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ANALYSIS OF LINEAR ELECTRIC GENERATORS’ STRUCTURES

It is known that one of the largest renewable energy resources is a global resource of sea wave pow-
er. Possible way to use such energy resource is transformation of wave power into electrical energy by means of
linear generators with permanent magnets. Many different designs of linear generators are known [1], but there
is no information about comparative analysis of their structures as well as selection of dimensional specifications
and size of the permanent magnets guideline. In this work such analysis was made. Generators with permanent-
magnet excitation with fixed single-phase windings. The basic constructions of such generators are shown

in Fig. 1, a-d.
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Fig. 1. Basic construction of linear generators (cross-sections of cylinder generators are shown).

The basic constructions are named so, because they are used as a basis in the majority of known linear gen-
erators. On fig. 1, a, ¢ the construction with a permanent magnets are presented. Magnets were magnetically
charged in axial direction coinciding with the direction of moveable element - rotor. Numbers on figures corre-
spond to: 1 - the permanent magnet; 2 - the poles of the low-coercitivity material; 3 — stator magnetic circuit; 4 -
winding. In the construction of the generator (Fig. 1, a) the permanent magnet 1 with poles 2 is moveable ele-
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ment, and in the construction (Fig. 1,c) — a permanent magnet 1 is fixed and the rotor is a cylinder 5 made from

low-coercitivity material. Fig. 1, b, d presents the design of generators with permanent magnets magnetically
charged in the radial direction, i.e. perpendicular to the direction of the rotor motion. Numbers on figures corre-
spond to those from Fig. 1, a, c. Permanent magnets in the construction of Fig. 1, b, d are in the form of hollow
mutually shifted along axial axis cylinders, magnetically charged in opposite directions and located on cylinder
(yoke) 5 of the low-coercitivity material. In the construction (Fig. 1, b) the movable element is the cylinders 2
with permanent magnets 1 on its outer surface. In construction 1,d, the winding 4 is located on the yoke 2 in the
gap between the magnets 1; the movable element is an outer cylinder 5 of the low-coercitivity materi-
al. Cylindrical construction of generators causes difficulties with usage of the plate magnetic materials. In this
case, the usage of the composite of the low-coercitivity materials is necessary. Such materials have lower mag-
netic properties than electrical steels, but almost eliminate eddy-current losses. Usage of plate magnetic circuit is
possible in planar constructions of generators.

On fig. 1 generators’ rotors are shown in the initial position, i.e. without any external mechanical im-
pact. The magnetic flux F penetrating winding turns will be the maximum (F = F ,, Moving the rotor from its
initial position causes reduction of the air gap area between the stator and rotor poles, resulting in a change of
magnetic flux F and production of the electromotive force (EMF) in the windings. The minimum value of the
flux Fq in constructions in Fig. 1, a, b will be observed if the displacement of rotor (x) is greater than the width

T
of the pole by, but not more than half of the polar pitch t, i.e. by<x < — . Instant value of EMF produced in the
2

windings, e = —w Z—f, where w - the number of winding’s turns. At the periodic vibration of the rotor an average
value of the EMF is:

Fo
fT/Zedt _fp wdF —w(Fo—Fum) F
Eay = A =~ = =00 = qwfry (1 72) = 2wf Py, )
2

2 2

where f, = i - frequency of EMF; Te - period of EMF; ks =1 —FF—I‘V’[— coefficient for taking into ac-

count changes of the magnetic flux at displacement of the rotor to the limit positions.
Fig. 2 shows a possible variation of the initial position of the rotor in time and corresponding changes in the
magnetic flux in the magnetic circuit of the generator and EMF of winding.
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Fig. 2. Change of the rotor position x, the magnetic flux F and the EMF e
(Twmx - the period of vibration)

From the analysis of the graphs (Fig. 2) it is evident that T,y = 2T it follows that f, = 2f .,
where f, . = TL - the frequency of rotor vibrations. Against this background, we can write down an equation
MX
(1) in view of:
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Eav = 4WfMkaFM' (2)

From the analysis of the graph in Fig. 2,a an equation for average speed of rotor 9, = :fﬂ = 4f )X 1S
X
evident, where x,, - the maximum displacement of the rotor in one direction (vibration amplitude). Then 4fy,x =

’iﬂ. Substituting this relation into the formula (2) we get:

B, = LM ©
Effective range of EMF E = k,E,,,, where k, - coefficient of EMF curve shape.
Full power of generator:
S=E-1=4wfyxkok-Fyl, 4
where | - effective current.
From the formula for electric loading A = Il—‘: where [, - the length of the winding, we can find
A="k ®)
The maximum value of the magnetic flux
Fy = S5+ Bs = nDb, By, (6)
where D - bore diameter; Bs - magnetic induction in the air gap; S - the area of air gap.
Substituting into (5) and (6) into (4), we obtain
S = 4fyxBsAkgksmDbyly. 7)
From this we obtain
Db, 1, = m (8)
or considering equation (3)
DI, = m (9)

Equations (8) and (9) allow to calculate the basic dimensions of the generator to provide them with a given
power. Value of the ratio In js selected in the range from 0.8 to 1.0.
XM
Stable performance of generator is observed under conditions where the minimum amplitude of rotor vibra-

T
tion x,,;,, = b,,. When bn <x< — - power S slightly increases due to the growth of coefficient k. In construc-

tions Fig. 1, a,c the length of winding [, cannot be less than 2hwm, where hwm - thickness at one pole of the magnet.
In order to ensure a minimum value of Fq in is necessary to calculate the displacement amplitude of the rotor like
that: x,, = b, + Ab, where segment Ab is determined from F, = 0,05F,, . Preliminary it can be calculated
Ab = 0,25b,,. Allowable value b,, can be found with a help of magnetic circuit calculation in case when magnet-
ic saturation of poles is impossible. In constructions of generators (Figure 1, b, d) b, = by, where by, - the width
of the magnet and length of winding [,, which is not directly related to the thickness of the magnet hm, and can
be determined from the conditions of obtaining the required EMF. We can take: [, = b, + 2Ab =
b, (1 + Zbﬂ) = b, - k;, where k, - coefficient, preliminary k; = 1,5.

n

Dimensions of the generators’ magnets are determined from the calculation of their magnetic circuits. So in
open circuit operation the balance equation for magnetomotive force (MMF) of the magnet and magnetic voltage
drop in external circuit is as follows:
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2kpHsS = 2Hhm, (10)

where k> 1 - coefficient corrects for the voltage drop in the magnetic and ferromagnetic areas; H - the
magnetic field intensity in the air gap; o - the width of air gap; H - intensity of the field generated by the magnet
on the surface of its poles; hm - magnet thickness per one pole (Figure 1a, ¢) or thickness of the magnet (Figure
1b, d).

For the air gap H; = ?, where 85 - magnetic induction of the gap; Hg - vacuum permiability. For perma-
0
nent magnets with a straight deperming:

H=H(1-2), (1)

r

where H, - the coercive force of the magnet by induction; B — density of field in the core cross-sect of the
magnet; B, - remanent induction.

Induction on the outer (end face) planes of the magnet’s surface B, = g, where ¢ > 1 - coefficient cor-
rects for the presence of stray flux. The magnet spreads the magnetic flux F,, = B,,; - Sy, Where S,, - cross-
sectional area. Some part of this stream F is scattered by elements of coil flux guide (poles, polepieces) without

crossing the air gap. The residual part - F 5 enters the coil flux circuit 3 (Fig. 1,a,b) of the stator penetrating turns
of winging 4. It can be written:

Fb=F5+FS=F5(1+§—S)=F5-k(,,
s

where k, =1 + g—s - scatter coefficient of coil flux guide.

[

And so:
—B. S, = b BySu_ BSu _ BSm
Fo=By Ss=r == ==, (12)
where k; = o - k,, - overall scattering coefficient.
From (12) we obtain:
_ Sm _ S&ks |
B, = Sk, and B = S B,. (13)

Substituting (11) and (13) into equation (10), after transformations we obtain

By
B, =———= (14)
kF'MME-FkSE

By

where u = - relative magnetic permeability of the magnet’s material.
Hollc

When calculating the size of the generator by equations (8) and (9) by the value B, and are given. To pro-
vide necessary value of B, - required thickness of the magnet is calculated according to the equation that we ob-
tain from (14)

hu o iy (15)

§  Br_ksSs
Bs Sm

From (15) it follows that the generator can be implemented under the condition:

By kSs
Bs Sm

(16)

For construction presented on fig. 1, a,c the value S5 = mDb,, (in the initial position of the rotor), S), =

2
"D—’", where D,, - the diameter of the magnet. After substituting S5 and S, (16) we obtain:
4
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Bs < —p5~—B 17
) 4ks(D£)bn r ( )
or, if the value Bj is given:
D B
b, < —F%5~" . 18
" 4ks(%) By (18)

In the construction given on figure 1, ¢ the winding 4 in the initial position of the rotor is crossed not only
by the flow of air gap F 5 but also by the stray flux of poles F. That is why the highest value of stray will be:

FMZFbZFév'ka..

But it does not lead to the increase in EMF as it is in generator on fig.1,a because the stray F, does not
change after the displacement of the rotor by % with respect to its initial position. In construction on the

fig. 1,c the displacement of the rotor by x > % is possible, but it can reduce the power of generator because it is
hard to maintain the frequency of mechanical vibrations on the same level.

In the construction of generators on fig/ 1,b,d magnetic flux F;, coming from the outer surface of magnets
enters an air gap in the stator yoke 3 (Fig. 1,b) and coil flux guideline of the rotor (Figure 1, d) almost complete-
ly, i.e. such relations are true: F, = Fs; B, - Syy = Bs* Ss. Since Sy, = S5 then By, = Bg and k, = 1. Then, in
the case of magnets with straight deperming the value By is calculated by the formula which follows from (14):

B

r

Bé'= .
kF“MW_ o

If Bs andd are given it is necessary to provide the magnet’s thickness:

hM kF"LlM
5 B, _
B; ¢

Also it should be Bs < 2.
g

In the constructions on fig.1,b,d limit position of the rotor with respect to its initial position is x,, = b,, +

0.51;,. This provides F, = 0.
Slightly modifying the constructions of generators on fig. 1, a, ¢ by using the toothed rotor, one can in-

crease the frequency multiplicity £, in comparison withf, .. A modified constructions are shown in Fig. 3 a, b.

a) b)

Fig. 3. Constructions of high-frequency linear generators

In generators on fig.1,a,c the slot pitch t, is equal to the polar pitch 1. The displacement of the rotor by 0.5t
from initial position corresponds to the time 0.5Tg or 0.25Tyx. Then we obtain f, = 2f, .. If the length of the
rotor is equal to T and we make a few teeth, providing T = kt,, where k = 2,3, ..., then the displacement of the
rotor by 0.5t from initial position corresponds to the time 0.5T; - k or 0.25Tyx. Consequently, the frequency ra-
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tio will be: f, = 2kf,, .. According to (1) this will lead to the increase of generator’s EMF. In constructions on
Fig. 3a, b the magnetic flux Fo will be a great in comparison with constructions on fig. 1 a,d, thereby reducing
the coefficient k, with the corresponding consequences.

Pole width b, in constructions on fig. 3:

In constructions on Fig. 1c, d it can be taken b, = 0.5¢.

Ratio:
by, 0.5 1

bng  KOST K

Power ratio of generators, constructed in accordance with fig. 3 and fig. 1 with the same bore diameters and
length of windings

Consequently, the construction of the toothed rotor for generators, despite an increase in the frequency and
EMF by k times does not lead to the increase its power output. On the contrary, it is a slightly reduced due to the

reduction of kg coefficient.

Conclusions.

1. Analysis of the basic structures of linear electric generators was carried out. Equations for calculating the
power and EMF of generators, as well as for the calculation of their geometrical parameters were obtained.

2. A comparison of conventional and high capacity (toothed) generators was carried out. It was shown that
usage of toothed rotor slightly reduces capacity of generator in comparison to the conventional one.
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OIIHKA E®EKTUBHOCTI POBOTH MATHITOPEMKOBOI'O TOBAHTAKYBAYA
TP BUKOPUCTAHHI PI3HUX TUIIIB MATHITHUX BJIOKIB

Beryn. OcHOBHMM 3ac000M TPaHCIIOPTYBaHHSI BAaHTaXIB 1 JIIOJIEH MO TOPU3OHTAIBHUX BUPOOKAX ITI3EMHHX
I INPUEMCTB € PEHKOBHIA JOKOMOTHBHHH TpaHcHOpT. OIHUM 3 pe3epBiB MiABUIEHHS NPOAYKTUBHOCTI Mi[3€MHOTO
TPAHCIIOPTY € 30UIbIIEHHS IBHIKOCTI PyXy Ta BaroBoi HOPMH HOTATA, II0 0OMEXYETHCS MOXIMBOCTSMH TpaJyi-
[IHHUX TaJbMiBHUX 3aC00iB JJOKOMOTHBA. 3TiHO 3 AiFOYMMU HOPMATUBHUMH TOKYMEHTAMH OCHOBHHMM TOKAa3HU-
KOM O€3MeKH pyXy € TalbMIiBHUH NUIIX moi3aa — 40 M it BaHTaXXHUX 1 20 M — 7181 JIFOICKKUX TIOTSATIB, IPUIOMY
BKa3aHi 3HAYCHHS MOBHMHHI OyTH 3abe3nedueHi B Oyap-KMX yMoOBax ekciuryararii. KoioakoBo-komicHI cuctemu
MaroTh 0OMeXeHy e(heKTHBHICTD i HE TapaHTyIOTh O€3MeUHy 3yIHHKY MOTATa Ha PerIaMeHTOBAHOMY T'aTbMiBHOMY
nursixy. Lle TmosiCHIoETbCS THM, IO NMPH HAKJIAJIeHHI Ha KOJOAKY TaJbMiBHOTO IPUTHCKAHHS, BEJMYMHA SKOTO Oi-
JIbIIIE AESKOTO TPAHUYHOTO IS IaHMX YMOB 3HAUEHHS, BiOYBAETHCS 3pWB 3UEIUICHHS 1 OJ0KyBaHHS Koieca [1].
BenuuuHa rpaHUYHOrO TS JAHUX YMOB TallbMiBHOTO TIPUTHCKaHHS BU3HAYA€THCSI HU3KOIO YMHHHUKIB, cepell STIKUX
HaWOLIBII 3HAUYIIMMH € BEPTHKAILHE HABAaHTA)XKEHHS HA KOJIECO 1 CTaH peiikoBoi kodiii. Po3pobeni y MuHynoMy
CIOCcOOM TOKpaIIeHHs: YMOB 3UETUICHHS KoJleca 3 PeiKoro, HalpHKIIa, MiJCUIIAHHS MMiCKy ab0 BUKOPUCTaHHS Ta-
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