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Linear Reciprocating Generator - Prototype
Design and Simulation

Vladimir lvanovich Goncharov, Alexander Viktorovich Bogachov, Yevgeniy Viktorovich Yezhov,
Vasiliy Germanovich Chirkin* and Lev Yurievich L ezhnev**

Abstract : Linear reciprocating generator is a very popular power converter for various hybrid vehicles which
are discussed a lot in recent decades. This article presents a prototype design and electromagnetic simulation
of a generator, which is designed to work with free-piston engine of about 15 kW. In order to increase power
density presented generator has a flat inductor design with two flat stators on both sides. Inductor consists of
permanent magnets and tooth concentrators between them. Each stator winding has concentrated tooth coils
with fractional number of slots per phase per pole Mechanical analysis was made in order to determine
internal mechanical stressin longitudinal and transversedirections of inductor. FEM model for €ectromagnetic
analysiswas described. The moded was used to evaluatetheinfluence on generator performance of technological
deviations in generator design and dimensions, which may occur during production and assembling.
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1. INTRODUCTION

Linear reciprocating motorsand generatorsare knownfor along time, but inthelast decadestheir application
areas have been significantly expanded, one can see thisinmany publications[1]. Among such application areas
there arewave energy converters, active suspenson damping systemsand linear electric machines embedded into
external combustionengines(e.g. Stirling engine) and internal combustion free pigonengines[2]. Moreover, inthe
latter case, theeectric machineis used bothingenerator and motor modesto control piston postion[3].

Free-piston energy converter (FPEC) transforms chemicd energy of fuel into mechanical energy of apiston
movement and theninto eectrica energy of electric generator. FPEC seemsto be a perspective power source for
usein autonomousingdlationsincuding hybrid vehicles.

One of the popular FPEC designsis shown in Fig. 1. Here, the rod connecting pistons of two opposite
combustion chambersacts asamovable part of alinear electric generator. Periodicaly repeating processes of
ignition and compression in opposed combustion chambers providesreciprocating motion of therod. Middle part
of therod containsa system of permanent magnets creating anumber of aternating polesof excitationfiled along
themovement path. That iswhy themovable part of linear electric machine could be called aninductor. Stationary
part around permanent magnets on the rod contains magnetic core and a system of electric coils forming an
armature winding. Movement of therod (inductor) providesinducing eectromotive forceinarmature winding.
Thus, energy released during fuel combustion is converted into thermal energy of aheated gas, whichisthen
transformed into kinetic energy of apiston. Most of thiskinetic energy isthen converted into electrical one by
meansof alinear generator without any additional transformation of linear movement into rotational by means of
mechanical gear. Mainfeaturesof thisconcept are the elimination of the crankshaft and the crank rod, free piston
dynamics (the piston movement is determined by the balance of forcesacting onit), electrically operated valves
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and application of new cycles of fuel combustion (like anew environmentally friendly homogeneous charge
compressionignition, HCCI).

inlet valve = movable rod (inductor of electricmachine)
stator of electric machine
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Fig. 1. Integrated free-piston motor-generator.

HCCI technology providesignition of the air-fuel mixtureinthe cylinder throughitscompression. Unlike
gpark ignition and the combustion processinadiesel engine, HCCI technology dlowsto releasethe fuel energy
through low-temperaturecombustion of the mixtureinthe entire volume of the combustion chamber without flame.
Combustion temperature of homogeneous charge ignited by the compressionis 1.5 - 2.0 timeslower thanthe
combustion temperature of the chargein the flame front of a classic petrol or diesel engines. Asaresult, fuel
efficiency can be significantly improved and NOx and CO2 emissions can be reduced.

Prototypedesign

Synchronous machineswith permanent magnets (SMPM) arethe most frequently used typeof electric machine
among modern linear generatorsand motors[4-5]. | nthese designs, armature windings are placed on the stator
while moving inductor contains permanent magnets as source of magnetic field. Permanent magnetsalong the
inductor providesmulti-poledternating polarity excitationfield. Permanent magnets can be either surface-mounted
with magnetizationdirection normal to longitudina axisof therod or embedded into theinductor with megnetization
direction coincidingwith longitudinal axis. Inlatter case permanent magnetsare separated by oft magnetic materia
which serves as flux concentrator. Besides, Halbach arrays of permanent magnets could be used at inductor
surface which can produce multi-pole aternating magnetic field without any core, even without back yokewhich
leadsto decreased inductor weight [6-7].

The gtator of synchronous machine using permanent magnets excitation could be designed in two variants.
in conventional stylewith slotted stator core and coils of armature winding located in these dotsor in dotless
style, which seemsto be a perspective alternative to conventiona one. Moreover, the wholeelectrical machine
design could beflat or cylindrical, itsinductor design could be single- or double-sided with one or two active
air-gaps. The specific power which can be obtained in flat and cylindrical designisamost the same. However,
the double sided inductor with two active air-gaps could be implemented inaflat design much easier thanin
cylindrical design|[8].

Electric machine of thistype has some advantageslike lower massof itsmovable part and higher performance.
However, it suffersfrom problemswith repeating impact forces acting on the inductor and permanent magnets
cooling.

Dueto the large impact forces produced in the combustion process the movable part experiences high
mechanical stress. Besdes, any possible deviationin the air-gap height on different sides of inductor createsan
unbalanced tractionforce, whichisalmost proportiona to theinductor displacement.

Inductor of linear electric machine doesnot only create excitationfield, it also hasto transfer impact forces
and provide necessary and sufficient mechanical stiffnessand strength. Therefore, the proposed inductor design
must be analyzed concerning mechanica interaction of its different partsand its mechanical performance must be
evauated, particularly the strength and bearing capacity.

The proposed inductor desgnisshownat Fig. 2. Inductor consists of the following elements: steel poles,
longitudina guidetracks, two fastening plates, two rods (pistons) and anumber of permanent magnets.
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Fig. 2. Inductor design.

Steel poles of the I-beam shape are made of steel grade 10832 by means of milling fromasolid rod. The
poles provide mechanical strength of the inductor and at the sametimeit concentrates magnetic flux frominductor
permanent magnets. Longitudinal guide tracks are made of non-magnetic stainless stedl grade 12X21H5T and
provide mechanical strengthto theinductor. Guidetracksareaso used asaframe basesfor inductor assembling.
Threaded holesM 3 and special mounting surfacesare used to fix the steel polesto the guide tracks.

In order to uniformly transfer driving forcefromtherod to the steel polesand permanent magnetsfastening
platesareused. Thelatter are made of non-magnetic tainlesssted grade 12X21H5T. Eachfagening plate contains
gpecial holesfor fixing it to thelongitudinal guide tracks by high-strength bolts and threaded holesfor mounting
rods. In order to avoid transmission of impact forcesfromthe fastening plate to the steel poles and permanent
magnets, thefastening plates are mounted with aguaranteed clearance. Therod isdesgned to transfer driving
forcefromthe primary mover to the inductor of electric machine. The rod ismade of the same material asthe
fastening plates. Each rod hasthreaded endsfor coupling it to the fastening plate of inductor and ajunction of the
primemove.

Permanent magnetsare used to provide magnetic flux in the steel poles. Permanent magnets of cuboid
shape are made of an intermetallic compound Nd2Fel4B and are magnetized in the longitudinal direction of
inductor. Permanent magnets grade N40OUH issdlected in accordance withitsresidua flux density and operating
temperature.

M echanical analysis

The purpose of mechanicd analysisisto check mechanicd strength of theinductor and evauateits ability to
withstand external loadslike considerable alternating impact forces produced by prime mover and unbalanced
traction forcewhich occur between inductor and stator corein case of air-gap deviation. Two mechanical models
wereinvestigated. Inthefirst model (a) concentrated external forceisapplied to the end of the rod along the
longitudina axisof inductor. Inthesecond modd (b) distributed forceisapplied to the stedl polesinthetransverse
direction. During mechanical analysisthe following parameterswere determined: equivalent breaking stress,
maximum displacement and minimal safety factor values.

For caculation of theinductor mechanical stressthe following assumptionsweremade: materia properties
wereassumed to belinear, permanent, homogeneousand isotropic. “Linear properties’ meanthat interna stresses
under load are proportiond to theload applied. “ Permanent properties’ meanthat material propertiesare not
temperature dependent (or thetemperature isconstant). “Homogeneous properties’ meanthat material properties
arethesamefor thewholevolume of eachpart. “1sotropic properties’ meanthat materia propertiesareequd inall
directions(dong al axes).



122 Vladimir lvanovich Goncharov, Alexander Viktorovich Bogachov, Yevgeniy Viktorovich Yezhov...

Thesafety factor iscaculated in accordance with the theory of material plasticity, i.e. safety factor equalsto
theratio of the maximum equivalent breaking stressto dlowable stress, whilethelatter isaccepted asmateria yield
drength.

Table 1 containsthe results obtained fromthe mechanical analysisof two models. Maximum stressinthefirst
mode isequa to 427 MPa. Maxima stressinthe second model islessthan 31 MPa. Both arelessthan material
yield stress. Fig. 3 showsdistribution of internal stressininductor. Fig. 4 showsdisplacement calculation. The
maximum displacement inlongitudina directionislessthan 0.09 mmand the maximum displacement intransverse
directionis 0.009 mm. Fig. 5 showsthe safety factorsfor theinductor. Theleast safety factor isequa to 3.6 and it
takes place inthe fagtening plates.

Table 1. Resultsof mechanical analysis

External force 10 kN Distributed external force 5 kN
acting along the axis of acting across the axis of inductor
inductor movement movement
Equivalent breaking stress, MPa 417 31
Maximum diplacement, mm 0.08 0.008
Minimal safety factor vaue, ul 3.6 8.1

Max: 417 MPa Min: 0 MPa

\\\

\Min: 0mm

Max: 0.08736 mm

Min: 0 MPa
Max: 0.00864 mm
Max: 30.97 MPa

Fig. 3. Equivalent stress calculation Fig. 4. Displacement calculation

. Max: 15

Mm: 8.07

Fig. 5. Safety factor calculation.
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Mechanical analysis proved that proposed inductor desgn provides strength of all details. Considering that
calculationsweremade for apeak load one could be surethat under working load theinductor strengthwill be
provided too.

Generator performanceevaluation

Modern engineering software allows usto build high accuracy mathematical models of electric machinesin
order to predict itsperformance and obtain characteristics at the design stage even before prototyping [9]. This
savesalot of money asone cantest numerical modelsand correct desgn errors beforemaking final prototype.
Usualy rough andytica modelsare used for optimization procedureswhen engineer evaluatesanumber of design
variantsfor ashort time, but thefinal design must be smulated with ahigh accuracy model in order to ensureits
performance before prototyping. And nowadays the most reasonable model of electric machine should be based
on aFinite-element method (FEM) of electromagneticfield analysis[10-11].

Such FEM model of proposed design washbuilt for electromagnetic analysis of linear reciprocating generator.
Fig. 6 showsafragment of FEM model which allowsto take into account real dimensions of acomplex linear
generator active zone, materid propertieswith saturation of stator teeth and inductor field concentrators, mutua
position of stator and inductor coreswhile calculating megnetic field distribution and electromagnetic forcesfor any
corepostion.

e e

Fig. 6. Fragment of a FEM mode of a flat linear generator with double-sided stator.

Fig. 7 showsafragment of FEM model in moredetailsto demonstratefinite element structureof themodel. In
order to provide high accuracy of electromagnetic force evauation theair-gap zone of generator should be smulated
by at least four layersof finite elementswhile contour for air-gap flux density and electromagnetic force evauation
islocatedinthemiddle of the air-gap height and is separated from bothinductor and armature core by two layers
of fineelements.

The FEM-mode presented at Fig. 6 and Fig. 7 simulatesonly upper half of generator cross-section, while
generator hasdouble-sided design. Thisisdueto generator’s symmetry relative to the middle plane of inductor,
hence magneticfield isidentical in upper and lower haf of cross-section. The use of symmetry feature alowsto
sgnificantly decrease andlyzing areaand reduce calculation timefor magnetic field analysis.

Presented FEM modéd dlowsto analyze magnetostatic fields, which meansthat initial conditions of magnetic
fiedd analyssshould contain al sourcesof magnetic field. Besdespermanent magnet MM Fs, which are reproduced
automeatically by materia propertiesof corresponding PM blocks, one should define current dengty ineach block
corresponding to armaturewinding in gator slots. During generator operation instant vaues of armature phase
currentsare determined by instant value of phase electromotive force (EMF) and impedance of corresponding
electric branchwhichincludes load impedance, phase resistance and phase reactance of end turnsleakage. The
latter cannot be reproduced by 2-dimensional mode and should be evaluated separately and introduced inelectric
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branch circuit. While phase EMF cd culated asa phase linkage derivative takesinto account both excitation and
armaturereactionfields, dot leakage and differentid leakage fields. Thismeansthat magnetostatic field calculation
should be fulfilled many times on the period of inductor movement during one stroke.

Fig. 7. Fragment of FEM model demonstrating finite element structure with a flux density evaluation
contour at the middle of the air-gap.

I nstant values of phase currents on the period could be obtained from differential equations of generator
electric branches. Asthese equations are non-linear one should use one of numerical approximation methods.
One period of inductor movement will require hundreds calculations of magnetic field at different inductor
positionand different phase current values. Inorder to providetrangent analysiswith relatively smple magnetostatic
FEM model one should use some script language, which allowsto build FEM model automaticaly, perform
field caculationand evaluation of output variables, whileusing it in numerica approximation dgorithmof differential
equationsanalysis.

FEM -transient smulation

Programfor FEM-transent smulation was made with Lua script language and implemented the following
agorithm. For agiven law of inductor speed variation onaperiod of onestrokethetotal timespanisdivided into
arather bignumber of small timeintervalsat which instant phase current values should beestimated. Example at
Fig. 8 covershaf period, whichisequal to 10 msat 50 Hz frequency and it isdivided into 80 timeintervals.

Let usconsider calculation sequenceat (t +1) timeinterval. Initia conditionsare based on ingtant values of
phaseflux linkages'V, and currents i, a theprevioustimeinterval t. Correspondinginductor positionisdetermined
by given law of inductor speed variation and timeinterva t. Thefirst magnetic field cdculationat current time

interval (t +1) ismadefor anew inductor positionwith phase currents i, obtained fromtheprevioustimeinterval

currents i.. Inthesimplest case, new currentscould befound as i

i+1

=1i,. Asaresult of thisfirst field calculation

the values of phaseflux linkages %%, are evaluated.

After that new phase current values ?flfl are calculated based on aKirchhoff equation for each phase:

AV ALY -
L‘T | TR =

where AV =9 —w , ALY =iV i, Atisatimeinterval.

t+1



Linear Reciprocating Generator — Prototype Design and Simulation 125

Thisdifferentia equation was transformed into agebraic oneby finite differences.
Next magnetic field caculationfor (t +1) timeinterva ismade for the sameinductor position but with new

approximation of phasecurrents i) =il +k - Ai,'Y , wherek isarelaxationfactor (thisvalue significantly affects

t+1

on convergence of theiterative process). Asaresult of thismagnetic field calculation the new vaues of phase flux
linkages ¥, are evaluated which allowsto calculate flux linkage changes A", = W, — ¥, phase EMFs

t+1 — Tt

e=-A¥" /At and voltagedropson phaseand load impedance a phasecurrents . ThenKirchhoff equationfor
each phaseisused to check maximum residual (error of left and right side of Kirchhoff equation). In casethe
maximum residual of all phase equationsismore than alowable error, the iterative processfor the current time
interval (t + 1) iscontinued. In casethe maximum residud islessthan allowable error, the obtained instant values
of phase currentsand flux linkages are saved and algorithm goesto the next timeinterval.

Simulation results

Based onfield calculationresultsfor eachtimeinterval one canevaluate not only phase currentsand EMFs
but also magnetic flux densgity and magnetic permeability inany part of magnetic circuit (intheair-gap, inteethand
yokes of magnetic cores, in permanent magnets) and longitudina and transverse components of electromagnetic
forceacting on active partsof generator (inductor, for example) and structural elements.
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Fig. 8. Linear generator operating condition simulation at sinusoidal law of inductor speed variation

Fig. 8 showssomeresults of linear generator operating condition smulation. Inductor isreciprocating with
sinusoidal law of speed variation, balanced phase of load impedance is equal to 10 Ohm. For this operating
condition Fig. 8 showstimedomain variation of phase EM F and electromagnetic force acting oninductor dueto
excitation field interactionwith armaturereaction field.
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Electromagnetic analysisof air-gap deviations

Abovementioned FEM model can be used not only for electromagnetic analysis of initial linear generator
design for selected shapes, dimensions and material properties, it can also be used to evaluate generator
performance at variousdeviations. For example, technological deviationsduring prototyping could lead to ar-gap
height variationin longitudina and transversedirection of linear machine. Inorder to predict prototype generator
performance one can use electromagnetic model withaccuratefield caculation.

In case of air-gap deviations eectric machine magnetic circuit can not be considered symmetrica relativeto
middle plane, so FEM model inthat case should takeinto account thetotal cross-section of linear generator. While
theagorithm of operating condition anaysisisthe same and the program of FEM-transient analysis could be used
without changes.

A number of numerical experimentswere performed in order to evaluate theinfluence of non-symmetric
position of inductor relative to upper and lower stators on generator performance. Wheninductor isdisplaced
fromintermediate position between statorstowards upper or lower stator the unbalanced electromagnetic force
affects moving inductor attracting it towards the nearest stator core (unbalanced traction force). Numerical
experiments have shown that thisunbalanced traction of inductor isdetermined mainly by excitation megnetic field
of inductor and weekly dependsonarmaturereaction field. Moreover, it was demonstrated that such unbalanced
traction forcein dynamic mode of operation could be evaluated with sufficient accuracy by magnetostatic field
andyss.

Table2 containscalculation results of specific unbalanced traction forcef; (tractionforce per unit of inductor
surface) for somefixed inductor postionat different inductor displacement Ad relativeto the balanced pogtion at
which the upper and the lower air-gap isequal to 1 mm. Each time calculationswere made for two operating
conditions. no-load conditionwith zero stator current and rated load condition. Rated load condition corresponds
to a balanced three-phase load at which maximum stator slot current density isequal to 5 A/mm?. FEM model
supposes uniform distribution of current density per stator slot. For slot filling factor k;, ~ 0.5 thevalueof RMS
phase current density equalsto 5(V2)-1 (k;,)-1~ 7.1A/mn?.

Table 2 containsalso vaues of electromagnetic force acting inlongitudinal direction fz. At no-load condition
thiselectromagnetic forceis determined only by stator core dotting, whileat load condition it isdetermined by
interaction of excitationfield and armaturereactionfield. One canseein Table 2 that in both casesthiselectromagnetic
forcefz doesnot sgnificantly depend oninductor displacementt.

Table 2. Calculation results

A48, mm Jmax. A/mm? f 5 N/mm? f,N
0.125 0 0.055 0.708
5 0.051 -7.719
0.250 0 0.108 0.771
5 0.103 -7.638
0.375 0 0.163 0.737
5 0.157 -7.595
0.500 0 0.219 0.797
5 0.212 -7.468

Theunbalanced traction force isalmost proportiona to inductor displacement value. Hence, one canuse
rather simple method of evaluation of air-gap deviation effect on resulting unbalanced traction force and
corresponding torque, which isproduced by thisforce.

For example, let us consider torque whichis produced at inductor displacement asshowninFig. 9 when
inductor istilted relativeits main longitudinal axis—inductor roll.
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Inorder to make necessary caculations one need to know inductor active zonedimensions (lengthL, =
0.276 mand width B, ;= 0.120 m) and maximum and minimumair-gap height on oppositeinductor edges max
and min.

For arated air-gap height 6 = 1 mmand inductor edge displacement by 0.5 mm (onopposite edgesinductor
isdisplaced in opposite directions) the maximum unbalanced force according to dataof Table 2 isequal to 210 N/
mn?. Whilewe are considering inductor roll relativeto itslongitudina axis, the specific unbalanced traction force
is changing linearly from zero value at inductor center to maximum value at inductor edge equal to

f* =0.210.10° N/m?. At that resulting torque produced by such unbalanced traction force canbe calculated as

follows
Bing 0.5

05By 05) ,
M = 2L I L xdx| x=4im g9 X

0

% Lind Biznd ' fB(O.S)

For agiven dimensions of inductor active zonethevaue of torqueisequal to 139.1 Nm.

e N -
Smary Suin y
8 i \\ max

Fig. 9. Torque calculation at inductor roll.

Obvioudly, such approach can be used for any known variation of air-gap height betweeninductor and stator
coresinany direction.

2.CONCLUSON

Linear reciprocating electric machineis presented which useflat inductor and double-sided stator design.
Stator winding ismade multi-pole with afractional number of dotsper phase per pole g= 2/5. Inductor contains
permanent magnetswith longitudinal direction of magnetization and alternate polarity. Permanent magnetsare
located between flux concentrators made of soft magnetic material. M echanical analysswas madein order to
determine internal mechanical stress in longitudinal and transverse directions of inductor. FEM model for
electromagnetic analysis was described which was used to evaluate the influence on generator performance of
technological deviationsingenerator design and dimensionswhich may occur during production and assembling.

This paper waswritten under the Agreement of subvention No.14.577.21.0120 (unique identifier of the
applied research RFMEF157714X 0120) with the financial support of the Ministry of Education and Science of
the Russian Federation. The research washeld at Moscow State University of Mechanical Engineering (MAMI)
and National Research University “Moscow Power Engineering Ingtitute’.
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