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GEOMETRIC AND ELECTROPHYSICAL PARAMETERS OF ARMATURE WINDING
OF ELECTROMECHANICAL CONVERTER OF INERTIAL ENERGY STORAGE FOR
SUBURBAN TRAINS

Purpose. To establish analytical expressions of machine constant and electromagnetic parameters for a specific circuit of the
armature winding of an electromechanical converter of an inertial energy storage device, which is a DC electric machine with a
semiconductor switch and excitation from permanent magnets. Methodology. For research the theory of electrical circuits is used
to create a mathematical model of the processes of electromechanical energy conversion in an inertial storage device. The plots
method is used to find the mutual inductance of the armature winding coils, which are presented in the form of infinitely thin
single-turn contours of rectangular shape, located in three-dimensional space. Results. Mathematical models of the processes of
electromechanical energy conversion in an inertial storage device are obtained reflecting the relationship between the exchange
energy and drive power with geometric and electrophysical parameters of both the energy accumulator and the system of its
electromechanical converter. A connection of the parameters of machine constant, active and inductive resistances with the
configuration, wiring diagram and the geometric dimensions of the armature winding has been established. The wiring of
sections in the phase of the armature winding depends on the required value of the voltage and current of the machine. The
possibility of regulating the voltage of the drive by switching on and off the working phases of the system of electromechanical
converter, as well as by changing the angle of the load is shown. Originality. Mathematical models are obtained that relate the
indicators of the energy of exchange and the power of the drive to the geometrical and electro physical parameters of both the
energy accumulator and the system of its electromechanical converter. A feature of these models is operating with an average
value of induction and machine constants when determining the electromotive force and electromagnetic moment. Practical
value. Recommendations are developed for determining the machine constant and electromagnetic parameters of
electromechanical inertial energy storage devices. This allows to evaluate the properties of devices of this type in the modes of
storage and delivery of energy during their operation on board the rolling stock. References 7, table 1, figures 5.

Key words: inertial electromechanical energy storage, electromechanical converter, armature winding, machine constants,
active resistance, inductive resistance.

Mema. Bcmanognenns aHanimuynux 6upazié MAWUHHUX HOCMINHUX [ eeKMPOMAZHIMHUX napamempie 01sa cneyugiunoi
cxemu 00MOMKU AKOPA eNeKMPOMEXAHIYHO20 Nepemeopiosaya inepuiiinozo Haxonuuyyeaya emnepeii y 6u2naodi odepHeHol
eNeKMPUYHOI MAWUHU ROCMITINO20 CIMPYMY 3 HANIGNPOGIOHUKOGUM KOMYMAmMOpOM i 30y0)1HceHHAM 6I0 NOCMINUHUX MAazHimie.
Memoouka. /[na npoeedenns 00Cni0NHceHb BUKOPUCHAHA MEOPia eNeKMPUYHUX Kill, MemOoO OiNAHOK O 3HAXO0ONCEHHA
63A€MHOT IHOYKMUBHOCMI KOMYUIOK 00MomKuU aKopAa. Pezynemamu. Bcmanogsneno 36'a30Kk napamempie mMawunHux nocmiinux,
AKMU6H020 ma iHOYKMUBHO20 ONOPI6 3 KOHizypauicio, cxemolo 3'€COHAHHA | 2eOMeMPUYHUMU PO3MIDAMU 0OMOMKU AKOPA.
Haykosa nosuszna. /[lna cneyugiunux cxem AKIPHUX OOMOMOK CUCHIEMU €1eKMPOMEXAHIUHO20 NEPEemEOPEeHHA eHep2ii
IHepyiliHUX HaKOnuuyeauié 3HAUOCHI AHANIMUYHI GUPA3U MAUWUHHUX ROCMINHUX | e1eKMPOMAZHIMHUX napamempis, AKi
BGU3HAYAIOMb NOKA3ZHUKU eHepeil 00Miny i nomymycnocmi nakonuuyeaua. Ilpakmuune 3nauennsn. Pozpooneni pexomenoauii wj00o
GU3HAYEHHA MAUWUHHUX ROCMITIHUX | e1eKMPOMAZHIMHUX NAPAMEmpie iHepYIliHUX e1eKMPOMEXaHiuHUX HAKoOnuuyeauie enepeaii
003607110Mb OUIHUMU 8TIACIMUEOCHIE RPUCIMPOIE MAKO20 MURY Ha Gopmy pyxomozo ckaady. bion. 7, Tabn. 1, puc. 5.

Kniouosi cnoea: iHepuiiiHui eneKTpOMexXaHiYHMIi HaKONMMYyBa4y eHeprii, eJeKTpoMexXaHiYHMiIl NepeTBOpPIOBaY, 00OMOTKa
SIKOPS1, MAIIMHHI NOCTiliHi, aAKTUBHUI onip, iHIYKTUBHUI omip.

Leny. Ycmanoenenue ananumuyecKux GbIPANCEHUN MAUWUHHBIX NOCMOAHHBLIX U INEKMPOMAHUMHBIX RAPAMEMPOE OlA
cneyugpuueckoli cxemovl 0OMOMKU AKOPA IIEKMPOMEXAHUUECKOZ0 NPeodpazoeamenn UHEPUUOHHOZ0 HAKONUMENA IHEPIUU 6
euoe 00pauiennoll I1eKmpuiecKoii MauuHbl NOCMOAHHOZ0 MOKA C NOAYRPOEOOHUKOEHIM KOMMYMAMOPOM U 8030YHCOEHUEM OM
nocmoanuvix maznumos. Memoouka. /lna nposedenus uccned06anuil UCnOIb306aAHA MeEOPUA INEKMPULECKUX Ueneil, Memoo
YUACMKOE ONA HAXOHCOEHUA 63AUMHON UHOYKMUGHOCMU KamyuieK o0momku akopa. Pesynomamwl. Ycmanoenena ceéaswp
napamempos MAWUHHBIX ROCMOAHHBIX, AKMUBHO20 U UHOYKMUBHOZ0 CORPOMUBTIERUI ¢ KOnpuzypayuell, cxeMoil coeOuHeHus u
2eomempuueckumu pazmepamu oomomku akopa. Hayunas nosusna. /[na cneyuuueckux cxem aKopHsix 00MOmoK cucmemvl
INEKMPOMEXAHUYECKO20 NPeoOPA306AHUA IHEPZUU UHEPYUOHHO20 HAKONUMENA HAWOeHbl AHANUMUYECKUE GLIPANCEHUSA
MAWUHHBIX ROCHMOAHHBIX U INEKMPOMAZHUMHBIX NAPAMEMPOs, KOMOpble Onpedensaiom noKa3amenu IHepeuu oomMeHa u
mowgpocmu  nakonumensa. Ilpakmuueckoe 3nauenue. Paspabomannvie pekomendauyuu no onpedenenur) MawUHHLIX
HOCIMOAHHBIX U INEKMPOMAZHUMHBIX NAPAMEMPOE UHEPUUOHHBIX INEKMPOMEXAHUECKUX HAKORUMeNell IHePul NO360aI0Mm
OUEeHUmMb C60IICMEa YCmPOoIiCMe MaKozo muna Ha 6opmy noOGU}cHo20 cocmaea. bubn. 7, Tabn. 1, puc. 5.

Kniouesvie crnosa: MHePIHHOHHBIH 3JIEKTPOMEXaHHYECKHil HAKONUTE/Ib YHEPrHH, JIeKTPOMeXaHHYeCKHii nmpeodpazoBaTeb,
00MOTKA SIKOPSI, MALIIMHHBIE MOCTOSIHHBI, AKTHBHOE CONMPOTHBJIeHNE, MHIYKTHBHOE CONPOTHBJIEHHE.

Introduction. The use of energy storage devices, batteries, flywheels, and superconducting magnets), only
both in the traction network and on the rolling stock of the first three types are now implemented [1-3].
railways, is one of the effective means of saving energy = Moreover, on the prototype suburban rolling stock — only
resources and protecting the environment. Of the four of inertial type, which is an aggregate that consists of a
types of storage devices known to date that are suitable
for these purposes (two-layer capacitors, lithium-ion © H.V. Omelianenko, L.V. Overianova, A.S. Maslii
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cylindrical flywheel connected on one shaft with a
synchronous electric machine [4].

A  more compact design of the inertial
electromechanical energy storage device (IEMESD) takes
place when the electromechanical converter, representing
a DC machine with a thyristor switch, is located inside a
hollow cylindrical flywheel. The design of such a storage
device was previously developed at NTU «KhPI» for the
traction network of the subway [5]. However, its
parameters and performance are selected in such a way as
to interact with the load — the traction network, as a rule,
with insignificantly changing voltage.

The operation of IEMESD on electric rolling stock
(ERS) is characterized by other conditions for the process
of energy exchange between the storage device and the
load — traction motors. Here, in the braking and
acceleration mode of the ERS, significant changes in the
nature and level of voltages on the traction motors and the
storage device take place. The use of IEMESD on rolling
stock makes it possible to utilize the braking energy and
use it after that to accelerate the train, which provides an
efficient energy-saving technology of electric transport.
The accumulated energy circulates in the traction electric
drive system, which saves up to 30% of the energy spent
on traction [6].

Therefore, the study of the parameters of such drives
in the conditions of their operation on the ERS is today a
promising direction.

In the papers, the authors investigate IEMESD
which is a combination of a flywheel and an
electromechanical energy conversion system (EMECS),
which is taken as a reversed DC electric machine with a
semiconductor switch on IGBT transistors and excitation
from permanent magnets (Fig. 1). Along with the
magnetic system of the inductor, the configuration,
connection diagram, and geometrical dimensions of the
armature winding are decisive in obtaining the required
power of EMECS.

The goal of the work is the establishment of
analytical expressions of machine constants and
electromagnetic parameters for specific circuits of
armaturer windings of an electromechanical converter of
an inertial energy storage device.

The mathematical model of EMECS storage
device. A mathematical model of the processes of
electromechanical energy conversion in EMECS connects
its geometric and electrophysical parameters with power
and energy indicators, and also determines the operating
properties of EMECS in various operating modes.

An expression relating the rotational speed of the
rotor n, to the geometric and electromagnetic parameters
of the storage device is obtained on the basis of the
equation of equilibrium of moments.

The relationship between the voltage u, and the
current i, in EMECS as a component of the instantaneous
values of electromagnetic power is obtained from the
equations of equilibrium of voltages in the armature
winding.

The mathematical model that describes the processes
in the EMECS of the storage device in the modes of
energy storage and delivery has the form:

dnn — CmnBsrin .
dt 7 ’
750’ (1)
di, _u, —CeyByn,sinld—Ri,
dt L, ’
dnn __ CmnBsrin .
dt b5 '
7507 @
di _ CpyBgn, sinf—u, —R,i,
dt L, ’

where C,,, C., are the machine constants; B, is the
average value of magnetic flux density; J is the moment
of inertia of the flywheel; 8 is the load angle between the
axis of the magnetic field of the inductor and the magnetic
field created by the armature current; R,, L, are the
resistance and inductance of the winding.
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Fig. 1. Inertial energy storage:
a) battery design; b) EMECS scheme:

1 — vacuum casing; 2 — flywheel; 3 — ferromagnetic screen;
4 — permanent magnets; 5 — armature winding; 6 — stator
housing; 7 — shaft; 8, 9 — bearing units; H, D — overall height
and diameter of the storage device; R,,, R, — inner, outer radii
of the flywheel, / — height of the flywheel; w — rotor speed;
7 — pole division;
1k...4k — switches; K11, KI2, KI3, Kl4 — keys;

VD1, VD2, VD3, VD4 — diodes; CI, C2 — capacitors;

1, — source current; U — voltage at the terminals

The storage device parameters included in relations
(1), (2) are determined by the shape and dimensions of its
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rotor and stator, inductor excitation system, circuit and
configuration of the armature winding, and the level of
electromagnetic and mechanical loads of all the listed
drive components.

The paper pays attention to establishing the
connection of the parameters C,,, C.,, L, and R, with the
configuration, connection diagram and geometric
dimensions of the armature winding.

The configuration and connection diagrams of
the armature winding of EMECS. The armature
winding, being the determining element of the EMECS of
the storage device, must satisfy the following
requirements:

e provide the specified values of load voltage and
current at the terminals of the machine, corresponding to
the required power;

e provide satisfactory conditions for changing the
direction of current flow in phases, that is, the switching
process;

e possess the necessary mechanical, electrical and
thermal strength, with a minimum consumption of
material, as well as manufacturability.

The main element of the armature winding here, as
in conventional DC machines, is the section, which
consists of one or a number of series-connected turns. The
active sides of the section are located in two layers of
slots under the poles of different polarity at a distance of
pole division 7. According to the external shape of the
contours, the windings can be wave and loop.

The sections of the windings having electric and
magnetic symmetry, the adjacent sides of which are
located in different layers of the same slot, connecting
either counter-series or counter-parallel, form the phase of
the winding. The connection diagram of the sections in
the phase of the armature winding depends on the
required voltage and current of the machine.

Each phase is connected as a load in the diagonal of
the bridge current inverters, which, in turn, connected in
series, form the armature winding.

For example, Fig. 2 shows the windings of the wave
and loop types, the phases of which are formed by
counter-sequential connection of sections. Here the ends
of the sections K1, K2, K3, K4 are connected in series
with the ends of the sections K5, K6, K7, K8, respectively,
and the beginning of the sections N1 and N5, N2 and N6,
N3 and N7, N4 and N8 are connected as a load to the
diagonal of the inverters bridge type I, 2, 3 and 4,
respectively.

In Fig. 3 windings of wave and loop types are
shown, the phases of which are formed by counter-
parallel connection of sections. Here, the beginnings of
sections N1, N2, N3, N4 are combined into nodes by the
ends of sections K5, K6, K7, K8, respectively, and the
ends of sections K1, K2, K3, K4 also into nodes with the
beginnings of sections N5, N6, N7, N8, respectively . By
nodes N1 K5 and K1 N5, N2 K6 and K2 N6, N3 K7 and
K3 N7, N4 K8 and K4 N8 the phases are connected as a
load in the diagonal of bridge inverters /, 2, 3 and 4,
respectively.

Fig. 2. Counter-series connection of phases (a),
and wave type winding (b)

N1 Ks N2l [Ké N3 [K7 Na[ [Ks
Ki Ns K2 Ne K3 N7 Ka Ng

Q.i

Fig. 3. Counter-parallel connection of phases (a),
and loop type winding ()

From the above circuits it is obvious that:

e circuits of winding made of sections of the wave and
loop type, practically do not differ from each other;

e when phases are formed from sections at their serial
connection, it is possible to obtain higher voltage at the
input of the machine than with parallel connection, and
with parallel connection — a higher current;

e the number of sections in the winding phase is
determined by the number of poles of the machine.

Such winding connection circuits make it possible to
regulate the voltage during the operation of the storage
device by switching on and off the operating phases of the
EMECS, as well as by changing the load angle 6.

Analytical determination of machine constants
and electromagnetic parameters. The machine constant
C,, is determined based on the expression for the
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instantaneous value of the EMF induced in rectilinear
conductors of length [, moving in the magnetic field with
the value of B, with velocity V'

e=2Bgl,V . 3)

The effective conductor length here is determined by
the formula

2pwNsl,

Iy =L, )

where 2p is the number of poles; w is the number of turns
in the section; N, is the number of phases; /, is the active
length of the armature winding; a is the number of
parallel branches in phase.

Expressing the linear velocity V' through the rotor
speed n,,

pmy

V=—", 5
30 ()
and substituting (4), (5) in (3), we obtain

0,13pwN 4

o= M g sing. (6)
a
Relationship
2 p2 wN (1

C,, = 2T e , (7)

15a

which is determined only by the geometric parameters of
the machine and does not depend on the modes of its
operation, we call the machine constant C,,,.

The machine constant C,,, is determined from the

expression for the electromagnetic torque
D
M o= F, Ta > (®)

where D, is the diameter of the armature; F, is the
equivalent force acting on an effective conductor of
length /, with current i, in the magnetic field B,

F, =Byl ©)
where i, =I/a is the current in the parallel phase branch.
The effective conductor length is defined as

le=2pwNyl, . (10)
After substituting (10) and (9) into (8), we obtain
2pwN ¢l,D
em :%Bsrl‘ (11)
Relationship
2pwN ¢1,D
= (12)

determined only by the geometric parameters of the
machine and independent of the modes of its operation,
we call the machine constant C,,,.

The active resistance R, and inductance L, of the
EMECS are determined by summing these parameters for
individual phase elements, the equivalent circuits of
which are shown in Fig. 4. Since the parameters indicated
in this Figure significantly depend on the geometry of the
winding sections, one of the important questions for us
was the following: what calculation configuration to
replace the real configuration of the section? We took a
rectangle with sides 2a and 2b as the calculation
configuration. Moreover, side 2b was taken equal to the
pole division 7. The equivalence of the calculation

configuration and the real one was provided by increasing
the side of rectangle 2a by two lengths of the difference
between the length of the frontal part of the armature
winding /, and the pole division 7

(4 +5,)Zp
2R, )’

where 4, is the distance between the frontal parts of two
adjacent coil sides; b, is the width of the coil side in the
frontal part; Zp is the number of slots of the armature; R,
is the radius of the circle on which the frontal part of the
winding is located.

Iy = %tg[arcsin (13)

e Es ef1

Fig. 4. Equivalent circuit of:

a —two winding sections connected in series and belonging to
the same phase; b — two winding sections connected in parallel
and belonging to the same phase;
¢ — phase winding; R;, Rs — active resistance of sections;
L, Ls —inductance of sections; e;, es — EMF of sections;
M5 — mutual inductance of sections of one phase;

Ry, Ly, e — equivalent active resistance,
inductance, EMF of the phase, respectively

Thus, to calculate the active resistance and
inductance in the equivalent circuits of the armature
winding, a rectangle with dimensions 2ax2b was taken as
a section. Side 2b was assumed equal to pole division, and
side 2a was determined as the reduced length of the
armature

I,=1,+2(,-7). (14)

The calculation of the active resistance for the
armature winding at a parallel branches and cross-section
s, of the effective copper conductor of the winding with
specific resistance p is carried out according to the
following formula

N 2pwl!
R, = pf—Pza'
s,a

As for the inductance of both the phase and the
winding as a whole, both the intrinsic and mutual
inductances of the coils of the armature winding
contribute to its value.

The winding phase inductance is determined as

Nk-1
Ly =NgLi+Ng > My gony s
k=1

(15)

(16)
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where N, is the number of coils in phase; L, is the
intrinsic inductance of the coil; M.y is the mutual
inductance of the coils in phase.

The intrinsic inductance of the coil is determined
according to the formula

L, zzﬂwz(a+b{ln 8ab b
7

h+hy a+b

x(0,693+ln(b+\/a2 b2 j]—

X
a+b (17
2 2
x(0,693+ln(a+\/a2 +b2 D+2—“"+b—
a+b
—0,5+o,224m};
a+b

where h; are h, are the height and width of the cross-
section of the coil section; yy = 47107 H/m is the
magnetic constant.

Parameters a and b are determined as:

a= i ;b= .
2 2

To find the mutual inductance of the winding coils,
we represent them in the form of infinitely thin single-
turn rectangular-shaped contours located in 3D space
XYZ and offset from each other by a distance of x;, y, z,
along the x, y, and z axes, respectively [7].

Connecting the beginning of the Cartesian
coordinate system with the geometric center of the
contour, which coincides with the middle turn of the first
coil of the winding, and assuming that the position of the
contour replacing the second coil of the winding is
oriented according to the coordinates of its center, we find
the mutual inductance between them according to
_ Mo gedly -dly
SR

hiy
where /; and [, are the contours of the first and second
winding coils, respectively; 7 is the distance between the
elements d/; and d/, along the OZ axis.

We use the method of plots. Since the numerator of
integrand (18) contains the scalar product of vectors, the
terms corresponding to the interaction of the parallel sides
of the contours /; u [, make a non-zero contribution to the
mutual inductance. We represent the double contour
integral as a sum

(18)

=104/ (19)
where /" is the sum of the integrals over those rectilinear
sections of the contours that are parallel to the x axis;
is the sum of the integrals over the sections parallel to the
y axis.

Taking into account the numbering of the contour
sections, we can write

1

[()2111+[12 +122 +[21,
2

1 =gt Iy + 1y + 13,

where [,, are the integrals over rectilinear parallel
sections of the contours, and here the index m corresponds
to the number of the section of the contour of the first
winding, and the index n corresponds to the number of the

section of the second winding. All these integrals have a
general form

)i =/j‘]i'2 d&'l 'd€2
" alaz\/(52—€1)2+A2+Zz

where ay, f), ap, [, are the limits of integration; & =x,
&=x, are the integration variables for sections parallel to
the x axis; &=y, &=y, are the integration variables for
sections parallel to the y axis; 4 — for sections parallel to
the x axis is taken as the difference of the y coordinates,
for sections parallel to the y axis is taken as the difference
of the x coordinates.

Assuming that the distance along the Z axis between
the coils is known and I'=A*+Z77 integral (20) can be
represented as

L =(az—al)1n{(a2‘“1)+\/(az—al)z+F:—\/(“2‘“1)2+F—
—(“2‘51)1“{(“2‘51)+\/(az‘ﬂ1)2+r}+\/(az‘ﬂ1)2+r—
S L [ PR BN P

+(ﬁz‘“1)ln{(ﬂz—“1)+\/(ﬂz‘al)2+F:‘\/(ﬂz—“1)2+F

The limits of integration for the integrals /,, are
presented in Table 1, where k£ is the number of the
integral.

; (20)

Table 1
Integral parameter values
Lyw | 01 | Bi o, b 4 k| j | Sign
Iy |—a| a | xqc X, te yytd-b 1|1 +
I | —a| a | xqc X, te Vs—d-b 211 -
Ly | —a| a| xec | xstc y—d+b 311 +
Ly | —a| a| xc X, tc yetd+b | 4|1 -
Ly |=b| b | y—d | y+d X—cta 1|2 +
Ly | -b | b | y—d | yo+d X, teta 2|2 -
Iy | D | b | yd | ys+d X, te—a 312 +
Iy |- | b | yd | ys+d XqCc—a 4 | 2 —

In view of Table 1, instead of formula (18) we can
write

2 4
Ms :&ZZ(—l)k+11;§1)~ @21
S

Based on the obtained relations, we find the terms of
mutual inductances in formula (16) using the example of
a four-phase two-pole machine with counter-parallel
connection of the armature phase coils.

The magnetic coupling diagram of this winding is
shown in Fig. 5,a. The mutual inductance between the
sections of the winding is presented in the form of two
components: slot M, and frontal M. If the contribution
of the slot part in the creation of mutual induction flows
between the sections is obvious, then the contribution of
the frontal parts is clearly illustrated in Fig. 5,b.
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Fig. 5. Full magnetic connections of the coils of the armature
winding (a), connections in the frontal parts (b)

Assuming that the proportion of mutual induction
between the frontal parts of the sections is proportional to
the length of their mutual overlap, we obtain the
following results. Firstly, it is obvious that when finding
the inductance of the armature winding phase, only the
flows of mutual induction of the slot parts of adjacent
coils are affected, and the frontal parts do not participate.
Secondly, when finding the total inductance of one coil of
the armature winding, the mutual induction coefficients of
the frontal parts are compensated, and the total inductance
of the coil is defined as

3 2 1
My =—=Mp——Mep+—My +
4 4 4 @
1 2 3
2M e, _ZMlch _ZMlch _ZMlch-
Mlz = ZMpch

As a result, for the case of counter-parallel and
counter-series connection of the coils, the expressions of
the equivalent phase inductance, respectively, take the

form:
Ly +2w*M
Ly = — (23)
k

L s = Ny (Lk +2wrM pch). (24)

Equivalent inductances of the winding of the
machine as a whole with counter-series and counter-
parallel connection of coils in phase, respectively, equal
to:

Lygps =N Ny (Lk +2wrM pch), (25)

LMpr _ N/ (Lk + szMpch) '

Ny
Results obtained. Using the example of a four-pole
electric machine of a test storage device, it is proposed to

(26)

establish a connection between the parameters of the
machine constants C,,, and C,,, the inductance L, and the
active resistance R, with the configuration, connection
diagram, and geometric dimensions of the armature
winding using the analytical expressions obtained above.

As the initial data for the IEMESD test model, we
take the value of energy that is released during stopping
electrodynamic braking of the ER2T electric train section,
consisting of head and motor cars, weighing 117 tons
from speed of 45 km/h to 0 km/h on a horizontal track
section 675 m long. This value corresponds to the
exchange energy of the designed storage system. For two
traction motors, it is 5.2 MJ. The system of
electromechanical energy conversion should provide the
issuance and reception of electrical energy at maximum
voltage of 700 V and rated current of 400 A.

Based on the level of exchange energy of the storage
device and the installation volume allocated for the
storage system on the rolling stock of a suburban electric
train, we take the following geometric dimensions of the
flywheel: the outer radius of the rotor is 0.225 m, the
inner radius is 0.11 m, the height is 0.335 m. The rotor
speed is 18550 rpm.

Based on the obtained relationships, geometric and
electromagnetic parameters were found for the
electromechanical energy conversion system of the test
storage device. This is a four-pole machine with a loop
winding, made according to the circuit of counter-series
connection of coils in phase, with the following geometric
parameters: diameter of the armature is 0.214 m; active
armature length is 0.255 m; the number of phases is 4; the
number of coils in phase is 4; the number of turns in the
coil is 2; coil dimensions excluding the frontal part are
0.253%0.168 m; coil cross-section is 80 mm?; «offset» of
the frontal part of the coil is 0.075 m. The geometric
constants C,,, u C,, are obtained: 1.75 m* and 0.182 m?,
respectively, as well as the active resistance of 0.005 Q
and the equivalent inductance of 3.05-10 H.

When choosing the geometric dimensions and
winding connection diagrams, it is necessary to be guided
by the following: obtaining high voltage value is possible
by forming phases from counter-series connected coils,
and of significant current by their counter-parallel
connection. If it is necessary to obtain the required power
components, it is also possible to realize mixed
connection of the coils in phase. The number of coils in
the phase must be a multiple of the number of poles of the
machine. In view of the fact that the stator does not
contain ferromagnetic, the armature winding should be
positioned closer to its outer surface, that is, to the source
of the magnetic field.

Conclusions.

1. The developed mathematical model of the inertial
electromechanical energy storage device reflects the
relationship of its indicators of exchange energy and
power with the geometric and electrophysical parameters
of both the energy storage and the electromechanical
converter system. A feature of the model is the operation
of machine constants in determining the electromotive
force and electromagnetic torque. The mathematical
model allows further study of the operating modes of the
inertial electromechanical energy storage device as part of
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the traction drive in the braking and acceleration modes of
the electric rolling stock.

2. A relationship has been established between the
geometrical dimensions of the coils, as well as the circuits
of their connection when forming the armature winding
with such parameters as the values of machine constants,
active resistance and inductance of both individual phases
and the armature winding as a whole.

3.1t is shown that obtaining the required power
components  (current and  voltage) of  the
electromechanical energy conversion system is provided
by the formation of phases from counter-series or from
counter-parallel connected adjacent coils of the armature
winding, the number of which in phase must be a multiple
of the number of poles of the inductor.

4. The proposed specific winding connection circuits
make it possible to regulate the voltage during the storage
device operation by switching on and off the operating
phases of the -electromechanical energy conversion
system, as well as by changing the load angle 6.
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