebound devices for a single
piston FPELG configuration to act as a storage device. Nemecek et al. [19], describes the
Free Piston Generator Model (FPGM) and its control for achieving steady operation, by
highlighting the piston acceleration engendered by combustion mixture and how the energy

is released in opposite cylinders as in indicated in Figure 2.2 below:

il L -
x
- | I >
- 0 L2 -
F,v,a
LV, >
_P_'. ]'.’__ C1 i Cz P-'.l i|'."‘I
TR Y i L
".\ /
I s|D |:_\_- ' I
_— L
) -——FI- -lj__}——n

Figure 2.2: Simplified FPG diagram constants and variables [18]

The following equation is aimed at presenting the mathematical representation of Figure 2.2,

where both pressure, density and velocity are expressed, as well as their effect on the system

performance.
b1 — P2 = %P(Vll - %) (2.11)
Where:

p is pressure,
p is the density,

v is the velocity.
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The air pressure is applied to the one side of the chamber (C1) and the piston extracts F1 to

the second chamber (C2), where F2 retracts the load through the linear alternator.

The Free Piston Engine (FPE) is a machine that employs pistons, which are dynamically
coupled to energy storage and absorbing devices, to convert thermal energy into useful form
such as electricity [16].

The configuration illustrated in Figure 2.2, apart from demonstrating acceleration caused by
combustion mixture further highlights a single piston with load directly attached to the

opposite piston.

Air pressure is one the fundamental basis in the current engine design concept, where the
force balance equation for dual piston linear engine is described by authors of Ref [19] as

follows, due to the fact that the engine cannot start operating without the air pressure force

application.
P,(X,)Ap — Pr(X,)Ap — F(X,) = mx (2.10)
Where:

P, (x) Pressure in the left cylinder,

Pr(x) Pressure in the right cylinder,

Agp Bore Area,

F(x) Electromagnetic and friction force,

m Mass of the translator,

Xp Translator position,

X Displacement of translator.

However, for this research other forms of frictional losses are not accounted for and are
assumed to be constant and only bearing frictional losses are accounted for, due to the
advantage of a linear generator with a free piston engine having reduced frictional losses

associated with crankshaft mechanism as compared to combustion engines [19].

12
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The concept of reduced frictional losses within a FPELG, will be investigated as to compare
the losses that occurs between FPELG and rotary generators, bearing in mind that this

research is focused on efficiency of the system based on the losses.

The translator motion is initiated by the reciprocating motion of both the left and right
cylinders. However, the motion of the pistons is opposite, meaning that the time in which the

left cylinder retracts, and the right cylinder expands and vice versa.

For the present study, the cylinder volume is obtained by assuming that at the midpoint,
where x = 0 is known, the assumption may be made by equating the cylinder pressure and
cylinder volume of the one cylinder to be equal to the pressure and cylinder at the focal point

as follows:

PRV, = B, V", (2.12)
However, equation 2.12 can be substituted into equation 2.13 and result in

Pr = PG (2.13)
Where:

Vm = Cylinder Volume at the focal point,

Vr = Right Cylinder volume,

Pr = Pressure at the right cylinder,

Pm= Cylinder at the midpoint,

n = ratio.

R in the equation, solely represents both the left and right cylinder, however, for the
complexity of the equation only one side of the system is used on the above equations.

M is the midpoint of the system between the two cylinders.

Bearing in mind that these equations further apply on the left cylinder, by reason of the dual
air pistons that are used; therefore, the equation is within both cylinders. However, for this
study, the heat factor is not a phenomena accounted for during the operation, but rather the
air pressure is accounted for, since it plays a huge role in the motion of both air pistons. Since

combustion occurs at a constant volume the following equation is derived.

13
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However, midpoint volume V;,, can be expressed as follows:

= Dyx, (2.14)
Where:
b cylinder bore
Xm translator position

The movement of the piston assembly is decided by forces acting on it, while the generator

is in a stable state. In Figure 2.3 below, Miao et al., [20], demonstrates how forces act on the

piston assembly of FPELG.
- P,. F | R -
E ) Wﬂxﬁ%//ﬁ/ﬁ/ DR
— FI: -—
0, = x

Figure 2.3: Forces acting on the piston assembly of the FPELG [20]

The following equations demonstrates the operations that occur on Figure 2.3, during

scavenging process of the FPELG.

d?x

(Pb—P)A—- F,—F = m—; (2.15)
Where P, _ In cylinder gas on the top surface of the left cylinder,

P._ In cylinder gas on the top surface of the right cylinder,

A = Area of the piston,

F. - Electromagnetic force caused by the load,

F¢ = Frictional force,

M = Mass of the piston assembly including the translator,

14
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x = Piston displacement,

t = time.
However, as indicated in Chapter 1, other forms of frictional losses are not accounted for,
apart from frictional losses in this research, as linear generators within a free piston engine
primary objective is to illuminate the crankshaft mechanism and to reduce frictional losses

within a constructed alternator.

2.4. Free Piston Engine Model

The Free Piston Engine can be configured in three different forms as illustrated on Table 2.1
below. The piston forms illustrated highlights the opposite piston, single piston and dual

piston configuration.

Table 2.1: Typical free piston engine configuration [21].

Type Representation Comments
Synchromzing Linkage
Combustion Chamber Intrinsically balanced
\ and vibration-free
when the pistons have
Opposed Piston =T T .

PP \D\ equal masses; piston
synchronization is
required.

" Load and Rebound Devices !
Combustion Chambers
— Load Every oscillation is
. . a wwer  stroke—
Single Piston, Dual i}tE‘I:tiﬁ.H‘r' reater
Combustion Cham- — p. . y & )
ber - efficiency. Unbalanced
— and possibly  difficult
to control.
ﬂhuslmn Chamber
. . Simple and easy to
Single Piston and ™~ i E'Dlltlzﬂl but it i‘-;ulnhal
Combustion Cham- . c
anced. Counterweights
ber
may he nsed.
Load and Rebound Device

15

© Central University of Technology, Free State



: Central University of
Technology, Free State

Since the focus based on a dual piston engine linear alternator is studied, coupling of the load

in FPE is the key to understanding the design and functionality of the engine.

It is critical when evaluating engine efficiency to accurately place your load at a more
convenient place where the load will not have any negative impact on the operation of the
engine, by reducing speed at which the pistons are travelling. The general load acting on the
engine is preferably coupled to the linear alternator and not the engine pistons. However,
Aichlmayr [21] states that it is still possible to place the load on the pistons, provided that
the opposing piston is synchronized with the motion of the extracting piston, to prevent
collision and keeping the loads small. Aichlmayr’s research is further supported by Junkers.

Combustion Products

Force, PA

Linear Alternator

Alir Compressor

Load Force, I

Hydraulic Pump

ay 2

Figure 2.4: Load compatible with FPE [21]

2.5. Solenoid Selection

Solenoid copper wire is one of the fundamental components to be used for this research when
developing a linear alternator. However, for every output required it is important to know
the wire gauge of the copper wire to avoid burning the wire and effectively obtain the desired
output. Table 2.2 below displays the American wire gauge used for solenoid copper wire

selection.
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Table 2.2: American Wire Gauge [22]

Central University of
Technology, Free State

. Maximum Maximum
Conductor Madimum amps for frequency for
AWG Gauge| Diameter | ORMSper | Ohms per | amps for power 100% skin
1000 fr ()| km (Q) chassis . .
(Inches) g transmission | depth for sohd

(A) conductor
0,000 0.460 11.684 0,049 380 302 125
0,00 0.410 10,403 0,061 328 239 160
0,0 0365 9265 0,077 283 100 200
0 0325 8,252 0,008 245 150 250
1 0.289 7.348 0,123 211 119 325
2 0,258 6,543 0.156 181 a4 410
3 0,229 5,826 0,197 158 75 500
4 0.204 5.189 0,248 135 60 650
3 0.182 4.620 0,313 118 47 810
] 0.162 4.114 0,395 101 37 1100
7 0144 3.665 0,498 80 30 1300
3 0,129 3.263 0,628 73 24 1650
9 0114 2.905 0,792 64 19 2050
10 0,102 2.588 0,908 35 15 2600
11 0.091 2303 1,260 47 12 3200
12 0,081 2,052 1,588 41 2.3 4150
13 0.072 1,828 2,003 35 7.4 5300

2.6. Control Systems

Petrichenko et al.., [13], use the principles of thrust control for electrical drive. Since the
control system is based on FPE, the positioning of the piston is external due to the fact that

they are attached to the shaft inside the linear alternator.

However, Kolpakhchyan et al.., [23], introduces the use of pulse width modulation (PMW),

to determine the required winding current value.

Kolpakhchyan et al.., further, proposed the control systems structure based on the principles

of descendant control, as in Figure 2.5.
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o Ude "‘,’
Regulator x Regulator v " _l I_‘
v I rem 2 fase
Pl PID control | ;n2*| .
system mvertor

’ | nlpt—3%

- —=x
RFM

Figure 2.5: Control System structure [24]

For this research, since piston control is accounted for by the fixed attachment on the shaft,
the losses that occur during the cycles are taken as calculation basis, due to the cylinder
pressure. The piston motion as well as the speed profiles are based on the control system in
relation with the supply frequency.
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2.7. Magnetic Properties

The selection of magnets is important in a generator design, since it is significant to know
the magnet's capabilities, such as energy and mechanical strength etc. Several authors agree
that neodymium permanent magnets are the leading choice for FPELG design as indicated

in the Table 2.3 below:

Table 2.3: Permanent magnet material comparison

Properties |Lowest |Low | High Highest
Cost Ferrite AINiICo | Nd2Fe1sB | SmCo
Energy Ferrite AINiCo | smCo Nd2Fe14B
Operating

Temperature Ndz2Fe14B | Ferrite | SmCo AINiCo
Corrosion

Resistance NdzFe14B | SmCo AlNico Ferrite
Resistance to

Demagnetization | AINiCo Ferrite Nd2Fe14B | SmCo
Mechanical

Strength Ferrite SmCo Nd2Fe14B | AINiCo
Temperature

Coefficient AINiCo SmCo Nd2Fe14B | Ferrite

Mahadi et al.., [25], states that for permanent magnet selection, several magnetic properties
are the important parameters that need to be observed, before a magnet could be used, which
is flux density, coercive force and maximum energy product. These parameters determine
the performance of the permanent magnets and NdFeB magnets with N30EH grade are the

leading magnets for linear alternator.

Callahan [26], supports Mahadi's observation stating that NdFeB magnets are the leading
candidate magnets for generator modelling. However, these materials are difficult to utilize
with temperatures over 100°C, hence in the “properties of NdFeB magntes” in Table 2.4, the
selected operational temperature is picked at 80°C, treated as the maximum operating

temperature for this study.

Mahadi et al.., “Thermal analysis of a neodymium iron boron (NDFEB) magnet in the linear
generator design “further proved their observations of NdFeB as the best and reliable

permanent magnets for use in linear generators.
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Mahadi [27], further supports their statement by introducing Figure 2.8, which illustrates the

demagnetization curves as a function of temperature.
The main linear generators types are as follows:

= Moving Iron —the heaviest linear generator configuration.

= Moving coil — allows the coil to create power during scavenging.

= Moving magnet — used in this study, due to its ability to create large magnetic flux
and further advantages of neodymium iron boron magnets, even for a short stroke

length.

In addition to choosing this configuration setup, the generator may still be subject to

vibrations, friction and demagnetisation.

Based on Lorentz law, the minimum compression pressure of approximately 5-7 bars may
be utilized to produce significant combustion pressure [28], hence the selection for utilization

of a 6-bar compression pressure in this study is utilized.

Bl H

-0.5}_

= [}_2; i

(OL/L 1o ©%) g uolanpu) Jo |Nup uoneziaube

— T 71 — — - —
kOe 26 24 22 20 18 -18 14 12 10 -8 6 4 -2 D

— T T T T T T {
kASm 2000 -1800 -1600 -1400 -1200 -1000 -800 B0 400 200 i

Demagnetization Field, H

Figure 2.6: Demagnetization curve as a function of temperature for N30EH NdFeB magnet
[27]
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Furthermore, Figure 2.6 demonstrates the importance of coercivity and remanence on the B-
H curve as the most critical magnetic properties for permanent magnets (PMs). In addition,
B-H curve is used to illustrate the relationship between magnetic flux density and magnetic

field strength for a particular material.

1.5 -
NANOPERM LM B (T)
Feza 5 Cuy Nbj Siyss By
Core M-391 (Magnetec) 1 1
0.5 1
H (A/m)
T T G T 1
-1000 -500 0 500 1000
-0.5 1
MEESLIFE{E\I‘I*& //,;,
il >
== Model
-1.5 -

Figure 2.7: example of a B-H curve [29]

Neodymium Iron Boron (NdFeB), is selected as the leading candidate magnet utilized for
this research. Authors of Ref [30], agree with Mahadi's observation and further adds that
NdFeB magnets may increase flux output in Hci as temperature decreases and is able to
change from a uniaxial or easy-axis material to an easy-cone material as illustrated in Figure
2.7.

21

© Central University of Technology, Free State



{ Central University of
Technology, Free State

0.72 .;..-'l-'..'_..--.---. ]
— 0.68} Wﬂmﬂ |
Lo, é}b '
|
2 064 L -
% -
o 0.60 e :
= f |
A = NdFeB
= Uobrs i
e SmCo
0.52} -
0 50 100 150 200 250 300
Temperature (K)

Figure 2.8: Magnetic field as a function of temperature for NdFeB and SmCo [30]

The use of NdFeB permanent magnets, over other permanent magnets for this study, is
further argued in relation to Ref [31], stating that at room temperature, NdFeB magnets
experience strong coercivities Hej > 24 kA/cm. NdFeB has a higher energy density than

SmCos magnets as indicated in Figure 2.8.
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Figure 2.9: Maximum energy density (BH) m of RE magnets in dependence of temperature
[32].

Table 2.4 illustrates the magnetic properties of the Nd2Fe14B magnet as well as the operating
temperature range that is equivalent to that of an air piston operating temperature. The
following equations demonstrates the necessity of the operating temperature of the magnet
as indicated on Table 2.4 and equation 2.16 and 2.17.
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Table 2.4: Properties of Nd2Fe14B magnet

Material | Remanence Br Coercivity Hc Temp Coeff | Temp Coeff
Code KGs T Koe kKA/m of Br of iHc
N35 Typ Min Typ Min Typ Min Typ Min
1.22 1.2 122 |1.17 |11.2 11 891 836 | -0.11%/°C -0.60%/°C
(100-20°C) | (100-20°C)
B,@80°C = B,, (1 + 2 (T - 20))
=1.13948 T , (2.16)
o KHC
H,@80°C = H,, (1  Kne 20))
=0.57024 MA/m (2.17)

The linear generator within a free piston engine configuration is assumed to be frictionless
and operates under two conditions, no-load and with-load condition, as stated earlier in this
chapter. The translator motion is kept on by forces generated from the air compressor,
resulting in expansion and retraction of air in the engine cylinders, with the control system

controlling the entire operation, which will be discussed in detail in Chapter 3.

Cawthorne [33], introduced a force balance engine equation for an engine operating under
two conditions; no-load and frictionless, however, for the study in hand, the with-load

condition is also accounted for.

The set of conditions as well as the system methodology are applied for conceptual design
and development in Chapter 3. However, some of the equations may be modified, depending

on the existence and practical complexity of the system.
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2.8. Summary

This chapter has provided an overview of the research developments in the area of power
generation. Several papers from referenced journals, conference papers and articles in the area
of power generation system control have been reviewed. In this chapter, two major points were
referenced in relation to literature review; selection of high quality magnets and power
generation strategy. However, only a few research works have been dedicated in both disciples.
Literature addressing the use of a free piston engine linear generator as means power
generation, the operational strategy, development of a single unit has been discussed. This
chapter has also suggested and underlined future works that can make significant contribution
to the free piston engine linear generator optimal operation control research area.
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Chapter 3: Conceptual, Design and Development of Linear Brushless

Permanent Magnet Generator

3.1. Introduction

This chapter appraises the development and modelling of an FPELG model. Firstly, the
physical prototype of the FPELG model and the operational description are provided, as well
as the mathematical modelling. However, the cogent proposition of the engine is utilized for

progression of the design.

Furthermore, provision for use of geometric combinations for parameters to meet a specific
output power of 7W and maximize efficiency with lower mass for the prototype is utilized.
The provision is for both the Free Piston Engine physical model and simulation as well as

for combustion engines simulation.

3.2. Linear Alternator Design

The linear engine is an important subsystem and is used as a prime mover of generation
system [1]. The engine constructed is tested in two states, the no-load state and the with load

state, with efficiency been tested for both states.

For both states the engine is assumed to be frictionless and engine motion will be kept on by
the control systems pushing the pistons inside the linear alternator back and forth, resulting
in the action motion of the engine, sustained by the electromagnetism that is experienced in
the linear alternator.

The linear alternator consists of two main components, namely the stator and translator. The
stator comprises of the exterior of the generator, which is a circular enclosure, with armature
winding and back iron. A 3-D cross sectional view of the stator design is illustrated on Figure
3.1.

However, the system development was constructed in (3D CAD Design Software Solid-
works) the engine design which was selected as a basis for the development, as indicated on
Figure 3.1to 3.3.
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Figure 3.1 presents the measurements for the stator designed, as well as the supporting discs.
Figure 3.1 further demonstrates the segment layers of the stator where the coil windings are
mounted within each layer, with a supporting lid mounted at the end of the stator to maintain

magnetic flux within the stator and to minimize energy losses.

The two scenarios are tested, where a load is connected across the output terminals of the
armature windings on the actual generator. As a result, the current flows through the load
and power is extracted from the with-load state, where the variable resistor is adjusted for
both minimum and maximum resistance. Secondly the generator is started and the terminals

are mounted on the oscilloscope to obtain the without-load state.

The combustion engines assembly is developed in a simulation model with the same

objective of designing and developing the same 7 W linear generator.

Figure 3.1: Cross-sectional overview stator design

Referring back to Figure 3.1, the lid, or measuring plate, is used as the measuring lid for

copper windings across the 10 mm slot, with 3 mm being the closing slot.
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However, Figure 3.2 presents the plate used to mount the copper wire where the translator
with magnets at expected to pass through during scavenging.

The hole is measured with reference to the magnet and separators circumference, to allow
smooth motion of the translator and achievement of high magnetic flux. The windings are
turned up to about 90 % of the stator/ plate diameter so that the stator plate can be fitted and

the copper wire can join the next plate.

After all seven plates are mounted together, the stator outer lid is mounted with 6 mm nails

so as to close the linear generator from Figure 3.3.

Figure 3.2: Stator plate and cover
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Figure 3.3: Stator outer lid

Figure 3.2 demonstrates the size and shape of stator plate, whereby the coil windings are to
be mounted within. For this to take place, seven stator plates are used in reference to the
magnets as to experience high efficiency during scavenging. Figure 3.3 demonstrates the
specifications of the stator lid that is utilized to close the stator in order to keep the energy

intact.
For the stator design, the following attributes are to be considered:

e Minimization of the radial vibration of the stator body
e Allocation space in order to cool the stator down.
e Sufficient space to allow insertion of the coil, as well as smooth scavenging of the

translator mounted with permanent magnets.

The engine comprises of two pistons on each side (dual piston), which is free to oscillate
within the cylinders shaped bodies of the engine as indicated in Figure 3.4.
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Co1l Back-iron Separators

Piston

Permanent Stator _
Magnets Cylinder

Figure 3.4: Cross sectional view of linear engine with linear alternator

For the study presented, combustion occurs at each end of the generator, rather than inside
the alternator, whereby the cylinder head fully extends to the opposite end, however, with

the hall-effect sensors preventing collision of the cylinder heads with the stator.

The importance of permanent magnets in energy generation is expressed in Faraday's law,
which relates to the rate of change in magnetic flux, through a loop to the magnitude stating
that:

do
€induced = T (31)

Where:
einduced = induced voltage on the coil
@ =fluxin the coil

However, the equation (3.1) can still be modified and applied with reference to Lenz's law

as follows:
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€induced = —N % (3.2)
Where:

@ = flux passing through one coil per turn

N = number of turns in the coil

The permanent magnets are mounted onto the translator to create a magnetic field during
scavenging inside the coil windings of which are mounted directly on the stator. A translator
is moved through the stationary coil windings that are mounted directly on the stator surface.
As a result, the voltage will be induced referring to Faraday's Law.

The generator design was accomplished by removing the crankshaft mechanism and
replacing it with a translator. The stator was developed in such a way that it can accommodate
~300 coil windings, without being exposed to the magnets with reference to American Wire
Gauge (AWG), named on Table 2.3 and to meet the 90 % proximity of the stator plate.
Furthermore, in order to accomplish the motion, several factors such as frequency and control
systems had to be considered first.

However, they will be discussed at a later stage as well as their applications to the generator

operation.
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3.3.  Combustion Engine Design

The combustion engines are engines of which piston motion is controlled by means of
crankshaft mechanism for energy generation. Crank is defined as an arm attached at a right
angle to a rotating shaft, of which the reciprocating motion is imparted or received from the
shaft [34].

Since generators operate on the same principle, the Free Piston Engine, as well as the
crankshaft engine, have the same process occurrences inside the cylinder [35], [36].
However, their motion sequence is different. For the slider-crank mechanism, the following

model is subject for external forces as indicated in Figure 3.5 below.

For the present study, a flywheel is utilized due to its advantage to rotate at 360°, while
attached to a stand-alone pole. The kinematics are mostly based on the flywheel motion.
However, several authors measure kinematics on an angular based relation, which is not

accounted for in this study, hence the use of the flywheel for the mathematical model.

—— F[f]

Figure 3.5: Slider crank mechanism [37]

Figure 3.5 highlights the angles, as well as the total frictional losses that occur on a rotatory
engine. However, authors of Ref [36], highlights valves, pistons and piston rings as the major
contributing factors for frictional loss in a combustion engine [38].
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Due to technological improvements, different piston designs are utilized in order to reduce

friction on the engine.

Figure 3.6 demonstrates the forces that are acting on the piston. Evidently, reduction of the

weight and skirt of the piston also reduces the frictional losses on the engine.

l_. / Gas Pressure, P
X /

Side Thrust ! Friction Force, Ff

Force, Fl — —

Connecting Rod
Force, Fr

Figure 3.6: Forces acting on a Piston [38]
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3.4. Methodology for Simulation and Starting of FPELG

The operation in starting the engine depends on several fundamentals, namely the air

pressure and the electrical power supply that is used to power the control system.

Since the methodology for starting FPELG depends not only on the control systems, but the
mechanical forces acting on both pistons are also accounted for. This process of starting a

FPELG comprises of the following fundamental steps:

e Air pressure is supplied from the air compressor to the intake valves of the system.
However, the motion direction is needed, and it is therefore accomplished by
supplying the air pressure to the air switch instead of the intake valve.

e The air switch is directly connected to the control systems, which control the piston

motion speed, motion direction and cycle duration.

The control systems development and functionality will be highlighted in depth in section
3.6.

The initial motoring speed for starting the engine is initiated by both the 6 bars air
compressor and the control system. However, since there are several energy conversions
during Free Piston Engine Linear Generator operation, Kinetic energy is assumed to occur at

the start of the operation where it is determined as follows:

K, (during start) = %mvz, (3.3)
= (% « ((3.64) * (0.25)?),
= 0.11 Joule.

Ke represents Kinetic energy, m represents the load mass and v represents the velocity.

However, for the measurements utilized in equation 3.3, m is obtained from 3.15 of sub-

section 3.3 and v is the velocity obtained from Chapter 4 in section 4.1 of the results.

After obtaining the energy needed to start the engine motion, the theoretical output power
should to be calculated in order to identify whether the model can achieve the proposed

objective or not.
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Therefore, power is calculated as follows from the kinetic energy obtained in equation 3.3

as follows:
E
Pn _ ' nergy 1 (3.4)
Duration per Stroke
_ou
~ 002’
=55W.

Where Pn = Power,

The stroke used in equation 3.4 is obtained from the stroke length of the system which is
100mm which is identified in Table 4.1 in Chapter 4.

The piston motion is important in achieving electromagnetism, since the efficiency of the
system depends on it. Therefore, dynamic equation as well as piston motion are simulated
and implemented on Matlab®/Simulink and a physical prototype is constructed for
verification of results. Furthermore, piston motion for this study was achieved by deriving

Newton's second law, stating that:

2

d
Fn+ F—F —F =m== (3.5)

Where:

F,, = Magnet Force ,

F; = Force from the left cylinder,
F. = Force from the right cylinder,
F¢ = Frictional Force .

However, Equation 3.5 can further be simplified into Equation 3.6. Since frictional force is
not accounted for in this research and is treated as a constant due to the reasons stated above,

resulting in Equation 3.5 being modified and re-written as Equation 3.6 as follows:

2
Fr+ F—F =m%% (3.6)

The modelling of the engine is designed as to reduce frictional losses as low as possible,
therefore the concept of shaft stabilization was used for the achievement of high efficiency
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for the working of FPELG. It is significant, since the aim is to accomplish piston stability in
the design due to its vital role in frictional loss reduction, as indicated in Equation 3.6.

The magnet setup as indicated in Figure 3.7, with the translator passing in the middle of the
alternator, demonstrates the stability and piston synchronization. However, the translator
stability (based on load mass) calculation is provided at the later stages of this section

providing a clear picture whether the translator can withhold the magnets and separator mass.

In addition to Equation 3.6, a dynamic balance equation of motion is utilized, since the
translator motion converts the chemical energy through combustion chambers, into kinetic

energy of the moving mass, into electrical energy through the generator.

The mathematical formulation is used as follows as to simplify the dynamic modelling of

the system, by applying Newton's second law of motion as follows:

Y F = Fpor + F, — Ff — Fopy = m& (3.7)
Where: ), F = total force,

Frmot = Motor force,

F, = In-cylinder pressure force,

m = moving mass,

X = piston acceleration.

Figure 3.7, demonstrates the assembly of both magnets and separators on the translator.
However, Figure 3.7 highlights the stability (mass) to optimize the translator.

Figure 3.7: Side view of the Engine showing magnets and separators

Figure 3.7 Side view consists of the structural arrangement that is used for the cylindrical

linear generator. The arrangement consists of (1) magnet and (2) magnetic separator to keep
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magnets away from each other to illuminate magnetic attraction. This arrangement consists

of seven permanent magnets and seven magnet separators (non-magnetic objects).

The arrangement outlined in Figure 3.7, determines the velocity of the system which is based
on two aspects namely the translator length and two connecting pistons to the translator. The
following equations are derived in order to obtain the system velocity using an input air

pressure of ~6 bars:

YPT, = P+ PR+ T, (3.8)
Where PTL = Piston_Translator Length,

PLis the Left Piston,

Pris the Right Piston,

Tois the Translator Length.

As a result, the sum of the entire movable object contributes to the system length. The
FPELG velocity derived from Equation 3.1 is based on a load-less translator:

vy = = (3.9)

ts
Where vs = System velocity,
Ds = System Displacement,
ts = System duration.

However, the load-less translator does not contribute to any energy generation, since
magnetic flux is not present due the absence of magnets. The usable velocity with total load
mass is indicated in Figure 3.8. As a result, Equation 3.10 can be derived from Figure 3.8 as

well as modification of Equation 3.8.

T, = 2% (3.10)
L

Lm

Where: T. = Translator Load,
Avg = Change in velocity,

Lm= Load.
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The load mass (Lm) is obtained from Equation 3.15, where both the magnetic mass and

separator mass are compared against the translator mass.

Time vs YWelocity

T T T | T T
5 .............. .............. .............. .............. ......... TlmE
P — SIS Te——— s + Velocity |
3 ....................................................................................... ]
)
=
E
e
‘o
2 :
= X
= E
o= L. ........................................................................ 4
b AR ......................................................................... i
P I— Se— p—— o s A 2
] ] 1 i 1 1
0 0.0z 0.04 0.06 0.08 01 012

Tirme (Sec)
Figure 3.8: Velocity with max load for energy generation

The output voltage depends on the velocity of the system. Due to this factor, velocity is
assumed to be the determining factor of the output voltage, as the air pressure is kept at a

constant pressure of 6 bars, with the control system sustaining the air direction and speed.
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Figure 3.9: FPELG Prototype

A linear generator was integrated in the middle of the engine, with combustion chambers at
both ends as indicated in Figure 3.9. The linear machine is operated as a linear generator

during the process of energy generation, as indicated in Figure 3.9.

Furthermore, the piston motion is achieved by applying air pressure onto the air switch,
which will allow for air pressure to pass to either the left or right cylinder for extraction and
retraction. The dual FPELG build can maximize or minimize the output power, while a
compact design can be realised by utilizing both combustion chambers, acting as rebound

devices during scavenging.

The control system enables the pistons to move back and forth to produce energy within the
generator. The linear generator is operated in a closed loop. However, since combustion
happens at each end of the generator, the air inside the cylinder compresses and expands as

the piston moves into and out of the cylinder, absorbing and dissipating energy respectively.

As a result, the ideal gases for both compression and expansion processes are administered

by the same relationship between pressure and volume inside the cylinder [39].

P1Vk1 = Pszz (311)
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Figure 3.10: Proposed Dual free piston engine linear generator configuration with control

system with a resistor

Figure 3.10 highlights the entire generator setup, where the system consists of both the input
and the output segments, which are for the with-load scenario, due to the load resistor.
However, the linear generator equivalent circuit is outlined at a later stage, to view the

components used in modelling the generator.

The system input and output are derived from equation 3.11 and 3.16, which is derived as

follows:

So = PV¥sr +Vin — Ri— LS (3.12)
Where:

Ss = System Setup,

Si = System Input,

So = System Output.

Which are in reference to Figure 3.7, whereby the engine is divided into two parts namely;

Systems Input (Si) and System Output (So).
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Figure 3.7 further demonstrates the translator mass, which is the sum of piston mass,

separator mass and magnet mass.
TmaSS = PmaSS + Mmass + Smass (3'13)

Since the sum mass of the piston, magnets and separators surpass translator mass, this results
in a bend of the translator eventualizing in frictional losses during scavenging, as the

translator strike the stator during scavenging.

Tnass € Sumy,.¢s Translator mass is indirectly proportional to the sum mass (piston mass,
magnetic mass and separator mass)). However, for the purpose of this study frictional losses
and other kinds of unknown energy consumptions are ignored, except the bearing frictional

losses in the simulation.

- Tmass - Pmass - Smass

(3.14)

Mmass
Where:
Tmass 1S the Translator Mass
Pmass IS the Piston Mass
Mmass is the Magnetic Mass
Smass 1S the Shaft Mass

Furthermore, in relation to mass effect on the system, the force balance equation plays an
important role to reduce frictional losses between the magnet thrust and stator core of the
generator. However, for this study balance equation is ignored but rather the magnetic mass
as well as the separator mass acting on the translator, are shown, but not their effect towards

the efficiency of the system.

The total load mass can be obtained using the following equation:

Ly = ((My, * Ny) + (S, * Ny)) (3.15)
= (0.0214 kg = 7) + (0.5g*7) [40],

=3.64 kg @ 4.7kq pull force.
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Authors of Ref [39], highlights the magnetic mass which is obtained from the manufacturer's
datasheet. However, the separator mass is based on a combined Perspex mass, which is ~0.5g

with the same diameter as the magnets used.

The design configuration as indicated in Figure 3.7, presents the generator arrangement

comprising of seven magnets and seven separators:
Where L,,, denotes Total Magnetic mass

M,,, is the Magnetic mass,

N,,, is the Number of magnets,

N, is the Number of separators,

Sm is the Separator mass.

As a result of the heavy magnets attached on the translator, the piston velocity reduces and

impacts the voltage-producing capability of the system, as stated in Figure 4.1 in chapter 4.

3.5. Linear Electric Alternator Model during Steady operation

Section 3.2 outlined the methodology for starting FPELG, as well as the alternator
modelling. However, since the main objective of this research is concerned with the output
power as well efficiency of the alternator, it is important to examine the electrical model of

linear alternator.

The linear generator operates as a generator during a steady operation. The translator forms
part of the piston moving assembly as it is directly mounted to both pistons in the system
through scavenging process [41]. However, this results in electric current being generated

from alternator coils.

The linear generator operation is usually periodic during motion of the FPELG and the
velocity of the two pistons fluctuates between zero and maximum in both negative and
positive directions. As a result, the system is sustained by the electromagnetism and is a
stand-alone system. In addition, Figure 3.11 illustrates the electrical equivalent circuit of the
alternator as a single phase.
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Figure 3.11: Single phase equivalent circuit for linear alternator

The voltage equation for Figure 3.11 can be denoted as

Vour = Vin — Ri — L= (3.16)
[33]

Based on literature, different authors agree on the use of 100 mm stroke length, at a
considerable frequency of 10 Hz — 40Hz, were reported to be good for FPE prototypes in a
no-load state/ condition [42]. However, for this research, 100 mm stroke length, as well as
40 Hz frequency is used for both with-load and without-load state, based on the literature.
Since the research is aimed at evaluating efficiency of a linear alternator at a specified

frequency range, the ultimate goal is reaching 60 Hz.

An Average piston force of 112.5N@6bars is used for extraction and retraction. It can also
be determined based on the efficiency, rated power, as well as average linear speed, ignoring
the mechanical losses. Furthermore, the electric machine can be used as a generator, both
for starting and stopping the translator motion and also as a generator for energy conversion,
as indicated in Figure 3.11. Since there is an absence of crankshaft mechanism, the translator

is not restricted, therefore, compression ratio can be experienced [43].

3.6. Development of Crankshaft Simulation

The slider crank mechanism may be defined as the mechanical tool used for conversion of

straight motion to rotary motion as in reciprocating piston engine. Figure 3.12 below
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highlights the simulated frictional losses results, based on a crankshaft mechanism, which

are presented in Chapter 4.
The methodology of developing crankshaft simulation is based on Figure 3.12.

The three major components: piston, connecting rod and crank, are determining factors of
both the frictional and power losses that occur at an angular @, where either the connecting
rod or the crank controls the motion. However, for this study, both the crank and the

connecting rod are used as non-stationary objects that conduct motion simultaneously.

The @ is an important parameter, due to the fact that during motion, the angle of the generator
will be changed for the entire cycle since a flywheel is used. However, the angular velocity,

acceleration and other related mechanisms are not accounted for.

Piston I
Connecting r D
Rod
g N
c 1.
Crank ——— /

Figure 3.12: Crankshaft mechanism diagram [44]

The following equation explains the relationships between the friction formula as well as the
cylinders involved. However, due to the changing angle degree during operation, an
idealized angular degree is used in accordance to the crankshaft losses. The design is also
based on the air pressure supplied, as well as the crank bearings, which are not highlighted

in Figure 3.12.

An angular degree of 45" to 180’ is used relative to Figure 3.12, where crank motion is only
account for in the simulation design code. Both sub-section 3.2 and 3.5 are focused on the
development of combustion engines. However, sub-section 3.5 is focused mainly on the

methodology for calculating the losses during the operation.
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The angular frictional losses are not accounted for, i.e. the methodology used here does not
account frictional losses at a particular angle, but rather the overall frictional losses during

generation operation.

d=C,*b?xLg (3.17)
Where: d is the denom,

Cn is the number of cylinders,

b is the bore hole,

Ls is the stroke length.

Fy = (Cp* Sp * NO9 « D3, « B,)/d (3.18)
Where:

Fb is the Friction of crankshaft,

Cb is the Crankshaft bearing,

N is the engine speed,

Db is the bearing diameter,

Bl is the Bearing length.

F¢ = (Sc* Dp)/d (3.19)
Where:

Fc is the frictional loss on the crankshaft,

Sc is the crankshaft seals.
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3.7. Development of a Control System and Air Piston Dynamics

The research is concentrates on the generator efficiency and not the development of the
piston engine. A replacement was necessary for the simulation of the free piston engine
scenario thus the inclusion of the air piston dynamics integrated with cylinders as in Figure
3.13 below.

Figure 3.13: Air pistons with cylinder integration

The piston assembly, showed on the Figure 3.13 above, illustrates the air piston with each

segment namely: the piston rod end, bounce piston end, piston stroke length and the cylinder.

However, since the air piston dynamics of the FPE designed comprises of such units, an
equation can be denoted by using the following equation:

% = 5= Fristoniere (6 8) = Fristonyigne (0 2) = Fr () + Fiineargiernasor @ 0))  (3.20)
Where: Pm is the piston mass,

Fpistonteft 1S the Force from the left piston,

Fpistonright IS the Force from the right piston,

Fiinearmotor 1S the Force from the linear alternator,

Fr is the Frictional Force.

Equation 3.20 may, however, be simplified further to Equation 3.21 in order to relate to
Figure 3.14, with the assumption that frictional force is zero for the purpose of the research:

. 1 . . .
X = P (FPistonleft (x, %) — FPistonright (x, %) + Flinearaltemator (x,%)) (3.21)
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Figure 3.14: FPELG with forces acting on it

During the component selection, parameters identification are ideal and important

phenomena, since they provide a guideline of what will be obtained as the final product.

Table 3.1 illustrates the parameters of the selected air pistons to be used for this research,
importantly their ability to function at an operating temperature similar to the magnets

operating temperature, as illustrated in equation 2.15 and 2.16.

Table 3.1: Main parameters of piston with cylinder

Stroke Average Average Eorce Average Operating
Length Weight g Speed Temperature
Units mm g N mm/s °C
Measurements 10...100 47,25 112,5@6bar 2,95 +5 - +80

Figure 3.15 illustrates the control systems used in this research and the components used are

outlined.
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Figure 3.15: Control System physical setup
The control system illustrated in Figure 3.15 consists of the following components:

e Microcontroller
e Air Switch

e Power transistor
e Regulator

e Hall effect sensors

Figure 3.15 provides a view of the control system. The control system is designed to control
the movement of the generator, as well as to obtain the generated power feedback from the

feedback circuit to the oscilloscope or multimeter.

In the control system, the microcontroller acts as the brain of the system, instructing the air-
switch on the time and direction in which the piston moves. A 24 VDC power supply that is
used to power the system is therefore regulated by a 5 VDC regulator to prevent the

microcontroller from burning.

The regulator is used to regulate the voltage from the power supply to allow the
microcontroller to function at an acceptable input voltage of less than 7 VDC. The air-switch

is operated through the power transistor.
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Furthermore, piston dynamics and control for this research are controlled by the
microcontroller. Figure 3.16 illustrates the properties of FPELG control structure and
highlights the sequence of the FPELG operation. Due to high level of motion, throttling
occurs per cycle as the load increases and the compressor cuts the air supply with a direct

command from the control system.

In this research, hall-effect sensors were used to determine at what time the magnets are
close the cylinder and the pistons have fully extracted or retracted. A switch was used for
interface with the microcontroller for feedback and motion control of the air pressure from

the air compressor to the engine.

™ >
1 |

AlIR Switch
Control

1 !

Timing Control

| !

FPELG Prototype

Figure 3.16: FPELG control Structure

Figure 3.16 highlights the control structure sequence of the generator. Before the engine is
started, the control system acts as the brain of the engine. The engine is pre-programmed to
operate for three cycles. The air switch therefore controls the air direction from the air

pressure, as well as extraction or retraction of piston motion.
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Thereafter, the timing control system controls the cycle duration and transmits the signal to the
linear generator; as a result, scavenging occurs and the mechanical energy is converted to

electrical energy.

The outcome of energy conversion during scavenging, is the electrical model and control
system determines the system efficiency. However, Chapter 4, elaborates the results
obtained during execution and testing of the methodology, explained in Chapter 3. The

methodology provides techniques to measure current, velocity, voltage and power.

3.8.  Summary

In this chapter two mathematical models have been developed for both free piston engine linear
generator and combustion engine. The problem objective function for developing a physical
model with the same specifications as used in the mathematical model has been developed.
However, the accuracy which is time based for the control system in firing pistons has also
been developed bearing in mind the magnets and separator weights that surpluses the translator
weight and results in bend of which leads to frictional losses occurring in FPELG. The
performance of the generator can be analysed based on both the control system and power

generated.
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Chapter 4: Simulation and Results

4.1. Introduction

This chapter examines the results obtained from the simulation model developed and built
system. The results are presented and evaluated to prove a concept of a linear generator
power generator model as a physical and simulation model. The results presented here,
demonstrate various simulations and variable testing methodologies for two test case

scenarios (with-load and without-load).

The design of the system contributes to losses that take place within the generator
configuration setup (bearing), however, it has been indicated that the study doesn’t focus on
losses such as frictional, mechanical and heat dissipation apart from copper losses, which
are accounted for only in the simulation results. Losses experienced during scavenging are
lower in the simulations compared to the physical model, including the system efficiency.
The results provided in this chapter are based on a generation frequency of 40 Hz due to the

practical setup.

According to evidence provided in this chapter, the linear generator is more efficient as
compared to combustion engine. The finite distinction between the generators is due to the
difference in mechanisms. It has been proven according to Figure 4.3 which resembles a
simulated free piston engine linear generator output power is closer to the anticipated output
power as per hypothesis and study objectives suggested.

Furthermore, it can be argued that the combustion engine does have higher frictional losses,
yet produce approximately the same output power. However, this argument has been
answered based on both literature and the results presented. Due to higher frictional losses
experienced in a combustion engine operation as presented in Figure 4.9, the energy losses
also increase, which therefore results in lower power ratio, as a result number of turns had
to be increased in order to compensate for losses of which it makes benchmarking impossible

since components are not the same.
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4.2. Linear Generator Simulation Preparation

The simulation is performed on two model configurations: Matlab®/Simulink and the
physical model. The objective of the research is based on the output system efficiency. From
the physical model, the output voltage was obtained and converted to power using ohms law
and the efficiency of the system presented. Table 4.1 demonstrates the achieved results of
the system built, using parameters highlighted in the study.

The reciprocating movement of the translator within the linear generator produces pulsing
alternative current (AC), as illustrated in Figure 4.2.
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Table 4.1: Linear Generator specifications

Variables Units
Output Power TW
Frequency 40 Hz
Air Pressure 6 bars
Force 1125N
Velocity 24 mm/s
Magnet Mass 3,64 kg
No of Magnets 7
No of Separators 7

Referring to Table 4.1, the results were obtained from several laws including Faradays Law,
demonstrating the induced voltage of the linear alternator as in equation 4.1, stating that:

dp dx
Einducea = _Na * qc 4.1)

However, equation (4.1.1) can further be simplified as follows:
g
Einducea = _NE (4.2)

Figure 4.1 demonstrates velocity vs. time at maximum experiential frequency of
approximately 40 Hz, in relation to the physical model frequency. The velocity of the
translator is measured to gain insight into the difference in motion of the stator. Bearing in

mind, the translator speed determines the system efficiency.

Figure 4.1 further demonstrates that there is both positive and negative motion throughout
the duration of each cycle with a sinusoidal motion when compared to crankshaft driven
pistons. Hence the service life of the crankshaft may be obtained by scaling and combining
the magnitude and direction of the load [45]. The Free Piston Engine configuration is capable

of achieving a desired compression ratio rapidly due to minimal moving parts [46].
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Figure 4.1: Simulated time vs velocity graph

In addition to Figure 4.1, current and power were simulated in order to determine the
efficiency of the system, with respect to other another combustion engines and theoretical
achievable system efficiency. It is with this approach that the piston operational speed is
directly depended on the piston weight and as a result the induced voltage is proportional to

the speed.

Figure 4.2, demonstrates the current that is generated by the generator during scavenging.
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Figure 4.2: Simulated time vs current graph

The time vs. current graph indicated in Figure 4.2 through simulation highlights the with-
load scenario. The simulation is obtained by changing a variable resistor from a high
resistance to low resistance value. Figure 4.2 demonstrates the simulation at maximum load,
in order to observe the maximum generated current of the system during scavenging at a
fixed frequency of 40 Hz.

Since the tests are conducted in three states: with load (minimum resistance), with-load at
maximum resistance and without-load, the maximum load testing was selected for current
evaluation in Figure 4.2. Figure 4.2 further contributes to the power dissipation of the system

at maximum load.

However, power is simulated in three other states namely: with-load at minimum, maximum

load and no load for both the simulation and physical prototype.
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4.3. Simulated Output Power and Operating Frequency

The engine resonant frequency relies on two aspects: heat input and load. The figure below
presents the variation of the resonant frequency, after applying a load and further when the

system heats up during scavenging, however, for this research, heat is not accounted for.

Annen at el.., [47], Hu at el.., [48], highlights the engine resonant frequencies in an existing
Free Piston Engine, to operate from low frequencies of about 8.5 Hz to about 115 Hz. It is
observed that Annen and Hus observations of low frequency usage in a generator model has
advantages of higher output and minimal probability of damage in components such as coil.
Figure 4.3 demonstrates the simulated output power obtained during testing as indicated in

equation 4.3 below:
Pout = I*Rax (4.3)
Where: P,,; = Output power,

I1? = generated current,

Rnax = Maximum Resistance.
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Figure 4.3: Simulated output power

The practicality of developing any system and simulation model may be determined by the
accuracy in which they represent the actual system. The simulated output power is compared

to the built system to verify the efficiency for both models, the combustion engine and the

efficiency of the model.

Since flux is important for the purpose of this study, a workable conclusion was reached for

the measure in magnetic flux density. For the physical model, the results were obtained for

two states and compared to each other which are: with-load and without-load.
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4.4. Physical Model Output Results

The physical prototype results were evaluated as follows:

A variable high watt resistor was used to evaluate the linear generator output power at the
with-load state. The output power evaluation was further varied to obtain results for both

minimum and maximum resistance achievable by variable resistor.

The physical model represents the linear alternator in an engine. Figure 4.8 presents that the
frequency of the physical model is higher than that of the simulation model. This is as a

result of noise which causes signal distortion.

However, in order to reduce the noise, a filtering capacitor was introduced. The stroke-length
of the built model is long as a result. This means that the compression ratio of the engine is

higher than that of the simulation model.

Figure 4.6 represents the physical prototype output voltage at with-load stage. Ohms law is
used to obtain the output power, as to compare the assembled generator efficiency to the

theoretical engine results and the simulated results.

Figure 4.4, illustrates the output voltage at minimum load since a variable resistor is used.

Tek T Trig*d M Pos: 0.000s SUTOSET
+
Unda
dutoset
M 10.0rns

29-Mar—17 22145

Figure 4.4: Output voltage at min load
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29-Mar-17 22143

Figure 4.5: Output voltage at no load state

Figure 4.5, illustrates that the experimental results demonstrate a correlation between built

and simulated results for the output results for the no-load state.

The physical model data as expressed in Figure 4.4 to Figure 4.6, demonstrates that
frequency is indirectly proportional to the load, meaning that when the frequency decreases

the load increases.

Figure 4.6 is obtained by adjusting the variable resistor to its maximum resistance. The

functionality as well as the engine setup are set the same for all tests scenarios.
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Tel T Trig*d kM Pos: 0.000% AUTOSET
+
IJnda
Autoset
M 5.00r0s

Figure 4.6: Output voltage at max load

The no load state during evaluation produced an output voltage of ~19.8V (p-p). The with-
load states were further measured at both minimum and maximum resistance, producing
voltage of about ~1.66V (p-p) for maximum resistance and 15.2V (p-p) for minimum
resistance. Short computation duration of generating finite elements models are used for the

above-mentioned results.

The magnetic flux is not only established from only permanent magnets, but also from the

electric current in the coil, due to complexity of the electric current simulation.
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Tek T Trig'd M Paos: 00005 AUTOSET
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Figure 4.7: Output Voltage without Capacitor

The introduction of a capacitor in Figure 4.4 is to reduce noise that was observed in Figure
4.7. FPELG has lower noise to signal ratio and also maintain the frequency and operates at

the standard appropriate frequency range highlighted by authors of Ref. 37 and Ref. 38.

The absence of the capacitor results in the system obtaining unstable frequency and noise. It
is observed that the introduction of the capacitor brings stability in the system, as indicated
in Figure 4.5. Equation 4.4 highlights the mathematical application with the introduction of
the capacitor.

Emf = Rgi + Ly % + < [ idt + Ry (4.4)
Where:

Rs = Resistance,

i = Current,
Ls = Inductor,
C = Capacitor,

RL = Load Resistor.
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However, equation 4.5 can be simplified by adding both resistors (Rs and RL), to obtain a

total system resistance as follows;
R= R,+R, (4.5)

Therefore, equation (4.5) is simplified as follows:
. di | 1.
Emf =Ri+Ls—+ Ef idt (4.6)

However, due to high frequency, which in this case is 40 Hz, high capacitance is required to

supress the voltage ripple within the linear generator as indicated in Figure 4.4 [49].

When the engine load is varied to maximum, an output voltage and frequency reduces

rapidly to below 2 V (P-P).

Frictional Losses

Friction Factor

0 0.02 0.04 0.06 0.08 01 0.12
Time (Sec)

Black: Linear Motor Frictional Losses (Simulated Model)
Orange: Linear Motor Frictional Losses (Physical Model)
Blue: Rotatory Motor frictonal Losses (Simulated Model)

Figure 4 8: Frictional Losses on the tested generators
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The models designed for both engine and alternators are accurately represented including
Figure 4.7, illustrating the frictional losses. Figure 4.7 depicts the overall system efficiency,
based on the frictional losses. Both the simulated and physical results are based on the ‘no-
load’ state, with FPELG having both the physical and simulated results. It is shown in Figure
4.7 that the system experienced further frictional losses on the simulated output, as compared
to the physical model. However, the blue output wave with green dots presents the simulated
crankshaft results, which in practice is expected to have higher losses compared to FPELG

models.

However, the system efficiency is obtained through the use of the following equations:

n= Poutput (47)

Passumed

Where: Py, ¢pye = Output Power,

P,ssumea = Output Power.

However, the output power was measured with reference to the copper power, since other

forms of losses are ignored, a workable conclusion was reached to focus on copper.
Equation 4.8 highlights the output power with copper losses as indicated below:

P output — Possumea — P copper — P copper_loss (4.8)
Where:

Pcopper = COPpPEr power,

Pcopper_loss = copper loss.

However, since friction and losses are not mainly accounted for in this research, merely ~

10% of copper losses was accounted for.
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4.5. Engine Comparison Results

The in-cylinder process for both the Free Piston Engine as well as the crankshaft engine are
classified as being similar, hence, the efficiency parameters have been reported for Free

Piston Engines by the following authors [50], [51].

In combustion engines, when the power output and spin rate increase, the losses due to
friction account for a large portion of the engines gross output. As a result of frictional losses,
a simulation model for mechanical losses and extrapolation from the known points is

estimated as follows:

x—x1

y(x) =yl+ 2-y1) (4.9)

x2—-x1

It is debatable whether to directly separate piston friction from the rod friction [52].
However, since combustion engines are associated with friction, torque is always accounted

for as follows:

2nNT
Ts

f= (4.10)
Where:

f = friction,

N = Speed,

T =Torque,

Ts = Total speed.

In [53], the authors highlight the frictional power losses for 41MPa and 70MPa at 2000rpm
speed as follows:
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Figure 4.9: Comparison of the contributions to the friction power losses for a load of 70 MPa
and 41 MPa

However, with reference to Figure 4.8, the results can be optimized to relate to the study
with the supply air pressure of 6 bar, as indicated in Figure 4.9.

Since the supply air pressure is at 6 bars, then Ref [51] s results may be recalculated as

follows to meet the study requirements for fair power loss results.
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Figure 4.10: Frictional Power losses@6 bar

Figure 4.9, reflects the frictional losses calculated by authors of Ref [53]. However, Figure

4.9, underlines the frictional losses at 6 bars as indicated in equation 4.11 below.

The values on equation 4.11 are derived from Figure 4.8 above. The air pressure in Figure
4.8 is converted from MPa to Bar and from there the values are aligned to the 6 bar, which

is the standardized air pressure used in this research.

From Figure 4.8, a ratio formula is utilized in order to obtain the frictional losses at 6 bars,

as follows:
1 MPa = 10Bar.

As a result of the above ratio, SAE40 states that 626 (w) is achieved at 70MPa, however,
since we are able to directly convert MPa to Bar, we will have an unknown variable x, used

to obtain the frictional power loss for air pressure at 6 bars, as indicated in equation 4.11

below:
626 70
Lo 0 (4.11)

However, advanced calculations approaches are the only means to completely exploit the

potential development of the crankshaft and to ensure the component layout [54].

There are various kinds of losses associated with DC generators, as well as wind generators
that may be compared to other forms of losses, associated with linear generators in addition
to the authors of Ref [5] s findings.
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Figure 4 11: Power flow with associated losses during energy conversion [55]

Figure 4.10 underlines energy conversion methodology for a wind generator with different
forms of losses, however, for this study solely bearing losses are accounted for.

In order to obtain the losses in this configuration, the mathematical formulas are derived
from Ref [56], based on copper losses, as indicated in equation 4.12 below:

Copper losses are expressed as follows:

Peup = 3kgRo01% pus(W) (4.12)
Where:

Kg = Temperature correction factor,

R20 = Phase Resistance,

Irms = Current

In addition to copper losses, iron losses are computed in accordance to Steinmetz equation:

dB

ke
Pre = knfB + 2% (&2

S (D? (4.13)
Where:
B = peak flux density,

ky, «, k., = constants fitting on the manufacturers data.

However, as highlighted, bearing losses are the stand-alone losses that are accounted for in

addition to verification or efficiency allocation of the generator.

According to [57], the mechanical losses are based on both frictional losses and windage

losses, depending on the form of device constructed. However, for the present study, both
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the frictional losses and windage losses are not accounted for as individual entities, but rather

as two entities that contribute to mechanical losses, as indicated in equation 4.14 below:
Brec = Prr + Pyina (4.14)
Where:

Pmech = Mechanical power,

P# = Frictional power,

Pwina = Wind power.

However, frictional bearings contributing to mechanical losses may be determined using the

following formula:

Prr = 2Ny GroeN % 107 (4.15)
Where:

N, is the bearing number,

G, 1S the rotor weight,

N is the speed.

In addition to frictional forces caused by the bearings, windage losses are also determined

as follows:

Pying = 2D30ut LN3 % 1076 (4.16)
Where:

D,,,: = outer rotor diameter,

L = rotor length,

N = speed.
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4.6. Summary

In this chapter the free piston engine linear generator optimal operation model has been
simulated in both Matlab®/Simulink and physical prototype. The developed models have been
successfully analysed in conjunction with study objectives and hypothesis as well as the cost
used to develop the physical model. The Matlab®/Simulink model were based on equations
which were in line with the physical model specifications in order to conduct a fair efficiency

evaluation between the two types of generators.

According to the results presentation on both models, it was observed that free piston engine
linear generator is more efficient as compared to the combustion engine based on the output
power ratio as well the frictional losses. It has been assumed that since both models are
developed on the same test scale, the results obtained from either mathematical model or

physical model will match the other model.
As a result, the developed optimal operation model has also been used to:

e Compare frictional losses between the free piston engine linear generator and the
combustion engine.

o Evaluate the efficiency of crank-less linear generator.
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Chapter 5: Conclusion

The main objective of this study was to design, develop, evaluate and simulate a form of
linear alternator named Free Piston Engine Linear Generator. The linear generator designed
was a 7W linear generator within a dual Free Piston Engine configuration. The engine was
developed to combine both the linear alternator and piston engine to work as a single unit.

In order to accomplish the above-mentioned objectives, the following tasks were completed.

Firstly, two methodologies had to be completed; an optimization program was developed for
a 7W linear generator with velocity, current, voltage, output power and efficiency

evaluation.

Secondly a physical model had to be developed, however, for the deliverance of quality
results, the structural design was to be optimized to reduce frictional losses during

scavenging.

It is concluded that the combustion engines experience further frictional losses compared to
linear generators, due to mechanical wear, as well as the reduced amount of lubrication.
However, since the translator is the only moving part in the Free Piston Engine Linear
Generator, the engine is experiences frictional losses solely on the edges of the stator, due to

the magnets and separator weight superseding the translator weight.

The frictional losses analysed were based on bearing losses in the combustion engines. The
combustion engine frictional losses are interpreted using the simulated results, which in

practice will be the same for the physical model.

5.1System Development and Design

The dual free piston engine linear alternator developed was chosen, due to its simple
configuration and fewer moving parts, as indicated in Chapter 2 and Chapter 3. Firstly, the
structure was designed and developed with reference to the magnet size, since the efficiency

is based on the linear motion during scavenging, as to minimize frictional losses.
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Chapter 2 focuses on both Matlab®/Simulink optimization program structure, as well as the
parameters for developing the system (linear generator, free piston engine and the control
system). The literature review behind free piston engine development and linear generator

applications were highlighted.

The ideal structure and methodology for constructing the system were highlighted in Chapter
3 with reference to the objectives of the studies. However, in Chapter 3, it was established
that the translator mass was less than that of the magnets combined with separators, since
they are treated as one entity for the purpose of this study.

The load mass acting on the translator exceeds the translator as a result. The air pressure
compensates for frictional losses. The translator balance references to the 40 Hz oscillating
frequency. The frictional losses were experienced, however, solely the bearing losses are

accounted for in this study.

In Chapter 4, the results for both models were presented, as a means of evaluating the
efficiency of the linear alternator within a dual free piston engine configuration. Neodymium
permanent magnets were attached to the translator with separators in between. The coil was
attached to the stator as to allow the translator for scavenging. Furthermore, a variable
resistor was used for the with-load scenario and was used to vary the results between the

maximum and minimum resistance of the system.

The results of the engine simulation were compared to the physical prototype for the with-
load scenario. It is observed that the simulation model is able to execute rapidly, as compared
to the physical prototype, due to the fact that the simulation model is based on

Matlab®/Simulink algorithms.

Both models represented the accurate simulation results. However, the physical model is
assumed as the feasible model, due to the fact that future work is aimed at developing the
physical linear alternators model, ready for production.

Using the presented models, the system efficiency of the simulated linear generator was

evaluated, with reference to the following output results:

e output current,
e velocity,

e output power with load,
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o efficiency.

The above-mentioned results are based on the mathematical model. In addition to the results
presented above, the physical prototype system efficiency was also evaluated, with reference

to the following:

e output voltage at no load
e output voltage at minimum load

e output voltage at maximum load

It is observed that the mathematical model has higher amplitude compared to the physical
model, which is a result of the air pressure force fading away below 6 bars, after a specific

period of time on the physical model.

Since the system was tested both for minimum resistance and maximum resistance, the
output power provides output power for both maximum and minimum resistance, as they are

treated as one entity.

Furthermore, the output power is compared to the preliminary design output power. Finally,
the optimum system model was obtained with adequate efficiency, limited mass, lower noise
ratio and higher output power.

In retrospect to the objectives of this study, the following were achieved;

e Toevaluate efficiency of linear based alternator in a free piston engine configuration,
with an added necessity to develop a test benchmark.
e Using this setup and data generated scientifically to evaluate and compare the results

to the Matlab®/Simulink results were achieved.

The engine model used in this simulation accounts for engine speed. However, the engine
speed was tested on the simulation model. As a result of these two tests, it is evident that the
simulated output power and voltage are greater than that of the physical model, since the
simulated results do not experience any form of frictional losses. The frictional losses that
occur on the physical model contribute greatly to the frequency variation during the engine

operation even though solely bearing frictional losses are considered for this study.
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5.2.  Suggested Future Work

The secondary objective of this research was to provide a foundation for future research in
the field of power electronics and alternative energy (linear alternator design, evaluation
analysis within a free piston engine configuration). This research further opens a window for

further future research, such as the following:

e Cascading the generators and developing an ignition control unit that would make it
possible to place it in production and scaling the output figures.

e Development of a three-phase alternator within a free piston engine configuration.
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