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ABSTRACT

Free piston generatorseaof inerest due to their efficiencygompact castruction, and
multiple options for combustioMuch of the research into this type of generator has been
facilitated by highlydeveloped internal combustioangine technology.This study was
concerned withthe design and gfication of tubular generatoiThe design model was
developed using the matrix laboratory graphical user interface programming tool, and the
designed irgrface was of the dynamic typ€he sizing of the generator was determined in
accordince with the main parameters specified via the interface. In addition, as a benefit of
using sizing data, the automatic geometry was formed and adalgigg ANSYS Maxwell
software.The magnets and the dynamic part of the tubstiarctured generator weshaped
polygonally Numerical analyses were made by adopting the figiéenent method in the
software and construction of the prototype model was basedhenrésults from these
findings. The generator was excited by usé the crank rod mechanism to itate the
conditions of a fuationing free piston mechanisf@urrent and voltage values were obtained

at mechanical frequencies of Hx and 20Hz, and thisdata was subsequently analyzed.
Global code translation was given in attachment in order to albbomwnrwnication between the
ANSYS Maxwell and MATLAB GUI software.

Keywords: linear generator tubular linear machine, linear machinggeepiston linear
generatorgeneratorAnsys Maxwell,Matlab GUI tool
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1 INTRODUCTION

Although electric vehicles offer zero emissions, they introduce range and charging
difficulties. For this reason, hybrid vehicles offer many advantages in the short and medium
term, including energy savings and in@ed range in comparison to electric vehicles. In
hybrid vehicles, range shortfalls can be overcome by placing additional equipment on the
automobile. For example; when a vehicle is going downhill or braking, a regenerative system
can produce electricity dm the kinetic energy of the vehicle. In addition to these
applications, linear generators are used in hybrid or electric vehicle suspension systems for
power generation and minimization of remduced vibrations. Other possibilities involve the

use of Inear generators to continuously charge battery groups using a free piston mechanism,

known as a O0range extender 6.

In addition, any fuel source, such as gasoline, diesel, liquefied petroleum gas (LPG), ethanol,
biogas, etc., can be converted into mechamnargy; this allows electricity to be generated

not only using irvehicle technology but also internally or externally by means of combustion
systems. In conventional combustion engines, torque is generated by the piston movement
and the crankshaft meafiam. However, in free piston systems, the piston can be designed to
move along a single rod, thereby producing the forward and backward motion of the engine
cycle. This motion energy is then converted to electric energy by means of a linear generator.
Furthermore, this type of generator can work as an electric motor to providestdiree
different configurations are generally used for the design of free pistanesn(PE) in

hybrid vehicles;these consist of; single piston, opposed piston, and mis&in structures.

Each piston type can be combined into individual modules to form a single unit, allowing the
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desired power to be increased. These designs are realized by considering the required
mechanical power, velocity, and stroke length. The sipgdton structure is inherently
unbalanced, requiring the use of balancing weights, etc., and is not preferred for this reason.
The opposed piston configuration is balanced, with little heat transfer losses, and constitutes a
vibration-free design [1]. Thedoublepiston structure creates a strong impulse at each

oscillation and is vibratory and difficult to control, although it is more efficient [2].

Once the piston is at the end of the compression stroke, the spark plug fires again to repeat the
cycle. It is called a twestroke engine becauseo-stroke engine is an internal combustion
engine that completes the process cycle in one revolution of the cranksHattr-stroke

engine differs in that there are separate intake, compression, combustion arsd sixbkes.

In the FPE design, opposing cylinders are connected by a singlEigod). In conventional
engines, a separate electric motor is employed to turn the engine over and facilitate starting.
The hybrid vehicle differs in that the first linear wemnent, or stroke, is achieved by operating

the machine as a motor. However, due to the high compressive forces encountered, the fixed
current of the stator windings provides insufficient force to initiate sisigte starting. In

order to address this glem, linear machines with different geometric structures have been
considered. Generators using free piston applications produce undesirable asymmetric forces,
and this charactetis precludes the use of fldinear generators. Tubular structures are
preferred since they generate a higher electromotive force (emf), and produce less leakage
than flat structures. Tubular structures also allow the fixtures between (normally) attracting
high forces to be balanced, produce high thrust, avoid the end effeatiéded with the end
winding of the flat linear generator), provide excellent servo characteristics, negate the need

for motion conversion mechanisms to eliminate mechanical losses, and increase reliability.



A doubleacting free piston linear generatoP(EG) has been designed and implemented at
West Virginia University [3]. An opposed piston FPLG was developed using the cylinders of
a Kawasaki 300sx motor [4]. At Sandia National Laboratory, an opposed piston FPLG was
constructed, which operates usiagaiety of hydrogercontaining fuels [55]. An application
involving a dual piston FPLG for hybrid vehicles was successfully implemented at the
Petronas University of Technolog;mdKorea Institute of EnergiResearch7-8]. The Czech
Technical University haslso developed a dual piston FPLG. The prototype properties
include an operating frequency of 27 Hz and an electrical output power of approximately 350
W [9]. The Volvo TechnologyCenter has previously conducted research into the differences
between oppaxl piston FPLG and dual piston FPLG configuratidnsfore deciding to
concentrate on the formet(]. A dual piston FPLG was designed by Pempek Sys&srs
two-stroke diesel I1]. An opposed piston engine with a flgpe linear alternator was
successfly developed by Germany's National Research Cent®r [lhe Toyota Central
Laboratory has successfully realized the design and application of a FPLG which uses
resonant pendulum control314]. Although some vehicle manufacturers have investigated
the ug of FPEs, they have yet to be deployed on a commercial basis. Bédé&jrdnbertine

[16] and Aquariusengines Tl aretrying to develop commercial products which utilizEPE

applicationgFig. 2).

In FPEs, it is important to keep the mass of the ngp\art as low as possible due to
kinematic considerations (in terms of increasing acceleration and mech@amatncy).
Permanent magnePi/) flux switching machines have been investigated due to the ease with
which they can be constructedd[1Although transverse flux and induction linear machines

have poor efficiency and produce a low power factor, they are simple and inexpefkive [1



Several studies have been carried out on various linear machine topologies for FPE
applications, and PM linear genera(PMLG) designs have generally been preferred due to
their power, and efficiencyin this study, the stator and moving parts were classetieas t

primary and secondaryespectively. Fig3 details the classification of this genergt®].

Tubular machnes are classified as radial, axial, or Halbach, according to the direction of the
magnetic flow. In slotless structures, the windings are lined in empty cylinders made from
ferromagnetic material. In slotted structures, these windings are accommodaiedsiets,

as suggested by their name. A slotted or slotless structure can be designed for one phase, three
phase, or multiphase operation. Additionally, iron core machines provide higher force and
stress when compared with air core machifidserefore they aremore preferredin FPE
designs.Table 1 contains general information from a survey of documented generator

structures used in PFE systems.

In FPE application studies, PMs (50% radial, 22% axial, and 14% Halbach) were preferred as
the moving part ir86% of cases, while windings and cores were both preferred in 7% of
evaluations. In terms of flux direction, 93% of the examples used a longitudinal design, while
7% employed a transverse configuration. Both slotted and slotless forms of construction were
used. In terms of structure type, 64% had short primary windings, while 36% utilized long
primaries. In terms of geometry, 86%erne tubular, 7% were singkided, and 7% we

doublesided.

Linear generators can be used in renewable energy systems paititeelectrigty from
wind [21] (airfoil system),sun(&t | i ng engine system) and wave

system).



When compared with the secondary, the prin@ay either be short or long by comparison.
Short primary machines provide a greagdiective force and cogging forc&d]. In this
design, the magnets in the moving parts are left outside, with the result that they do not
contribute to the generation of forc8]. Although the force/cost rate of long primary slotted

or slotless radialrad axial flux tubular machines is higher than for short primary machines,
force intensity and efficiency are decreas2#t25]. Thus, machines with a long primary are

generally not preferred.

Tubular structures provide the benefits of producing less deakidux and higher
electromagnetic forces and symmetric forces, thereby increasing the life of the bearings by
reducing weard6-27]. The use of singksided flattype machine forces is generally adexd

since they are asymmetricgd29]. While the magneti flux intensity within the air gap of
tubular generators is constant, multisided machines employ longer airways, e.g., the tetragon
[30], and dodecagon3]], with the result that the intensity of the magnetic flow changes.
When compared with the tubulaemgrator, iron and copper losses are higher in tetragonal
structures, thereby producing lower efficien8@][ Tubular linear interior permanent magnet
machine dimensionsere optimally determined lyeneticalgorithm and sequential nonlinear
programming 31]. In otherworks [32-34], analytical andnumerical designs of tubular linear
machine havéeenshown, a dynamic tool is developaging Matlab andAnsys andshows

performance improvemenf a LGusingoptimization nethod.

Axial flux machines can b&onverted to linear machines and analyzeith quasi 3D
modelingand 3D modeling35]. In this respect, the software method applied in this study can

also be adapted for the analysis of axial flux machines.



This study was concerned withe design and g@lication of aproposednultisided tube type

linear alternator for hybrid vehicles. Geometric data for the generator was analytically
calculated using the MATLAB GUI, and ANSYS MaxwdD - Visual Basic code was
converted to MATLAB program ingictions. Conmunication betweethe MATLAB GUI

and ANSYS Maxwell software allows the geometry to be automatically generated in the
direction of the calculated data, via the MATLAB GUI, and numerical analyzes of the
generator are performed using the ANSYS Maxwell pgekeéBased on the sizing data
obtained, a tube type alternator prototype was produced. Generator performance tests were
carried out by establishing a slider crank mechanism with a similar speed profile to that of the

free piston operating mechanism.

This paper is organized as follows: Section 2 outlines the design and structure of the PM
tubular linear generator (PMTLG) and user interface. Section 3 describes the theoretical
modeling, finite element analysis, test setup, and experimental results obtaindte fo

prototype.

2 DESIGN AND STRUCTURE OF THE PMTLG

In order to provide a finite element solution for a tubular linear generator, research was
conducted into existing software packages. Unfortunately, no ready design tools exist for
nontraditional generat topologies, in which the analytical and finite element methods can

work together, and, unlike other studies, the design interface was formed using the MATLAB

T GUI. Flow chart of the design interfaeeas given irFig. 4.



ANSYS Maxwell program, which e¢awork dynamically with Visual Basic Script and
Phython languages was chosen for the development of the finite elements. The Visual Basic
code of the rudimentary model, formed in ANSYS Maxwell, was designekinwthe

MATLAB GUI (Fig. 5).

In order to sie the linear electric machines, it is vital to formulate the variables for force and
velocity. Basic analytical equations for these parameters are givéquiations 113. The
design of traditionatotary engine or generators starts with power expresdionever linear
machines are characterized by for€quations 12 give the velocity and force of the machine

[31-34,3@, wherev, f, T, F,, P, h are velocity (m/s), #quency (Hz), pole pitch (m),

moving force in the direction (N), power (VA), and estimated efficiency, respectively.

v=2fT,, (2)
P ni/ )
Lp =TooN,, 3)

WhereL, is the length of the primary (m),is the number of poles is the inside diameter

of the primary (m),f, is the share stress (\Ym

The power expression of conventional rotary motors or generatgogoportional to the

square of the machine diameter and the product of the packet Ielaétk).(For linear
generators, the overall size of thenerator can be calculated with linear generator power
density (10000 30000 N/nf) and force.

F
D=—% 4
AL, 4)
Ty =2 ©)
Ly=L, +2Lg, (6)



Where L, is the length of thetroke(m), L, is the length of the secondary (r),is the slot
pitch (m), andX, is the number of slot&/alues of slot pitch ratio 4 ) are selected between

0.4 and 0.6, while a pole pitch ratia § of between 0.5 and 0.8 is chosen. Width of teeth

(B,,) and width of magnetsT(,) are expressed in Equations.

B, = bTys (7)

T =aT,, (8

D=2H_+2L +29 (9)
_ X Ny ]

R =r ,QD+HpO+Hp1+HpW)? | (10

f

R=Fn (11)

R, =3El; (12
P

h=—= 13
5 (13)

Where D is the stator bore diameter of the machimy, H, is the ®condarysteelradiusof
the machingim), L, height of magnets(m), gis airgap length(m), r is the electrical
resistivity of copper Wm), R, is the resistance of phag¥/), | is the current of phasg is
the copper current densjt\N, is number of turns pegphasgwhile H , is given & the open

hollow height,H , as the maximum hollow stud height, ,, is given as the coil heighf is

'pw
input powerof the machingVA), P, is output power of the machine (VAE, is theinduced

voltageof phase windingand# is the efficiency.

The basic geometry data of the machine was obtained using the analytical sizing equations
defined in the MATLAB GUI. ANSYS Maxwell defined within MTLAB GUI is formed
automatically on linear generator ANSYBlaxwell 2D- rz plane and ANSYS Maxwell 3D

according to the sizing data obtained through different operating tools (transient,
9



magnetostatics, optimization, etc.) and analyses are condueted-ity 6 illustrates the 2D

sizing of the tubular linear genera{@8-34].

Design sizes given iRig. 6 werecalculated on the basié the input parameters in the design
interface shown in Fig7. The heart of the PMTLG design process is the analytiethoal

and finite element based solver, ahése two components wotkgetherto allow suitable
modeling. The use of this software does not require any particular expertise, and navigation is
aided by the inclusion of the GUI. Fig shows the main sheéisr the PMTLG program that

was developed.

3 EXAMINATION OF ANALYSIS AND APPLICATION RESULTS FOR
TUBULAR ALTERNATOR

While the linear machine has a 3D geometry, it is easpmeert this into a 2D geometry for
the purpose of modeling’he conventional tub&pe machine and the recommended tube

type machine are detailed in FR&).

The traditional model in Fi is the primary (stator) single part. The moving part (secondary)
consists of ring magnets placed on the steel. The stator of the proposed nuodiecagon

shape and the secondary is made of block magnets placed on steel. If the stator is like a 3D
solid model, the lamination fill factor is considered 100Bfae circumference of the stator

inner boreof 3D solid and proposed modél .e. pD) is equal to 163.36 mml20 mm,
respectively For the proposed model, it is found that the ratio of the total lamination material

to the total stator area available is 73.45%.

The application of 2D finite element methoEM) to electrical mahine design enables
important parameters to be determined, such as flux density, winding inductances, and

electromagnetic force, with high levels of accuracy. The use of this method provides cost and
10



time savings during the analysis of the machine. firstly necessary to choose the required
dimensions for the machine geometry, which is formed in accordance with the calculated
geometry data. Among the model parameters, the threshold conditions are entered; in the
analysis of magnetic problems, vectorse gotentially considered to be zero. During
conditions of propulsion, the number of windings, and in the case of motor operation, rated
current, or rated voltage are specified. During operation as a generator, the rated speed value

is given.

A magnetostc analysis simulator is used to facilitate the application of static magnetic fields
(Direct Current or PM). Analytical and numerical methods are preferred for the calculation of
generator/motor inductance. The analytical methods assume that the mégrediensity
magnetic field strengthB(H) curves of magnetic materials change linearly (the saturation
effect is not taken into consideration), that the cogging force does not exist, and also
provision for a simplified primary and secondary structuee, an idealized machine winding
distribution. Although calculations with analytical methods give close results, flux

distribution can be seen in magneteldi analysis conducted with FE#ig. 9-10).

When the translatamoves, theeddy current losss generated in the PM3he eddy current
lossof the translator at nlmadis generated because of the effect of the slot opeBifjg3D
FEM Analysis is carried out on the two models to evaluate the magnetedent lossesAs
shown in Fig.11 (b), and put forward a new kind of structure using multiple pieces of
permanent magnet instead of the conventional single pieEmill (a). The machinesare
running at a speed &.5 m/s Fig. 11 presens the eddy currentdensity generated by the

translator, athetime of 1.7 ms.
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As is known, nagnet segmenting is one of the effective waysettucethe magnet eddy
current lossAs can be observethe PM eddy current loss is reduced significantly with the

segmenédmagnetsn Fig. 11.

Temporal analyses wemdnducted in order to assess the effects of functionally stated flows
and voltages on magnetic systems. Within this context, these investigations were carried out
until the generator/motor working state became staBésed on the speed change, the
simulaion results for the voltage induced in the phase winding were exantiyedsing

Ansys Maxwell, he voltagetime change inducei the windng for the simulation under no

loadis shown in Fig12. Its maximumvalue is72V, 101.7V, 77.46V, 96.93V in one-phase

stator windingat application, 2Drz FEM, proposed model and solid modegspectively

Here, it shows the voltage change induced by the models-dimensional and three
dimensional traditional model structures are similar to each other. fdrer@e was found to

be -4.9%. The errobetween the application and the thoemensional proposed model was
calculated as7.5%.Besidescomparison between the analytical calculation results and FEM

results was given in Table 2.

It can be observed thgood agreement is obtained between the analytical results and FEM
predictions.All analyseswere performed using computers witfi-6700 CPU, 3.7 GHz,16
GB RAM. The mesh numbers and solution time of emtalysis wergjiven in Table3.

3.1. Proposed Dagn Manufacturing Process

The PMTLG interface determines the quality of the analytical design results and
mathematical calculations. However, the design is essentially untried until it has been applied.
Fig. 13 contains pictures of the materialsed for the production of the primary and

secondary.
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A M43-26G laminated steel core was used in the primary, and this was produced using the
laser cut method and manufactured to provide longitudinal flux. It is possible to use Somaloy
or soft magneticomposites (SMC) instead of laminated steel core; however, these materials
were not preferred for this study due to their iron loss properties, low magnetic flux density
and manufacturing costs. The block magnets in the secondary consisted of 102thsgtkel, w

is dodecagon. Since polygonal shapes cannot be made with a turning machine, this material
was manufactured using a computer numerical control (CNC) machine. Titanium pipe, with
an outer diameter of 51 mm, was used in order to protect the primarytctygs magnets,

which are placed on the moving secondary structure, from unwanted side effects, such as
friction and erosion. The total weight of the secondary was calculated as 2.65 kg, and chrome
material was preferred for the outer body design. Side wdre manufactured using the
process of bending and welding. Fitg (a) shows the windings and primary in situ. In
addition, an LCR meter was used, and subsequent calculations were made to determine the

winding parameters of the generators (E#y(b)).

3.2. Tubular Linear Experimental Studies

In free piston applications, the speed profile is sinusoidal in form, and it was therefore
necessary to design a crank mechanism which would provide this characteristic. An
asynchronous motor was used to windtlugp system, and a driver was used to ensure that the
shaft speed of this motor could be changed in various frequency steps. Mechanical energy
from the asynchronous motor shaft was transmitted through a mechanical slide ring system.

Crank arm length was tak as 200 mm and the radius was taken as 35 mm; thus, a stroke
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length of £35 mm was achieved. Fip illustrates the appearance of the mechanical system

[32].

Using the experimental test configuration shown in E duringmeasurements conducted

with aturn meter when the generator was undeloaal conditions, the rotational speed of the
crank was recorded as approximately 550 rpm and 1100 rpm at drive frequencies of 10 Hz
and 20 Hz, respectively. The voltage waveforms induced at the phase wihdheytbree

phase generator for foad operating states at 10 Hz and 20 Hz are shown il&and 77,

respectively.

The generator was operated at different load values ranging from 5 ohms to 50 ohms at drive

frequencies of 10 Hz and 20 Hz, and expentakmeasurement data was obtai(féd. 18.

A rise in load voltage with an increase in load at constant frequency is an expected finding.
The mechanical frequency of the designed generator is 50 Hz, and since the linear driven
mechanical system works assingle piston motor, it creates very high vibration. Welded
components are unable to withstand high levels of mechanical vibration, and for these reasons
the required rated speed value was not reached. Thus, measurements were confined to drive
frequences of 10 Hz and 20 Hz. The generator produces a different power at each load point
for each frequency, based on the secondary moving speed. As the mechanical frequency
changes, the winding impedance of the generator is also altered. Thus, the chande in loa

values at different mechanical frequencies is an expected outcome.
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4 CONCLUSIONS

In this study, analytical measurements of a tubular linear generator model were conducted
using a MATLAB GUI for free piston applications. Data was automatically trandferagthe

tabs of the MATLAB GUI interface to the ANSY®&/axwell 2D- rz plane, in order to carry

out various analyses with the finite elements model. Details of the ANSYS Maxwell Visual

Basic script code transformation are given in the Appendix to thisncexat.

This study successfully realized the design and application of an internal combustion free
piston generator, in the absence of any ready commercial interface software. A balance weight
was not used in the crank rod mechanism, and it was theresopossible to work at higher

drive frequencies. However, it is expected that the induced voltage and power will increase as
a function of a rise in frequency. It is considered likely that the effects of vibration can be
reduced by the use of a balancpigton configuration in this nontraditional generator design.
Future studies will examine the thrust and control characteristics when this prototype

generator is used as a motor, during the FPE starting process.

APPENDIX

Code translation between ANSYS Meall 3D Magnetostatiand MATLAB GUI software
was given an online sourcéhe link is given below.

https://docs.google.com/document/d/11LKAJCBYWDgOCXIzBVAwWTglDxuph
PFx36DYtlo9Q/edit?usp=sharing
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Figure Captions

Figure 1 Free Piston Tub€eType Linear Alternator. (a) Twdimensional (2Drz)View., (b)
A Cut-Away View of the TubulaiType Linear Generator with FPE in ThiBémensional
(3D) View

Figure 2 Free Pston Engine Studies

Figure 3. Linear Machine Classification.

Figure 4. Flow chart of the design interface

Figure 5. The Process of Forming Code, the Process of Obt&#nelgtical and Numerical
Data
Figure 6. 2Drz Plane Sizing of the Tubular Linear Geai®r

Figure 7. PMTLG i Main Sheet Showing Input Parameter, Design Result, and Electrical
Parameter in the MATLAB GUI Interface.

Figure 8. FEA model of tubular linear generator; the traditional surface permanent and

proposed structure.

19



Figure 9. (a) 2D Mdel Magnetic Field Distributions, (b) 2D Model current density
Distributions,

Figure 10. (a) Solid ModelMagnetic Field Distributions(b) Slitted ModelMagnetic Field
Distributions

Figure 11. (a) Eddy currentdistribution of ring shapedmagnetsin solid model, (b) Eddy
currentdistributionof thesegmeneéd magnetsn slitted model

Figure 12. The induced emf at no load condition inphase stator winding

Figurel3. Manufactured Core, Seadary Steel, and Polyimide Ring

Figure 14. (a) View of Tubular &erator Primary with Twhayer Ring Coil. (b) Phase
Winding Measured biCR Meter.

Figure 15. (a) Schematic of the Integrated Design of the PMBaGed crank slider unit (b)
Picture of the Prototype Machine and Test Bench.

Figure B. Output Voltage of -Load Three Phase Generator (10 Hz).

Figure I7. Output Voltage of Nd_oad Three Phase Generator (20 Hz).

Figure B. The phase current of machine versus electrical load

Table Captions
Table 1. Survey of Documented Linear Generator Types in FPE Systems

Table 2. The comparison between the analytical calculation results and FEM results
Table 3. The Number of 2D and 3D Meshes and Solution Time
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Figure 1 Free Piston TubeType Linear Alternator. (a) TwdDimensional (2Drz)View., (b)

A CutAway View of the TubulaiType Linear Generator with FPE in ThrB@mensional

(3D) View
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Figure 12. The indced emf at no load condition in ephase stator winding
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Figure 14. (a) View of Tubular Generator Primary with Fuayer Ring Coil. (b) Phase

Winding Measured biCR Meter.
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