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Purpose. To propose a method for determining the additional losses in the stator windings of electrical ma-
chines, in which the current frequency is significantly higher than the mains frequency.

Methodology. The numerical methods for solving differential equations of mathematical physics are applied
for the study. The Finite Element Method is used for algebraization of partial derivatives; an implicit method of
backward differentiation formula is used for algebraization of time derivatives while the Newton-Raphson method
is applied for solving nonlinear algebraic equations.

Findings. A mathematical model, which allows counting the total losses caused by skin effect in the slot of the
stator winding of a high-speed electrical machine, was created. The model takes into account: its own slot leakage
flux, the main magnetic flux, a saturation of the magnetic core, various slot forms and the method of electrical
connection of conductor strands in the slot. The mathematical formulation and the boundary condition of this
problem are offered.

The results of mathematical experiments of defining additional and total losses in the windings located in the
half-closed and open slots for high-speed generator with permanent magnet excitation of 200 kW, 50000 rpm, are
presented. The cause-and-effect relationships are analyzed. Findings can help while designing such machines.

Originality. The problem of calculating losses is formulated as a 2-dimensional boundary problem of electro-
dynamics, which allows us to take into account an interference of the above factors.

Practical value. The necessity for accurate determination of the losses in the phase windings of high-speed
machines occurs not only when designing the windings, but also while assessing the thermal condition of such
machines.
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If high-speed electrical machines are considered as
machines of ultimate power, they may be a sort of pro-
duction indicators. Therefore, they have been the fo-
cus of attention for many researchers, and tasks, asso-
ciated with their development, are still relevant.

Objectives of the article. The slot effect in stator
windings of high-speed permanent magnet electrical
machines (HSPMEM) is considerably stronger than
that in machines, operating at industrial frequency. Fac-
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tors, ignored by classical analytical theory for determi-
nation of this phenomenon that was developed by Edme
in 1922, have become more critical and change entire
picture of nonuniform distribution of current density in
the cross section of embedded coil side not only quanti-
tatively but also qualitatively. Increasing losses in the
stator winding appear to be a negative consequence of
this phenomenon that can challenge the implementa-
tion of the project for developing HSPMEM.

Analysis of the recent research. The review of
available recent research studies in this field gives evi-
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dence of a small number of publications devoted to re-
search of losses in machine stator windings that oper-
ate at frequencies that are considerably higher than
industrial frequency [1]. Most research studies focus
on improvement of the methods for calculation of ad-
ditional losses in convenient machines of BLDC or
PMSM types [2, 3] and asynchronous machines [4, 5].
Some interesting approaches were proposed for calcu-
lation of slot effect in transformers and choke coils
[6, 7].

Analysis of literature sources allowed distinguishing
study methods that are used most frequently for solu-
tion of similar tasks on calculation of additional losses
in transformers and asynchronous machines. Non-
linearity of this task and the need to consider addition-
al critical factors suggests the usefulness of applying
numerical methods. The most suitable method for this
purpose is the finite element method, used in combi-
nation with numerical time integration methods.

Unsolved aspects of the problem. Local satura-
tion of tooth area is caused by the current of the con-
ductor and magnetic field of dissipation as a prime
cause of slot effect and the first harmonic field. The
higher saturation level is, the larger share of magnetic
flow penetrates from the tooth into the slot changing
current density redistribution and increasing slot losses.

Considering this fact, we can speak of availability
of additional influencing factors such as saturation of
the magnetic core and the form of the slot, namely its
“opening”. The factor of increasing armature resis-
tance (Field’s factor) is conventionally determined by
Edme’s functions obtained due to absence of satura-
tion of tooth area and for open rectangular slots.
Moreover, the influence of the first harmonic field is
not taken into account.

It should be mentioned that classical approach
provides for tandem coupling of coils, but phase coils
of HSPMEM are similar as a rule. Therefore, one (for
one-layer coils) or two (for two-layer coils) effective
conductors, which consist of multiple strands con-
nected in parallel, are located in the slot.

We state that additional losses in armature coils of
HSPMEM exceed the main losses. Therefore, a spe-
cial attention should be paid to their calculation while
designing such machines.

Purpose of the study. The aim of this study is to
develop methods for calculating additional losses that
would consider the main factors influencing slot effect
process in their interrelation.

Study object is phase coil, located in the slots of
non-salient pole laminated stator of HSPMEM.

Presentation of the main research. We have de-
veloped a mathematical model for calculation of ad-
ditional losses in HSPMEM coil that considers actual
distribution of current density vector field in coil con-
ductors, located in ferromagnetic slot of free form and
penetrated by external magnetic field of set amplitude.
The mode provides for the actual method for coupling
of effective conductors and strands in a slot and satu-
ration of the magnetic core. The task is defined in two
planes.
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The need in determination of the actual current
density vector field, induced by this or that method,
results in necessity for solving the dynamical problem
in terms of field theory.

Poisson’s invariant equation in coulomb calibra-

tion for magnetic vector potential is (V- A=0)
vzzzoVUmaa—f—Zxc VXA, (1)

where V is a differential Hamiltonian operator; ¢ is a

matrix of electrical conductivity of the medium; v is
medium velocity vector; U is electrostatic scalar po-
tential of external field.

Current density field will be determined by the fol-
lowing formula

7=c(—VU—%—f+[vxE]} 2)

on the basis of which it is possible to state that total
current density vector specified in formula (2), con-
sists of three components: the 1st component is condi-
tioned by the external electrical field, the 2nd compo-
nent is conditioned by the magnetic field that changes
in time and the 3d element is conditioned by move-

ment of the conductor at v speed in the magnetic field

with B amplitude.

The equation (1) itself is used for further conver-
sion. Together with boundary conditions, it forms the
basis of mathematical formulation of the problem of
calculating the dynamic magnetic field, considering
electromagnetic and mechanic loads.

It is clear that solution of equation (1) requires in-
tegration on the basis of spatial and time coordinates.

The computational domain of this model is repre-
sented by tooth separation of the stator core (Fig. 1).

You can see symbols and dimensions of the figure,
Boundary conditions are represented by expressions that
allow configuring the external magnetic field (the induc-
tor field) so that it corresponds to the vision of possible
routes of the field passing through the stator core. The
excitation field is determined by linear distribution of
vector potential along the upper horizontal line

Alxr|, = 5sin(oot +Bx+v), 3)

B

where § =/t is a factor of proportionality between co-
ordinates of the point, expressed in angular and linear
measurement units; v is phase shift between the cur-
rent of the effective conductor and redial component

of the vector Ea .
Lines that limit the left and the right edges of compu-
tational domain are determined by Dirichlet condition

Al =5sm(mt—o,5t B+v);
z x=-0,5¢, B z
)
Alr ., = %sin(mt +0,5¢.B+v).
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Fig. 1. Computational domain of the model and
boundary condition

Lines and outer generating lines of the stator are

determined by Neumann condition
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Driving forces in this formulation are represented
by current of the conductors that are located in the slot
and the inductance amplitude is in the air gap.

The equation is written in accordance with the 1st
Kirchhoff’s law (Fig. 2) in order to determine a meth-
od for coupling of strands and effective conductors in
the slot before formulating the problem (1)

Iy = iijn’ (6)
n=1

where n=1,n, isa current number of the strand (#,, is
a number of strands in effective conductor); iy, i;, are
current of effective conductor (set) and strand (initial)
that relate to j effective conductor. Thus

) _ E SIEI K .
i = ! JdsS = Lj]z[x,y]dxdy=§ o ;Jikl, (7)

where e=LFE isa consecutive number of the finite el-
ement (FE); k=LK is a consecutive number of the

FE node; S'° is FE area with number [e]; J1{ is a
nodal value of z projection of the current density vec-
tor.

Expression (1) along with the circular equation (6)
and boundary condition (3—5) expresses the nature of
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Fig. 2. Electrical diagram of connection of strands
in a slot

mathematical formulation of the problem of calculat-
ing the current density field in computational area.

We have carried out a series of topic experiments
with use of this model. The purpose of these experi-
ments was to study the effect of its own dispersion flux,
the main magnetic flux, saturation of the magnetic
core and slot shape on distribution of the current den-
sity vector in slot area of the coil considering the inter-
relation of all these factors.

Program-based realization of the algorithm of this
model is made with package ANSYS Multiphysics by
means of APDL programming.

Fragments of the grid of finite element models for
slot elements of different shape are shown in Fig. 3. To-
tal number of CE is 3010. Total number of nodes is 8670.

L SOSRSR
=

S

a b
Fig. 3. Fragment of FE grids:

a — for semiclosed slot; b — for opened slot
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The output data for modeling were presented by di-
mensions, coil data and characteristics of magnetizing
of the core of high-speed generator of 200 kW, operat-
ing at the speed of 50000 rpm (2p = 2).

The dimensions of computational domain are as
follows:

- slot width b, = 7.8 mm;

- full height of slot 4, = 16.8 mm;

- area height 4 =63.8;

- spline width b, = 2.2 mm;

- spline height Ay, = 1.5 mm;

- airgap 6 =6 mm;

- area width (tooth separation) 7, = 15.6 mm;

- area length in z direction /, = 240.0 mm;

- width of strand b, = 1.0 mmy;

- height of strand 4, = 1.0 mm,;

- thickness of frame insulation 7, = 0.4 mm;

- thickness of insulation between conductors A, =
=0.2 mm.

Winding data:

- the number of effective conductors in a slot u,=2;

- the number of strands in effective n,, = 30;

- the number of strands along the slot width m2,. = 6;

- the number of strands along the slot height m,.= 5.

Driving forces of the problem:

- RMS current of the effective conductor 75 =
=1754 A;

- current frequency f,, = 833.3 Hz;

- amplitude of radial component of induction of
the main field B;=0.72 T;

- phase shift between current and the radial ele-
ment of induction v = /2 rad;

- proportionality factor between angular and metri-
cal coordinates 3 = 14.54 rad/m.

Specific resistance of the conductor material was
pcu=1.75- 1078 Oh - m. This value corresponds to spe-
cific resistance of copper at temperature of 20 °C.
Magnetization characteristics of the magnetic core
correspond to properties of electric steel of 2411 type
(GOST21427.2-83).

The calculation is performed within 6 periods of
feed current, time increment was 1/80 of the period.

Fig. 4 shows the results of calculations of vector
magnetic potential fields, magnetic field induction
and current density at the time 7= 7.05 ms.

Fig. 5 shows dependence of the voltage on the time,
calculated by (7) at the last computational period.

The diagrams, shown in Figure 5 a, ¢, correspond
to the currents of strands in the 3d left column of the
effective conductor, located near the spline.

Valid values of these currents, losses and Field’s fac-
tors K for two conducted studies are recorded in Table.

It should be mentioned that Field's factor, calcu-
lated by classical method for opened rectangular slot
of specified dimensions is equal to Kz = 3.8, and its
value, calculated upon the absence of external field
and in linear arrangement, is K =6.3.

Conclusions. Mathematical model for calculation
of additional losses in slot area of the stator winding of
a permanent magnet electrical machine is developed
on the basis of Poisson’s numerical solution for quasi-
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Table
The influence of the slot shape on the skin effect
Index name Semiclosed slot | Opened slot
Effective conductor at the bottom of the slot
15, A 4.001 3.948
14, A 4.306 4.212
15, A 5.327 5.322
1, A 7.602 7.878
17, A 11.602 12.259
Main losses (DC), W 4.318 4.318
Full losses (AC), W 9.417 9.695
Effective conductor near the spline
L3, A 14.948 16.666
Lo, A 7.471 8.960
L5, A 5.434 5.656
L, A 14.141 10.830
Loy A 26.889 19.815
Main losses (DC), W 4.318 4.318
Full losses (AC), W 37.367 64.346
For all conductors in the slot
Main losses (DC), W 8.636 8.636
Full losses (AC), W 46.785 74.041
Field's factor 5.418 8.574

steady approximation of electromagnetic field within
2-dimentional formulations. The model considers the
actual shape of stator slot, the influence of the excita-
tion field and saturation of the magnetic core.

Analysis of the obtained results suggests the follow-
ing conclusions that can help in developing high-speed
permanent magnet electrical machines:

Classical method for calculation of additional loss-
es in the slot area of machine stators, operating at fre-
quencies that are considerably higher than industrial
frequency, on the basis of Edme’s functions is in sig-
nificant error.

The first harmonic field induces eddy currents in
upper layers of the stator winding while saturating
tooth area. This results in increasing losses in it.

Opening of the slot considerably increases penetra-
tion of the excitation ficld into the slot and the value of
additional losses in the stator winding.

The excitation filed in semiclosed slots does not af-
fect redistribution of the current density vector field
and currents in electromagnetic conductors of the coil.

Saturation of the magnetic core reduces the value
of additional losses in the stator winding and makes
current distribution more even due to reduction of
magnetic conductivity of the slot dissipation flux path.
It is necessary to remember that excessive saturation of
tooth area increases the main losses in the magnetic
core of the stator core.
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Fig. 4. Results of calculation:

a, b and c — for semiclosed slot; d, e, f — for opened slot; a, d — field of vector magnetic potential, Vs/m; b, e — mag-
netic induction vector field, T: c, d — current density vector field, A/m>
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Fig. 5. Dependency of currents of electromagnetic conductors on time, A:

a, b — for semiclosed slot; ¢, d — for opened slot; a, ¢ — effective conductor at the bottom of the slot; c, d — effective
conductor near the spline
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Meta. 3anporoHyBaTi CHocid BU3HAYEHHS J0-
IaTKOBUX BTpaT B OOMOTKaX CTaTOPIB €JIEKTPUIHUX
MaIllMH, 9acTOTa CTPYMY B SIKMX 3HAYHO IEPEBUIILYE
TIPOMMUCJIOBY.

Metonuka. i AOCHiIXKEHHSI BUKOPUCTOBY-
FOTHCS YMCEJIbHI METOIM PO3B’SI3yBaHHSI PiBHSIHb Ma-
TeMaTUYHOI (hi3UKM, a caMe: I ajaredpu3ailii yac-
TUHHUX TOXiIHUX — METOH CKiHUYEHHUX €JIEMEHTIB,
IIJTsE anreOpu3allii MoXiZfHUX 3a yacoM — MeTol (pop-
MyJ nudepeHLiloBaHHSI Ha3al, s PO3B’sI3yBaHHS
HEeJIiHIMHUX CHUCTEM aJIreOPUUHUX PiBHSIHb — METOJ,
HpyloToHna-Padcona.

PesyasraTn. CTBOpeHa MaTeMaTHYHa MOJENb,
1110 JO3BOJISIE pO3PaxOBYyBaTH MOBHI BTpaTU B Ma30Biil
YacTUHI OOMOTKHU CTaTOPa BUCOKOILIBUAKICHOI eleK-
TPUYHOI MallIMHU, 00YMOBJIEHI €e(DEKTOM BUTICHEHHS
CTpyMYy, Ta 3 ypaxyBaHHSIM YMHHUKIB, 10 3MilCHIO-
FOTh BU3HAYaJIbHUI1 BIUIMB HA MepeOir IIbOro SBUINA:
BJIACHOTO MOTOKY ITa30BOTO PO3CiIOBaHHSI, OCHOBHO-
O MarHiTHOro MOTOKY, HACUYEHHSI MarHiTOIIpPOBOLY,
¢dopmu 1maza Ta CrocoOy eIeKTPUYHOTO CIOTYYSCHHS
eJleMeHTapHUX MpOBiAHUKIB KoTyKku. [TogaHe ma-
TeMaTUuHe (POpMY/TIOBaHHS Ta KpalioBa yMOBa IaHO1
3a1ayi.

JJ1s1 BUCOKOIIBUAKICHOTO reHepaTopa 3i 30y1kKeH-
HsIM Bin mocriitHux MarHiTiB 200 kBT, 50 000 06/xB,
HaBeIeHi pe3yJIbTaTh MaTeMaTUYHUX €KCIICPUMEHTIB
i3 BUBHAUYCHHSI TONATKOBUX Ta ITOBHUX BTPAT B OOMOT-
Kax, IIIO JIEXKATh Y HAITiB3aKPUTHUX Ta BITKPUTHX Ma3ax.
AHAaJII3yI0ThCS TIPUYNHHO-HACTIIKOBI 3B’I3K1, HaBe-
IIeHi BUCHOBKMH, III0 MOXYTh TOTIOMOTTH Y CTBOPEHHI
TaKUX MaIlIH.

Haykosa HoBu3Hna. [Ipo6iiema po3paxyHKy BTpaT
GOpMYITIOETHCS SIK 2-BUMipHa KpaiioBa 3ajaya ejleK-
TPOOMHAMIKHU, 110 JO3BOJISIE BpaxyBaTU BIUIMB YCiX
BUILIE3rafaHUX YUHHUKIB Y B3aEMO3B’SI3KY.

IIpakTuyna 3HaumMmicTh. [loTpebGa B TOUHOMY
BU3HAUYEHHI BTpaT y (pa3HUX 0OMOTKaX BUCOKOILIBU/I-
KiCHUX MalllUH BUHUKAE HE JIVIIE IiJ 9ac MPOEKTY-
BaHHSI OOMOTOK, ajic ¥ 3a OLIIHKM TEIUIOBOTO CTaHy
TaKUX MaIlIVH.

KimouoBi cioBa: dodamkosi empamu, sumic-
HeHHs1 cmpymy, cKin-epekm, FEM-ananisz, kpa-
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uosa ymoea, 8UCOKOWBUOIKICHA eNeKmpuvHa ma-
wuHa

Ienb. [MpennoxuTtb cnocod omnpeneyeHus no6a-
BOYHBIX ITOTepPh B OOMOTKAxX CTaTOPOB 3JICKTpUUC-
CKMX MAIllMH, YaCTOTa TOKa B KOTOPKIX CYIIIECTBEHHO
BBIIIIE TIPOMBIIIJIEHHON YaCTOTHI.

Metomuka. s uccienoBaHusT MPUMEHSIOTCS
YUCJEHHbIE METOAbI pelleHus nuddepeHInaaIbHbIX
ypaBHEHMII MaTeMaTU4eCKOW (U3MKHU, a WMEHHO:
TSI ayireOpan3aliii YaCTHBIX IIPON3BOIHBIX — METOII,
KOHEUYHBIX 2JIEMEHTOB, IJIsI ajreOpav3aliii Tponu3-
BOOHBEIX IT0 BPEeMEHU — HESIBHBIM MeTOm (DopMyI
mnddepeHINPOBaHUS Ha3am, UIST PEIICHUS HEI-
HEUWHBIX CUCTEM aJreOpamdecKnxX ypaBHEHUIT — Me-
ton HeiotoHa-Padcona.

PesynbraTei. Co3gaHa MaTeMaTU4eCcKasi MOIEb,
MTO3BOJISTIONIAST PACCUUTHIBATH ITOJIHBIC TIOTEPU B T1a-
30BOI 4aCTM OOMOTKM CTaTOpa BBICOKOCKOPOCTHOM
BJIEKTPUYECKON MAaIlMHBI, BbI3BaHHBIE 3((eKTOM
BBITECHEHUSI TOKa U C YYeTOM IPUYMH, OKa3bIBalO-
IIMX OIpeesoliee BIMSIHAE: COOCTBEHHOTO MOTO-
Ka MMa30BOT0 paccerMBaHMsI, OCHOBHOIO MarHUTHOTO
TIOTOKa, HACBIIIICHUS MAaTHUTOIIPOBOAA, (POPMEI ITa3a
U crI0c00a 3JIEKTPUIECKOTO COCTMHEHUS JIeMEeHTap-
HBIX IIPOBOMHUKOB B 1a3y. [IpuBeneHbl MaTeMaTIC-
cKast opMyIUPOBKA M KpaeBOe YCIIOBUE TaHHOI 3a-
JTaum.

J11s1 BBICOKOCKOPOCTHOTO IeHepaTropa ¢ BO30yXK-
IeHueM oT mocTossHHbIX MarHUTOB 200 kBT, 50 000 06/
MUH, IPUBOASITCS Pe3yIbTaThl MAaTEMaTUIECKUX DKC-
MEPUMEHTOB MO OMNpPENeJeHUIO MOIMOJHUTEIbHbBIX U
MOJIHBIX TTOTEPh B OOMOTKAX, PACIOJIOKEHHBIX B MO~
JIy3aKPBITBIX W OTKPBITBIX Ma3ax. AHaIU3UPYIOTCS
MIPUYMHHO-CJIEACTBEHHBIE CBSI3U. ClellaHHbIC BBIBO-
JIBI MOTYT TTOMOYb IIPY CO3MAHUM TaKWUX MAIIITH.

Hayynas HoBusHa. IIpoGiema pacuera norepb
dopMmynupyeTcs Kak 2-MepHasl KpaeBasi 3a1ada dJIeK-
TPOOWHAMUKM, YTO U TTO3BOJISIET YIECTh BCE BHIIIICY-
MTOMSIHYTHIE (PaKTOPBI B MX B3aMOCBSI3U.

IIpakTnyeckas 3Ha4uMocTb. HeoOxonuMocTs B
TOYHOM OIIpeNeIeHUN ToTeph B (ha3HBIX 0OMOTKaX
BBICOKOCKOPOCTHBIX MAIlIMH BO3HUKAET HE TOJIBKO BO
BpeMsI MPOESKTUPOBaHUSI OOMOTOK, HO U MPU OLICHKE
TETJIOBOTO COCTOSTHUSI TAaKMX MalllMH.

KuroueBble caoBa: dobasounvle nomepu, 8bl-
mecHeHue moka, ckun-3pgpexkm, FEM-anaaus,
Kpaeeoe yciao8ue, 8biCOKOCKOPOCMHAS dA1eKmpuye-
cKas mMawuHa

Pexomendosarno 0o nybaikauyii dokm. mexH.

nayk 1. 3. Illypom. Jlama HaoxoodicenHs1 pyKonucy
18.12.15.
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