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DESIGN AND CALCULATION OF A LINEAR
RECIPROCATING GENERATOR FOR
THERMOACOUSTIC ENGINE

This paper provides an overview of methods for the calculation
and design of linear electric generators with permanent magnets for a
single-stage thermoacoustic engine operating on the Stirling heat cycle.
The proposed methodologies are grouped based on the type of approach
used for the calculation. A detailed analysis of the proposed methods
and assumptions is conducted, and conclusions are made regarding
their feasibility for the design of electric generators with permanent
magnets and solid magnetic core elements. The primary assumptions are
related to the representation of parameters in the equivalent circuit of the
magnetic systems. It is established that the majority of the methodologies
do not account for the influence of eddy currents in the solid elements
of the magnetic core. It is demonstrated that many approaches aimed
at designing electric machines with permanent magnets can be adapted
to linear electric generators. The designed linear generator is intended
for use in a thermoacoustic device (TAD). The development of the TAD
utilized well-established theoretical and practical advancements in
the field of thermoacoustics. Several laboratory prototypes were also
developed to refine the energy source, which will serve as the foundation
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for a cogeneration thermal power plant of ultra-low capacity. This power
plant will comprehensively produce both electrical and thermal energy for
autonomous consumers.

Keywords: linear generator, reciprocating motion, Stirling, permanent
magnet generator, magnetic core, coil.

Introduction

Modern energy production technologies focus on developing systems that
can provide electricity efficiently and sustainably while using as few resources
as possible. A particularly important area of research is the creation of ultra-low
power energy sources for autonomous systems, designed to operate on a wide
range of fuels. These systems aim to ensure reliable energy supply for devices
that work independently, reducing dependence on traditional power networks
and improving overall energy efficiency One of the promising directions is the
development of a thermoacoustic electrical energy source with linear generators
featuring reciprocating motion, capable of operating using permanent magnets and
inductive elements. Such generators convert the mechanical energy of reciprocating
motion into electrical energy [1, p. 148].

One of the key aspects in the design of a linear generator is the stability of the
magnetic flux generated by the permanent magnet [2]. Violation of this condition
leads to the generation of electromotive force (EMF) in the moving element of the
generator and increased heat dissipation due to eddy currents. This can reduce the
efficiency of the device and lead to mechanical damage to the magnets, especially
if they are made of certain materials.

Materials and Methods

Akey requirement in the design of a linear generator is maintaining a constant
magnetic flux produced by the permanent magnet [3, pp. 20-25; 4, pp. 3445-3462],
as any fluctuations induce an EMF in the moving part, which in turn leads to the
formation of eddy currents and subsequent overheating of the magnet beyond
allowable limits. This issue is particularly critical for neodymium magnets, which
are highly sensitive: even a 1 °C temperature increase results in an approximately
0.3 % decrease in residual induction and a 0.5 % reduction in coercive force. The
magnet must be securely fixed in place to ensure that it does not shift or move
inregions where the surrounding materials have different magnetic properties. At
the same time, it is important that the magnetic flux produced by the armature
remains stable and consistent in the solid ferromagnetic sections of the moving
element, so that the generator can operate reliably and maintain proper energy
conversion.. A linear generator is not very efficient and is limited in power to about
1 kW due to economic factors, but it is sufficiently suitable for ultra-low power
energy sources. Further increasing its power significantly raises both the cost and
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mass, for instance, due to the growing cost of neodymium magnets. Therefore,
it remains quite efficient for generating electrical power not exceeding 1 kW.
Descriptions of this type of electrical machine and information about their design
are provided in [5, p. 253].

Results and Discussion

The designed linear generator is planned to be used at °C. In the development
of the Thermoacoustic Device (TAD), well-known theoretical and practical
achievements in the field of thermoacoustics, previously discussed in [6, P. 60—66];
[ 71; [8, P. 580-582]; [9]; [10]., were used. Various laboratory samples were also
developed, on which the energy source was tested. This energy source will later
form the basis of a cogeneration heat and power plant of ultra-low capacity. This
power plant will simultaneously produce both electrical and thermal energy for
autonomous consumers. Figure 1 shows the experimental laboratory energy source
based on a one-stage ring TAD with a linear generator.
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Figure 1 — Single-stage TAD

One of the key requirements in designing a linear generator is ensuring the
stability of the magnetic flux produced by the permanent magnet. Any variation
in this flux induces an electromotive force in the moving element, leading to the
formation of eddy currents and potential overheating of the magnet. This issue
is particularly critical for thermally sensitive neodymium magnets, where a
temperature increase of just 1 °C results in a 0.3 % decrease in residual induction
and a 0.5 % reduction in coercive force. In the proposed design, the magnet must
be securely held in place so that it does not move relative to surrounding materials
with different magnetic properties. At the same time, it is important to keep the
magnetic flux produced by the armature stable and consistent in the parts of the
moving element that are made of solid ferromagnetic materials. This ensures reliable
operation of the generator and prevents unwantedfluctuations in performance.

The SGL-0.1 prototype is specified as follows: it is a synchronous, two-pole
generator with a permanent magnet located on the rotor. Each unidirectional
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stroke generates a complete EMF cycle, which corresponds to the maximum
linear displacement of 4.21 mm-this value is equal to the tooth pitch of the
moving element and ensures that the magnetic circuit undergoes one full change
in relative alignment per stroke. Such coordination between the mechanical
displacement and the magnetic geometry provides predictable periodicity of
the induced EMF and minimizes harmonic distortions in the output signal. The
nominal operating frequency of the generator is 50 Hz, achieved under conditions
of stable reciprocating motion. The maximum linear speed of the moving element
is 661 mm/s, which defines the upper operational limit for the generator while
maintaining efficient electromagnetic energy conversion. Operating above this
speed could reduce conversion efficiency and cause deviations in the generated
EMF. The generator is designed to deliver a nominal electrical output power of
100 W, along with a mechanical conversion force of 302.4 N, which represents the
effort required to transform the kinetic energy of the moving element into usable
electrical energy. The rectified output voltage is 28 V DC, making the generator
compatible with low-voltage storage systems and batteries, and ailowing stable
integration into autonomous or off-grid energy setups. At the generator terminals,
the RMS phase voltage reaches 31 V under nominal conditions, ensuring reliable
power delivery to connected loads. Maintaining this voltage and current stability
is critical, as variations in speed, load, or magnetic alignment could affect the
efficiency and performance of the generator. When paired with a 24-V nominal
battery, ensuring efficient charging and compatibility with standard energy-storage
configurations. The RMS phase current is 3.23 A under nominal loading conditions.
Air cooling is utilized to maintain thermal stability throughout operation, and the
generator is intended to work within power systems where the grid frequency
does not exceed 60 Hz.

The structural constraints of the design include an inner shaft diameter of no
less than 30 mm to ensure sufficient mechanical rigidity and space for auxiliary
components. The overall axial length of the generator must not exceed 75 mm,
ensuring that the device remains within the specified design envelope. The stator
itself has an axial length of 128 mm, while the total length of the housing, including
the bearing shields, is 72 mm. These compact dimensions make it possible to
integrate the generator into mechanical assemblies with limited space, while still
maintaining proper mechanical and magnetic alignment for efficient operation.
The minimum air gap is set at 0.3 mm, ensuring both mechanical clearance and
the magnetic coupling necessary for stable operation without excessive flux
leakage.In the initial position of the generator, the tooth axes of the upper stator
stack are aligned with the tooth axes of the outer upper part of the rotor, while
simultaneously corresponding to the axes of the slots on the rotor’s lower side.
After passing through the winding, the flux moves into the right part of the stator,
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returns to the rotor, and completes its path at the magnet’s south pole, following
the route of least magnetic reluctance. It is critical that in the initial position,
the lux through the lower stator package is minimal due to the higher magnetic
resistance of its path.

When the moving element shifts to the left, the misalignment between the
stator and rotor teeth decreases the flux in the upper stator package while increasing
it in the lower package.

Theoretical studies, including computer simulations and numerical
experiments, were conducted using ANSY'S software. The linear generator, shown
in Figure 3, incorporates a moving rotor that consists of a shaft (Figure 2); a square
permanent magnet with an internal hole, magnetized horizontally; two steel 45
bushings at the magnet edges mounted on the shaft with a rectangular external
profile; and rectangular laminations made from 0.5 mm thick electrical steel 2013.

Figure 2 — Laboratory sample of a single-stage TAD
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Figure 3 — Computer model of a linear generator

The moving rod, which is connected to the Stirling engine, displaces the
moving element relative to a pair of The design incorporates «P-shaped» magnetic
cores, each wound with coils. As the moving element travels upward, the magnetic
flux coupled with the coils of the upper core increases, while the flux through
the coils of the lower core decreases accordingly. The obtained results have been
processed and subjected to correlation analysis using Excel software.

The results include the following parameters, calculated as follows:

Active length of each stator (rotor) package — L., = 44mm,;

Width of the rotor package at the teeth — 60 mm;

Number of tooth divisions on the rotor package — 7;

Distance between stator packages — 60.6 mm;

Number of teeth on one half of the stator package — i, = B;

External dimensions of the magnet — 44 = 5 mm,;

Magnet 45SH, residual induction — #a = 132 Tyi; coercive force — . = 10500
Alewm; coercive force of the magnet — = 10500 = 117 = 7350
The flux of the 45SH magnet (preliminary):

B0

B, = 5B, /0 = [(0.058 - 0.044 — Z"-)1.32] /105 = 0.00234 Wb

Here: &y = DANZSSE — @031 = ROGZE44  mm2 — magnet cross-section;
B, magnet induction; # = 1.2— magnet scattering coefficient.
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Constant component of magnetic conductivity of the air gap:

Mo Al TR0 EES

o £ kg "ETS0 il

= 223 = 107" (H/m2).

Here: ji;— magnetic permeability of air; & = 0.3mm - air gap; kz— Carter’s
coefficient.

Variable component of air gap conductivity:

A =fxd, =062 x223x107%,2 = 043 % 107 (H/m2).

Here: j# —is the air gap conductivity pulsation coefficient. The cross-sectional
area of the tooth-slot zone on one half of the stator package:

S.o=Texl,=7x421 x 1077 x 0,044 = 0.00130MM2;
Maximum conductivity along the path of the magnet flux through two air gaps:
AL (H/m2).
Minimum conductivity along the path of the magnet flux through two air gaps:
A0 (H/m2).

Maximum magnetic

resistance:
1

4
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Simplified magnetic equivalent circuit of the linear generator is presented

in Figure 14.
Magnetic flux of the magnet based on the equivalent circuit calculation —
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Frop = ol = o — = {10241

25471932 Bb

Electromotive force (EMF) of open circuit in a single coil — 15.5 B.

Open-circuit electromotive force (EMF) with a margin for voltage drop—17.5 Wb.

Number of turns in the coil - 286/

Coil cross-section — 20 » 20 = 400 mm?2.

Copper fill factor of the slot — 0.85. Wire cross-section (preliminary) — 1.19
mm?2.

Selection of the wire: PNET- e = 1-20mm; Suire = L1EL mm2.

|:_|. - |'=|'| L - - FrBERx017E - 1-;'-.-! Om

g (T PARE ]

Coil inductance:
Ly = 051,5,wi = 05 =223 x 10" x 00013 x 286° = 0.1185 H.

Inductive reactance of the coil:
X =2mfly = 37.23 Om.

The inductive reactance of a phase is determined by passing through two air
gaps, since the coils in the phase are connected in opposite directions:

Ly =05x 01185 = L1924 = D.011£ H;

Jall g

Figure-4 — Dependence of the change in voltage at the terminals of a linear
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generator on the increase in load current

Figure-5 — Dependence of the change in electrical power at the terminals of the
linear generator on the increase in load current.
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Conclusions

The linear generator is a rather complex electrical machine both in terms of
design and calculation, as well as in operation. Its setup process is quite intricateFor
electrical power generation above 1 kW, a three-phase synchronous generator with
a rotating rotor offers higher efficiency. However, the use of permanent magnets
significantly increases the cost of such generators, making them more expensive
than other types. Another drawback is their relatively large mass, which can limit
their applicability in compact systems. These generators are primarily employed
for converting reciprocating motion, where the armature moves back and forth
over a fixed distance and at a controlled speed, allowing effective transformation
of mechanical energy into electrical energy. Despite all the drawbacks of the
designed generator, it is important to note that it is ideally suited for a single-
stage thermoacoustic engine operating on the Stirling cycle, which can be used
as a power source.
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TEPMOAKYCTHUKAJIBIK KO3T'AJITKBIINKA APHAJIFAH
CBI3BIKTBIK KEPI TEHEPATOPIBI ’)KOBAJIAY KOHE ECEIITEY

Byn maxanaoa Cmupnune yuxni 6ouviHwa srcymvic icmeimin 6ip
Camblbl MEPMOAKYCIMUKATBIK KO32ANMKbIUL YULiH MYPAKMbl MACHUMMIK
CHI3bIKMBIK, DJIEKIND 2EHePAMOPIAPbIH eCenmey JcoHe Jcobanay soicmepine
wony scacanadvl. ¥ colHbliean 90icmep KOJOAHbLIAMbIH ecenmey moCLiiHiK
mypiHe Kapau monmacmoipsiazat. ¥ coinviazan sdicmep men 6oaxicamoapaa
eaoiceli-mezoiceiiti manoay Hcypeizinoi, 01apobiy MypaKmvl MaZHUMmMepi MeH
MASHUMMIK AOPOHbIH KAMMbl dJleMeHmmepi 6ap dj1eKmp eeHepamopiapuli
Jrcobanay ywin Konoausliybl mypaivl KOpblmulHObLIAp Jicacanovl. Hezizei
boadcamoap mazHummix xcyuenepoiy dK8UBANCHMMI CXeMACLIHOA2bl
napamempiepoi ycoinymen bailnanvicmel. Kenmezen o0icmep macHummix
SA0pOHbI Kammbl djeMeHmmepinoesi KyublHObl MOKMApPOblY dCePiH
eckepmeimini anvikmanowl. Typaxmol maznummi OneKmp MauuHaiapoii
Jlcobanayza baseimmanzan Kenmeeen moclioepoi Coi3blKMbIK 2IeKmp
2eHepamopaapuina Oelimoeyee 60IamuIHObI2bl KOpceminzeH. O3ipieHin
JHCAMKAH CHIZLIKMBIK 2EHEPAMOP MEPMOaKycmuranvly Kypuiiavioa (TA/)
natioananyea apuanzan. TA/[-ublH 0amybl mepmoaxkycmuxa caidacblHOazabl
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JHCAKCHI KANbINMACKAH MEOPUSNBIK JHCOHE NPAKMUKATILIK, Hcemicmikmepae
cytiendi. CoHOaui-ak, yiempa meMeH Kyammbl KO2eHePayUsiiblK, HCbLLY
IeKMP CMAHYUSICHIHBIH He2I3l DOJIamblH IHePeUsl KO3iH JHCAKCAPMY YUliH
OipHeuie 3epMXaHaiIblK npomomunmep Jdcacanovl. byn snexmp cmanyusicel
ABMOHOMObL MYMBIHYWBLAAD YULIH DJEKID IHCOHE JICHLLY IHEPSUSCHIH
KeuteHOi mypoe eHOipeOi.

Kinmmi ces0ep: cvizvikmulk cenepamop, kepi Kozzanvic, Cmupaune,
mMypaxmel MAZHUMMIK 2eHePamop, MAeHUMMmIK 03eK, KamyuKa.

E. JK. Capcuxees', A. . Mexmues’, P. A. Mexmueg’,

*4. C. Kyamosa’, P. T. [llaiimepoenosa’

1345Ka3axcKuii arpOTeXHHYCSCKUI HaydIHO-UCCIIEI0BATEIbCKUI YHIHBEPCUTET
nmenn C. Ceitdynnuna, Pecryonuka Kazaxcran, . AcraHa.;
*KaparaHAnHCKU# TEXHHYECKUI YHHBEpCHTET nMeHH AOblikaca CariHoBa,
Pecniyonuka Kazaxcran, . Kaparanna.

IMoctynuno B pegaxknuto 21.10.25.

IToctynuno c ucnpasienusmu 14.11.25.

IIpunsaro B neuars 05.12.25.

MPOEKTUPOBAHUE U PACYET JUHEMHOTO
BO3BPATHO-IIOCTYIATEJBHOTO TEHEPATOPA
NJISI TEPMOAKYCTHUYECKOT O JIBUTATEJIS

B odannou cmamve npedcmasnen 0630p mMemooog pacuema u
NPOEKMUPOBAHUSL TUHEHBIX TCKMPULECKUX 2EHEPAMOPO8 C NOCMOAHHLIMU
Maznumamu 015k 0OHOCMYREHYAMOo20 MePMOAKyCIMU1ecKo20 08ueamerns,
pabomarowezo no yuxkay Cmupnunea. I[Ipednosicennvie memoouxu
CePYNNUPOBAHbL 8 3A8UCUMOCIU O TMUNA UCHOIb3YEMO20 N00X00d K
pacuemy. [Iposeden Oemanvhblil aHAIU3 NPEOTIONCCHHBIX MEMOO08 U
oonyuenuil, COelanbl 8b1600bL O UX NPUMEHUMOCIIU 051 NPOSKMUPOBANUS
IEKMPUHECKUX 2EHEPAMOPOE C NOCMOSHHBIMU MASHUMAMU U MEEPObIMU
IEMEHMAMU MASHUMHO20 cepOeutukd. OcHogHble OONYUeHUst C53aHbl
¢ npeocmasieHuemM napamempos 6 dKGUBAICHMHOU cXxeme MASHUNMHbIX
cucmem. Yemanosneno, umo OOAbWUHCTNEO MEMOOUK He YYUMbl8aiom
BAUSHUE BUXPEBLIX MOKOG 8 MEEePObIX INeMEHMAX MASHUNHOZ0
cepoeunuxa. Ilokazano, umo mHozue nooxoovl, HANpAGJeHHblE HA
NPOEKMUPOBAHUE ITICKIMPUYECKUX MAUWUH C NOCTNOSHHBIMU MASHUMAMU,
Mozym 6blmb A0anmuposansl OJis TUHEHbIX JIeKMPULECKUX 2EHEPAMOPO8.
Paspabamvisaembiii nuHetinblil 2eHepamop npeoHa3HaueH 05l UCHONb308aAHUS
6 mepmoaxycmuueckom ycmpoucmee (TAJ]). Paspabomxa TA/ onupanace
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Ha XOpouto 3apekomMeH0osasuiue ceds meopemuyecKue u nPpaKkmuyecKue
docmudicenus  obracmu mepmoaxycmuxu. Taroice ObLI0 CO30aHO HECKONLKO
1abopamopHbLX NPOMOMUNOE OJisl COBEPULEHCMBOBAHUSL UCMOYHUKA
9Hepeuu, KOmopbwlll cmaHem OCHOBOU KO2EHePAYUOHHOU Meno8oll
ANMEKMPOCMAHYUY YIbMPAHUZKOU MOWHOCMU. Dma 3JeKmpoCcmaHyus
b6yOem KOMHIJEKCHO NPOoUu3600Umb KAK JJeKMPUUeCcKyo, mak u meniogyio
SHepeuio 0J1s1 A6MOHOMHbBLX NOMpeOUmeell.

Knouesvie cnosa: nunetinwiil 2eHepamop, 6036pAmHo-noCmMynameibHoe
osuoicenue, Cmupiune, 2eHepamop ¢ NOCMOAHHLIMU MASHUMAMU,
MAZHUMHBLL CepPOeYHUK, KAMYWKA.
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