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Abstract. The aim of the work is to obtain practical results for the electrical machines multiparametric
design application, to conduct a comparative analysis of the parametric and multiparametric design re-
sults of a turbogenerator and its elements when the load changes; to confirm the prospects the multipar-
ametric design application. Currently, it is possible to use mathematical models when designing, and
use parametric synthesis to optimize one specific parameter, which in certain cases turns out to be suf-
ficient. The peculiarity of electric machines calculation and design is the necessity of simultaneous
checking of all interrelated parameters (mechanical, electromagnetic, thermal) with any changes. The
structure design with simultaneous control of several variables cannot be performed using one stage of
parametric design; additional calculations are necessary. In this case, multi-parameter design is neces-
sary, but it requires longer preparation for design work and higher qualifications of personnel. Therefore,
it is necessary to understand in which cases it is advisable to switch from parametric to multiparametric
design. The work goal set is achieved by comparing the results of a turbogenerator, stator core and
busbar designing using parametric and multiparametric design. The most important is to obtain the re-
sults of comparison of a complex electromechanical system parametric and multiparametric design (tur-
bogenerator, its individual unit and element), including when the parameters of various physical pro-
cesses change, performing a comparison of the obtained results, confirming the feasibility of carrying
out multiparametric design. The significance of the obtained results is that practical examples of the
multiparameter modeling use are shown. Using multiparametric design, not only a busbar refined form
with increased repair and operational reliability was obtained, but the proposed solution economic ad-
vantages were also indicated.
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Rezumat. Scopul lucrarii este de a obtine rezultate practice ale utilizarii proiectarii multiparametrice pentru masini
electrice, de a efectua o analizd comparativa a rezultatelor proiectdrii parametrice si multiparametrice ale unui
turbogenerator si ale elementelor sale individuale atunci cand sarcina se modifica, care este insotitd de o
modificare. in factori electromagnetici, termici si mecanici; pentru a confirma perspectivele si a determina limitele
recomandarii de utilizare a proiectdrii multiparametrice pentru masini electrice. Prin urmare, este necesar sa
intelegem in ce cazuri este recomandabil sa treceti de la proiectarea parametrica la proiectarea multiparametrica.
Scopul stabilit in lucrare este atins prin crearea de modele pentru sarcini de complexitate diferitd (proiectarea unui
turbogenerator, a unui miez de stator si a barei colectoare) folosind capabilitatile de proiectare parametrica si
multiparametricd cu compararea ulterioara a rezultatelor obtinute. Cel mai important lucru este obtinerea
rezultatelor comparatiei dintre proiectarea parametrica si multiparametrica compararea unui sistem electromecanic
complex (turbogenerator, unitatea si elementul sau individual), compararea rezultatelor obtinute, confirmarea
fezabilitatii realizarii proiectdrii multiparametrice. Semnificatia rezultatelor obtinute este ca sunt prezentate
exemple practice de creare a unor modele multi-parametrice ale unui turbogenerator, miez de stator si un element
separat (bara transportoare de curent). Folosind proiectarea multiparametrica, s-a obtinut nu numai o forma rafinata
a barei colectoare cu reparatii si fiabilitate operationala sporite, ci au fost indicate si avantajele economice ale
solutiei propuse.

Cuvinte-cheie: turbogenerator, miez de stator, bare colectoare, proiectare si modelare parametrica si
poliparametrica, factori electromagnetici, termici si mecanici.
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IIpenno:kenus Mo NPUMEHEHUIO MYJIbTHIIAPAMETPUYECKOT0 NPOEKTHPOBAHNS B
3J1EKTPOMALIMHOCTPOEHUH
Ilepuenxo B.B., 'Munko A.H., 2Croiiues B.T.
"HannoHanbHbIi TEXHUUECKUH YHUBEPCUTET «XapbKOBCKUI MONTUTEXHUYECKHI HHCTUTYT»
XapbkoB, Ykpanna. Komnanus «/{uaamo Cinuen AJl», Cniusen, bonrapus

Annomayun. llensio paboTBl  ABNSETCS  IIOJNyYeHHE TPAKTHUYECKUX  PEe3yNbTaTOB  HCIOJIH30BAHUS
MYJBTHIIAPAMETPUIECKOTO IPOSKTUPOBAHUS IS AIEKTPHUSCKUX MAIllH, IPOBEACHNE CPAaBHUTEIHHOTO aHAIN3a
pe3yIbTaTOB TAPAMETPHUYECKOTO W MYJIBTHIIAPAMETPUIECKOTO MPOCKTHPOBAaHUS TypOoreHepaTopa H €ro
OTIENbHBIX JJIEMEHTOB MPH H3MEHEHUHM HArpy3Kd, 4YTO COIMPOBOXKIAETCS W3MEHEHHEM 3JIEKTPOMArHUTHBIX,
TEIUIOBBIX W MEXAaHHUYECKUX (DAaKTOPOB;, TMOATBEPKICHHE TEPCICKTHBHOCTH W ONPEICICHUC TPAHMUII
PEKOMEHIAIMHA HCIIOJIB30BAHUS MYJIbTUIAPAMETPUYECKOTO MPOEKTUPOBAHUSA JUISI DJIEKTPUYECKUX MAaIIUH.
CoBpeMEHHOE KOMIIBIOTEPHOE OOCCIICUCHUE M Pa3pabOTaHHBIC MPOTPAMMBI CAETATH BO3MOXXHBIM Ha 3Tarie
IMPOCKTUPOBAHUA CO3daBaTb W HCHOJB30BATh CYHMICCTBYIOMIME MATEMATHYCCKUE MOICIIH, napaMeTpI/lquKuﬂ
CHUHTE3 [Jid ONTUMH3AallUM OJHOI'0 KOHKPETHOTO I1apaMeTpa, 4YTO, B onpeueﬂéHme Clly4dasx, SABJIACTCA
JIocTaTo9HBIM. HO 0cOOEHHOCTRIO pacyeTa U MPOSKTUPOBAHUS AIICKTPUICCKUX MAIIHH SBISIETCS HEOOXOIMMOCTh
OTHOBPEMCHHOW IIPOBEPKH BCEX B3aMMOCBSI3aHHBIX IIOKa3aTeneil (MEXaHHYECKHX, JJICKTPOMArHUTHBIX |
TEIUTOBBIX ) TIPH TFOOBIX KOHCTPYKTUBHBIX M3MeHEHUX. [IpoekTrpoBanne Oyaymmieit KOHCTPYKIIUH C H3MCHEHUSIMH
¥ OJHOBPEMCHHBIM KOHTPOJIEM HECKOJBKUX TEPEMEHHBIX (PErylMpYyeMbIX TN HEpPETyIUPYEMBIX) HE yIaeTcs
BEITNIOJTHUT, HCIONB3YS OIWH J3Tal MapaMeTPUIEeCKOTO MPOCKTHPOBAaHUS; HEOOXOAMMEI IOMOJHHUTEIEHBIC
pacdeThl. B TakoM ciyd4ae MOXXKHO PEKOMEHIOBATh MYJIBTHIAPAMETPHUECKOE MPOCKTUPOBAHHE, UTO Tpedyer
0onee AMUTENLHON OATOTOBKH K TIPOBEACHUIO IPOEKTHBIX PaboT, 60jiee MOIITHOTO KOMITLIOTEPHOT'0 00eCTIeUeHUS
u Oojee BBICOKOTO ypOBHS mepcoHana. [loaTroMy HeoOX0AMMO TMOHMMATh B KaKHWX ClIydasx IejiecooO0paszeH
MEPEX0Jl OT MapaMeTPUIECKOro K MyJIbTHIIaApaMETpUIecKoMy MpoeKkTupoBanuio. [locTaBienHas B paboTe menn
JOCTHTaeTcs CO3/JaHHEeM Mojenell A 3amad  pasHOM CIOKHOCTH (IPOEKTHpOBaHHE TypOoreHepaTopa,
CeplIeYHrKa CTaTopa W TOKOMPOBOJSIICH IIWHBI) C KCIOJH30BAHHEM BO3MOXKHOCTEH MapaMeTpHYECKOTO M
MYJIBTHIIAPAMETPHICCKOTO MIPOSKTHPOBAHUS C ITOCIICIYIOIIAM CPaBHEHUEM ITOTyUYSHHBIX pe3yabTaToB. Hanbomnee
BaXHBIM SIBIISIETCS TIOJNIYYCHUE pE3YNBTATOB CpPaBHEHHS IMapaMETPUICCKOTO W MYJIBTHIApaMETPHYECKOTO
MPOCKTHPOBAHUS CIIOKHOW JIICKTPOMEXaHUIECKOH CHUCTEMBI (TypOOoreHepaTopa, €ro OTICIBHOIO y3Jia H
JJIEeMEHTa) B TOM YHCIE, KOTJa M3MCHSIOTCS MapaMeTphl Pa3InYHbIX (DU3HYCCKUX IMPOLECCOB, BEHIMOIHCHHE
CpaBHEHHsI  MOJYYCHHBIX  pPE3YJIbTATOB, IOJATBEPXKJICHUEC  [EICCOOOPa3sHOCTH  MPOBEACHUS  HMEHHO
MYJIBTUIIAPAMETPUUYECKOTO MPOEKTUPOBAHUS. 3HAYUMOCTb IOJYYEHHBIX PE3YJIBbTATOB COCTOUT B TOM, 4YTO
MOKa3aHbI MPAKTHIECKHUE IPUMEPHI CO3/IaHIsI MYJIbTHIIAPAMETPUIECKUX MOJIeNel TypOoreHepaTopa, cepIeaHnuKa
CTaTopa W OTHENBHOTO 3JIEMEHTa (TOKOMpoBOZsmIei muHEI). C HCIOIB30BAHWEM MYJIBTHIIAPAMETPUIECKOTO
MPOEKTHPOBAHUS TOJy4eHAa HE TOJNBKO YTOYHEHHas (opMa TOKOBEIYIICH IIMHBI C MOBBIIIEHHONW PEMOHTHO-
SKCIUTyaTallMOHHON HaJIe)KHOCTBIO, HO YKa3aHBI YKOHOMHYECKHIE ITPEUMYIIECTBA MPEATIaraéMoro PerieHusl.
Knroueevie cnosa: TypboTreHepaTop, CEpACYHUK CTaTOpa, TOKOMPOBOISIIIAS IIMHA, TTAPAMETPHYECKOE W TIOJIH-
mapaMeTpUUecKoe IPOEKTUPOBAHWE W MOJCIMUPOBAHHUE, JIIEKTPOMATHUTHBIC, TEIUIOBEIE M MEXaHHYECKHe
(axTOpHI.

INTRODUCTION It is also possible to perform dynamic
calculations of parts in a stress-strain state,
visualization and dynamics of changes in the
structure as a whole, which allows one to choose the
best design solution. By setting different conditions
and entering different initial data, it is possible to
search for the best solutions, accumulate statistical
material, identify dependencies and patterns, and
determine the directions of design. The
mathematical apparatus of these programs is
sufficient for almost all areas of technical design,
including electrical mechanical engineering.

Currently, when designing new electrical
equipment, the method of parametric modeling and
design is usually used, which allows to significantly
speed up the execution of design and pre-design
work, compare different options, create new designs
with better technical and economic indicators, and
eliminate random errors in calculations and design
that may appear due to the “human factor”.

To carry out parametric modeling and design,
various software environments are used (ANSYA,
g-(l)ii/lEs)(() L g:gl’p h}giflzli?hdx(t)(r}:i:sli/m E}ﬁﬁ; Parametric modeling can be divided int.o two
Designer, OrCAD, etc.). Almost all of the listed types: 2D drawings/modeling .and 3D modeling. In

. these cases, some, and sometimes several types of
programs use the finite element method and allow . .
the creation of three-dimensional models with ~Parameterizations are 1mp lemepted
subsequent semi-automatic creation of two- simultaneously: tabular ~ parameterization;

dimensional models for the manufacture of parts and hierarchical parameterization — p aramqterlzatlon
. . based on the history of constructions and
equipment units [1, 2].
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decisions taken); variational (or dimensional)
parameterization; geometric parameterization
(parametric modeling, in which the geometry of
each object is recalculated depending on its
position, parameters, variables and functions), [3,
4]. Parameterization has long been widely used in
various industries: in the energy sector [1, 3-5], in
construction [6—12], in the creation of measuring
equipment [ 13—17], even in agriculture [18].

Traditional computer-aided design (CAD)
techniques are “parametric,” meaning that when
designing a new product, one specific parameter
can be changed depending on the task at hand:
shape, size, etc. Even when using hybrid
parametric modeling methods, it is possible to
work only with parameters of the same type: for
example, flat surfaces, surfaces of revolution,
sections, etc.

This is not enough for complex equipment,
such as electrical machines, in which every design
change affects many parameters: thermal,
mechanical and electromagnetic. Table 1 presents
a list of parametric programs that are currently
used in various industries.

Table 1

List of modern computer programs used in industry

for parametric design

The . .
Parametric design
No program . .
implementation tools
name
— numerical calculation
methods;
1 ANSYS - tgbular parameterizatiqn; .
— hierarchical parameterization;
— variational (dimensional)
parameterization.
5 COMSOL — numerical calculation
Multiphysics | methods;
3 | T-Flex — tabular parameterization;
4 | SolidWorks | — variational (dimensional)
Creo parameterization;
5 Parametric — geometric parameterization.
6 KOMPAS — tabular parameterization;
3D — geometric parameterization.
— numerical calculation
methods;
7 | MATLAB — tabular parameterization;
— variational (dimensional)
parameterization
—numerical calculation
8 FEMM methods;
— tabular parameterization.

Currently, when designing electromechanical
equipment (electric motors, generators), parametric
synthesis and parametric optimization are quite
widely and successfully used to solve certain issues:
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- optimization of the traction and general
industrial asynchronous motors tooth zone [19-
25];

- determination of geometric dimensions and
characteristics of special designs synchronous
machines with excitation from permanent magnets
[27-34];
determination of turbogenerators some
characteristics in special modes [13, 24, 35, 36-38].

A special feature of the electrical machines
design, which must be taken into account in any
design changes, is the deep connection of all
parameters, characteristics and indicators:
electromagnetic, mechanical and thermal.

It is also necessary to take into account the
economic and environmental requirements for the
new design. This significantly complicates the use
of parametric design, requires additional
calculations, and reduces the reliability of the
results obtained. As a result, with each design
change it is necessary to evaluate the possible
range of changes in physical parameters and, most
important, highly qualified designers are needed
who can predict and foresee potential changes and
take into account their mutual relationship.

This complicates the design, extends the time
frame for implementing changes to the design,
limits the number of options under consideration,
and the ability (and desire) to seek better design
solutions. For example, when modeling a new
turbogenerator design with changing
electromagnetic loads using the FEMM program,
we obtain a new two-dimensional distribution of
magnetic fields, [19]. But there is no information
about changes in the thermal and mechanical state
of the unit being modernized. It is necessary to
make additional calculations each time.

Therefore, to design a new electrical machine,
taking into account the possible change of several
variables (regulated or unregulated), it is
necessary to use multi-parameter design, which
differs from conventional parametric design
precisely by the ability to simultaneously analyze
several parameters, taking into account their
mutual influence [1, 4]. But multiparametric
modeling requires more complex models, longer
preparation times for design, and higher levels of
personnel.

Therefore, simply establishing the feasibility
of using multiparametric design for electrical
machines is not enough. It is necessary to
understand in which cases the transition from
parametric design to multiparametric design is
appropriate, and in which cases the use of
parametric models is sufficient.
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Purpose of the work: to conduct a comparative
analysis of a turbogenerator the parametric and
multiparametric design results, its individual unit
and part (using the example of a stator core and a
conductive busbar that connects the turbogenerator
to a block transformer) when the electromagnetic
load changes.

METHODS, RESULTS
AND DISCUSSION

For the multiparametric design of a three-phase
synchronous turbogenerator (TG), as the initial
parameters and basic indicators of the model, we
select the total power (P;) and current density (j)
in the stator winding:

M

where y — is the copper electrical conductivity,
m/(Ohm mm?);

C, — is the copper specific heat capacity,

(KW s)/(dm? °C);

Vg —is the speed of the cooling medium (hydrogen,
water) movement in the hollow conductors of the
stator winding (direct cooling), m/s;

[ — is the length of the stator winding rod cooled
section (part in groove), m;
qr/qcs — ratio of the cross-section of the cooling
channels in the stator winding to the cross-section
of copper in the stator winding, r.u.;
Ky — is the current displacement coefficient,
which takes into account the saturation of the core
magnetic circuit, r.u.

A mathematical model for carrying out
multiparametric design of a turbogenerator can be
defined as a multicomponent dependence:

I)S :f(UN’as’aas’js)’

where Uy — is the stator winding rated linear
voltage, V;

as — is the number of the stator winding
parallel branches;

qas — 1s the copper cross-section of the stator
winding effective conductor, mm?.

Moreover, each component can be represented by
a dependent and independent function (adjustable or
non-adjustable parameter).

Using (1), we write the turbogenerator active
power value, kW:
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q
7/.Cp .VB Ak
PS=\/§~UN-aV-am' e 10,
S [-K,

The number and values of modeling components
are determined by the requirements (constraints) of
the future turbogenerator design. At the same time,
we use the data and recommendations available from
the manufacturer. So, the permissible current density
in the stator winding largely depends on the
turbogenerator cooling system: with indirect cooling
of the stator winding, the current density is in the
range of 3-4 A/mm?; with direct cooling (channels
through which hydrogen or water moves are laid into
the grooves of the stator core)— the current density 6-
11 A/mm?[13, 28].

For successful modeling it is necessary to
know the data of the elements that are heat
sources, 1.e., the elements in which losses are
released. Mechanical losses are constant losses,
they depend only on the rotor speed, which does
not change in almost any mode, and they can be
taken into account separately.

The main sources of heat (losses) are the windings
and the stator steel core. The value of these losses
depends on the load value and the generator operating
mode. It is also necessary to know the heat transfer
coefficients of these materials and the cooling
medium (air, water or hydrogen). For turbogenerator
TGV-300-2U3 (data from the Electrotyazhmash
plant, Kharkov, Ukraine):

- Qres=100 W — is the magnetic losses in the
stator core (per 1 package segment);

- Qerg = 2650 W — are the losses in the stator
winding, which is located in the grooves of one
segment;

- a0 = 560 —is the heat transfer coefficient
of water during convective heat exchange through
a metal wall and laminar flow, kW/(m? K);

- ay, = 55 — is the heat transfer coefficient of
hydrogen at a pressure of 1.1 atm (~111430 Pa),
at a temperature of 100 °C (insulation heat
resistance class F), kW/(m? K).

For a given value of the stator core outer
diameter, we usually select the maximum possible
number of slots (z).

Then P; = f(zs) will be an independent
function. The dependence P, = f(Uy) is also an
independent function, because the voltage is
determined by the connection diagram of the
turbogenerator to the electrical network and its
parameters [4].



PROBLEMELE ENERGETICII REGIONALE 4 (64) 2024

The structural model for multiparameter
modeling and design of a turbogenerator is shown in
Fig. 1, (Ur —is the stator winding phase voltage, V).

When creating a turbogenerator
multiparametric model, data on the geometry of
the slots, the type of stator winding and the
cooling system are used.

TG power Py, kW

|

Stator winding
current I, kV

u Gas= Gea™ Gna |

(ca™ (esMes s
cross-section of solid
elementary conductors
inaro

Stator winding
voltage Un, kV

Un— taking into account
the stator winding connection
diagram

¥

I—taking into account
the stator winding connection jeities
diagram

ges'— cross-section of solid

elementary conductor’s
copper

a5=72-Sys/(6-Ws) — number
of parallel branches in phasej

mes— number of horizontal
rows of solid elementary
conductors

Shs — number of effective
conductors in phase

#— number of vertical

rows of solid elementary
conductors

ws — number of successive

turns in phase Gra= Qs Mins'Cs — CI0SS-SECLION

of copper hollow elementary
conductors n a rod

Zs= 6°p-gs— number of

s COPpET CTOSS-SEction
of a number of successive

stator grooves

lu number of pole pairs I

mns— number of horizontal

rows of hollow elementary
conductors

g —number of; groovey
per pole and phase

hani—

¢+ number of vertical rows
of hollow elementary
conductors

Fig. 1. Structural model for multiparametric
design of three-phase turbogenerator

Fig. 2 shows stator grooves sketches with the
winding. At the Fig. 2, a is a two-rod winding with
direct hydrogen cooling and in Fig. 2, b is a three-
rod winding with indirect cooling. Of all the
turbogenerator parts and elements, the most loaded
is the stator core. Its design is the most complex
multicriteria task.

The stator core design is determined by the
permissible values of the adjustable parameters:
current density in the stator winding, stator
winding nominal voltage, the turbogenerator
nominal power, and depends on the non-
adjustable parameters: on the cooling medium
thermophysical properties (air, hydrogen, water),
on the electrical properties of insulating materials,
the magnetic circuit electromagnetic properties
and the characteristics of the stator winding
copper.
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Winding rod
2o X Solid

\ c-onducta\r\\. _.

Hollow e
conductor . Prepreg
“Prepreg. |
(iloolin \ _ preg. |
N Winding
Sy \{\ rod
Stator Stator | -* 1
core core | AN, 7240
Wedge Wedge
a b

a — two-rod stator winding with direct cooling;
b — three-rod stator winding with indirect cooling

Fig. 2. Stator grooves sketches with the winding

The stator core consists of laminated packages
pressed into the stator housing. Therefore, for its
modeling and design, it is enough to determine the
design of one core segment, Fig. 3.

1 — Stator core segment. 2 — Stator core tooth with
slots for fastening the stator winding with wedges.

3 — Stator core back. 4 — Axial ventilation channels in
the core back. 5 — Radial ventilation channels that
separate the core segments. 6 — Spacers that provide
the radial ventilation system. 7 — Stator core slot

Fig. 3. Segment of a laminated
turbogenerator stator core

To create the stator segment multiparametric
model we set by the turbogenerator power values
and the values of stator winding current density;
we select the direct cooling medium for the stator
winding — hydrogen, the segment material — steel
M250-50A (according to European Standard EN
10106-2016), the stator winding material — wire
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PSD-1 according to TU 302.08.003, the insulation
class for heat resistance is F.

For modeling, we use the values of the stator
core outer and inner diameters, the groove depths,
the number of grooves and stator winding parallel
branches according to the manufacturer's data.

We build the stator core segment
multiparametric model, taking into account the
turbogenerator power and its thermal loads
Ps=flak, as) where ay — specific heat transfer
coefficient, which takes into account heat transfer
in the stator core segment tooth part, W/(°C mm?);
as — 1s the specific heat transfer coefficient in the
back of the stator core, W/(°C mm?).

140257,
450

1.3 py, 3)

1293

where py — is the excess pressure of cooling gas
(hydrogen), Pa;

Vg — is the cooling medium movement speed
through the axial channels in the stator core
tooths, m/s:

where L — is the gas consumption in ventilation
ducts, m>.

We assume that the stator winding is cooled
directly and the cooling medium is hydrogen.
According to the standard data for the
turbogenerators of the series under consideration,
we use the standard performance of the built-in
gas coolers in the housing of the TGV series
turbogenerator;

ks — is the gas jets number in the stator core
cooling system;

n,.s —are the stator ventilation ducts number in the
cooling system;

b,s — is the width (diameter) of stator ventilation
ducts, mm;

D, —is the stator core internal diameter, mm;

h,,s —1is the stator groove depth, mm;

b, — stator groove width, mm;

Z —1is the stator grooves number.

Using (3) and (4), we obtain a multiparametric
indicator of the stator core segment tooth zone
heat transfer, which also depends on the
electromagnetic characteristics of the TG:

L-10°
Ve = >4
k?
2k? _1 .n"s .b"S[ﬂ-.(DS +hm~)_Zs .bns]
6 0.8
a, =1+0.25- L10 '1'345? ) ©
-5 -n” ‘bm[ﬂ"(DS +h,,¢)_QK 'bm]
2.k, 1) " " ‘ ‘
where:

6'Ws .PSN 'bns 102

O

ws — is the number of successive turns in
phase;

Py — is the TG rated power, kW;

Uy — is the rated line voltage, V;

Sns — 1s the effective number of conductors in
the slot;

Js — is the stator winding current density,
A/mm?;

qas — 1s the copper cross-section of the stator
winding effective conductor, mm?.

Similarly, we determine the heat transfer
coefficient of the stator core back, W/(°C mm?):

1+0.25-V7
=— " 5.13.-p%, 6
450 Py (©)

N
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B \/EUN 'Sns ]s 'qas ’

where V; — is the gas speed in the axial ventilation
channel in the stator core back, m/s.

Then:

D, — is the stator core outer diameter, mm;

hqs — is the stator core back height, mm.

l,,s — 1s the stator winding turn length, mm;

L — is the stator core length, mm;

qs — are the stator core slots number per pole
and phase.

L-10°

].an .brs .ﬂ-.(Da + has)

V=

b

k

S

2k, —1
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6 0.8
ay =1+0.25- L-10 L3Py (7)

g b 0 450

. S—— -n . .jz'.

2'ks_1 rs rs S

where:
6-w_-P, -10°
QS =0.2' WS SV +2.hns +has;

As a multiparametric modeling result, using
(3) and (6), we obtained the stator segment
geometry and determined the diameters of the
axial ventilation channels, which can be
recommended for turbogenerators of different
powers (120 MW, 200 MW, 300 MW and 500
MW) provided that acceptable thermal
characteristics for the selected heat resistance
class of stator winding insulation (F) at rated load

(Fig. 4).

\/E.UN 'Sns .js 'qas .qs

a—120 MW; b — 200 MW,
c—300 MW; d—-500 MW.

Fig. 4. Temperature distribution in
the turbogenerator stator core segment
at different power values

Permissible temperatures in the core are
ensured by changing the axial ventilation
channels diameters. From Fig. 4 it can be seen
that, thanks to the requirements laid down in the
multiparametric model, recommended values for
the axial ventilation channels diameters were
obtained for various power values, that provide
permissible temperature loads. A visual analysis
of the recommendations received suggests the

E—— T |

EEE]
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need to change the shape of the cooling channels
in the turbogenerator stator tooth zone with a
power of 500 MW, (Fig. 4, d).

To ensure the mechanical reliability of the
toothed zone of a turbogenerator core with a
power of 500 MW, it can be proposed to switch to
cooling channels of the “notch” type. The
proposed arrangement of channels of the “notch”
type is vertical, along the tooth, maintaining the
obtained value of the ventilation duct cross-
sectional area, Fig. 5.

It is the easiest and fastest, i.e., expedient, to
carry  out  multiparametric  design  for
turbogenerator individual elements, for which the
preparation of a design model is simple.

Fig. 5. Ventilation duct of the “notch”
type, located along the tooth of the
stator core

For example, let us consider and compare the
results of parametric and multiparametric design
of a turbogenerator busbar in the SolidWorks
environment using the finite element method to
specify the geometry of the busbar, the number
and diameters of the holes for the connecting
bolts. This will reduce the weight and dimensions
of the busbar, and save materials for its
manufacture.

To compare the results of modeling the stator
segment using parametric multiparametric
methods, we will compile Table 2.
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Table 2

Comparison of calculation results using parametric and multiparametric modeling using
the example of a separate turbogenerator unit (stator segment)

Objective function

Characteristics of the indicator

parametric modeling

the multiparametric modeling

being reduced?

P=AS) P, =AS, a)
Is it possible to design with No Yes. For example, it is possible to take into
changes in other parameters account the values of ax and oy in the
(temperature, change in the objective function, which depend on the TG
materials from which the operating mode
element is made, etc.)? P~£(S; ax;0s)
Is it possible to automate the No Yes
design of a part with complex
geometry?
Do you need development of No Yes
additional software,
mathematical models and
algorithms?
Are design work deadlines No Yes, provided that there are calculation

models, algorithms, etc.

The simulation result of the
element that was chosen for the
example (stator core segment)

The ability of the electric machine magnetic
core to operate with a nominal electromagnetic
load with a sufficient level of cooling (heat
removal) was taken as a sign of the results
optimality of design and engineering work during
the stator core segment development.

Connecting the busbar to the transformer and
distribution board is the most important and labor-
intensive process in the installation of the busbar.

This process that requires high precision, is
carried out in a confined space and is carried out
almost entirely by hand.

Transformer terminals have rather fragile
insulators, therefore, when installing copper
insulated busbars to the transformer terminals, a
flexible bend of the busbar is usually provided,
which dampens the vibration effects. It is
recommended to connect the busbar and
transformer with a flexible busbar to avoid an
accident on the power line.

Flexible buses:

- dampen vibrations in the transformer
terminals, which reduces the likelihood of
damage to the contact connection;
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- compensate for the difference in changes in
the size of the transformer and busbar terminals
during heating and cooling;

- allow you to compensate for technological
inaccuracies in assembly (misalignment of the
transformer and busbar terminals).

Reducing the cross-section and weight of a
conductive busbar assembled from copper plates,
which are connected with silver inserts, is
economically feasible, since it reduces the
consumption of copper and silver. A general view
of the turbogenerator current-carrying busbar
used in TGV series turbogenerators is shown in
Fig. 6, where: [ — is the busbar length, mm; h —is
the busbar width, mm; b — is the busbar thickness,
mm; d —is the diameter of the hole for connecting
bolts, mm; n — is the number of holes.

To determine the best current-carrying busbar
geometry, taking into account the turbogenerator
power and its thermal loads, we will build a
multiparametric model j; = f(S), where j, —
current density; S — area of the busbar middle
section, mm?, provided that the load is a constant
value (I; = const —is the stator winding current).
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In parametric and multiparametric design, the
same goal was set: to determine the minimum
permissible cross-sectional area of the current-
carrying busbar for a given value of the electric
current passing through the current-carrying
busbar in the turbogenerator nominal operating
mode; compare the results of two design options.

LAY

Fig. 6. Sketch of the TG current-carrying busbar,
which is an element of the study

Let us write the magnetic field circulation
equation (Maxwell’s equation):

oD

el

rotH =/ +
m = Js or

®)

2

where H — is the magnetic field strength A/mm;
Js — 1s the electric current density in the busbar,
A/mm?; D, — is the electrical induction, C/m?.

In integral form we can write:

D,
ot

fH, -dl=1+ [D,-ds.
S

The current density j;, shape and cross-
sectional area S are known, i.c., the value of the
magnetic field is also known.

Let us apply the divergence operation to
equation (6) and, taking into account Hooke’s
law, write the continuity equation for charge and
current:

fj‘dSz—%-J.p-dV, (10)
S Vv

where p — is the volume density of extraneous
electric charge, C/mm?; V — is the volume of
current-carrying busbar, mm?:

V=bh-l,
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S — is the current-carrying busbar cross-
sectional area, mm?. The cross-sectional area of a
busbar that has been in operation for a long time
must be determined from (10) due to the fact that
the busbar will have defects: chips, tears, etc.

The right side of equation (10) shows the change
in charge with time, which is located in volume V.
When designing, we assume that the current-carrying
busbar is new and has a rectangular shape in all
planes. The area is determined only by the current
I, which flows through the bus section S, and the
given value of the current density ji:

an

Fig. 7 shows an algorithm for determining the
turbogenerator current-carrying busbar geometric
parameters, subject to obtaining minimum
dimensions and weight.

Start

‘ Objective function js=f(S) ‘

‘{.-

‘ Calculation result S ‘

ls( Entering initial data

IFEIHE

The function satisfié
the requirements

for js=AS)

Yes

We obtained the minimum
value of §

End

Jjs— current density, A/mm?; S — busbar cross-sectional
area, mm?; I — electric current, A; [ — tire length, mm;
b —busbar width, mm; h — busbar thickness, mm;

G — the busbar material electrical conductivity, Ohm’!

Fig. 7. Algorithm for parametric design
of a current-carrying busbar

To assess mechanical reliability, we take into
account the change in the electromechanical force
N, which arises due to a change in the
electromagnetic field when the generator
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operating current (load) changes. This force
depends on the busbar mass and on the location
where it is secured to the turbogenerator stator
winding.

Let us decompose the force N into three axes
—qx, 4y and q,, Fig. 8.

G ~.__:z,-‘—_—; w, q,
=i /W | e =
W, X " ~{|l¢
e~ OO

q-

Fig. 8. Directions of electromechanical forces
action along three axes

Possible movements of the busbar along the
x, ¥, z axes from the action of this force N will be
denoted by — wy, w,, and w,, and the angles of
rotation of the busbar cross sections around the
X, Y, Z axes — Py, Py, and @, respectively.

The busbar cross sections rotation angles
depend on the linear movements:

dw dw,
— Z . — . 1 2
C P N (12

The resulting deformation of the current-carrying
busbar &, the relative twist angle y and the
permissible curvature indices k,, and k, depend on
the linear displacements (wy, w,, and w;) under the
action of the electromechanical force N:

dw, do
g=—2=%; y=—"07;
dx dx (13)
d*-w i d*-w
k — _ z; — _ z
7 dx? : dx?

Electromechanical force N, torque M and
bending moments M, and M, (internal force
factors are given to the busbar section center of
mass) are equal to:

N=E-S-(€—a~t);

M=Ky,
M, =E-i k;

M, =E-i -k; (14)

where E — is the current-carrying busbar material
elastic modulus, MPa; a — is the linear expansion
temperature coefficient, 1/°C; t — is the current-
carrying busbar temperature in the TG nominal
operating mode, °C; K — is the current-carrying
busbar stiffness coefficient when twisting it;
reference value, which depends on the busbar
material, N/m; i, and i,— are the busbar cross
section moments of inertia, relative to the y and z
axes, kg m?.

Let us assume that the specific load gy, g, and
g5, the load from the busbar mass m, from the
transverse forces @Q,,Q, action on the current-
carrying busbar act uniformly along its axes.

Using Hooke's law, we write the busbar
equilibrium equations:
dN
—+q,=0; dﬂer:O;
dx dx
do, am
+q,=0; =—-0,=0; (15
ax P dx 9
do M,
=2 4q.=0; -0 =0.
ax dx o

Taking into account (13) and (14), system (15)
can be represented:

d’w, _ q,  dp__m,

&>  E-S dot K’

o a0 (16)
W}' — qy . d Wz — QZ

dx*  E-i.;’ dx* E-i

For a constant value of external loads along the
current-carrying busbar length, we integrate
equations (16) and obtain the following solution:

2
w =4 -x+A4,— 9. * ;
2-E-S \
3 2 X
w=C-2qc, X, xro v
2 B
X3 X2 ')C4
wZ=D1-—+D2-—+D3~x+D4+qZ—.
2 E-i
_BoxiB, Y
¢ = Db, 2T oK

The integration constants A;, B;, C; and D;, are
found from the boundary conditions at the busbars
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ends. For a busbar with a given length [, let us
denote the offset of the busbar beginning as wy;
and the end of the busbar — wy:

2
N=E—S-(w, —WO)~£+ g ! -%-(1—%}(17)

/I 2E-S

N

According to data from the TG manufacturer
(plant “Elektrotyazhmash”, Kharkov, Ukraine), we
use the ratios of the busbar’s geometric parameters:

{bl =5-d+[(n-1)-3.5-d], s

1, =5d.

where b; — is the current-carrying busbar width at
the points of the stator winding connection to the
block transformer terminals (beginning and end),
mm; [, — is the minimum permissible distance
between the bolt holes centers to the busbar edge,
mm.

Using (9) and (16), we will create an algorithm
for a busbar multiparametric design for different
operating modes (loads) in order to minimize its
mass and metal consumption according to pre-
established  conditions  for = maintaining
mechanical reliability, Fig. 9.

| Objective function j=AS,N) |

Input of initial data

!

Calculation
bsand Is

Calculation result

brand/

Yes

]
Calculation

dandn

Advantage over bolts
from M16 to M36

Let's get the value
by by b L d
and the minimum value §

End

Fig. 9. Algorithm for implementing
multiparametric design, using the example
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of a current-carrying busbar

When solving the problem, we considered load
variation (current variation) in the range from
1000 to 6000 A. We also adopted the following
data:

- permissible current density in the busbar
2.8 A/mm? (busbar air cooling);

- busbar material — copper grade M1 according
to DSTU EN 13601-2010;

- busbar thickness h = 6 mm;

- number of holes across the busbar width
equaln = 2;

- hole diameter d =18 mm (for M16
connecting bolts);

- total busbar length [ = 450 mm,;

- the current-carrying busbar width in the
central part h, = 120 mm; and width in the tail
part hy = 135 mm;

- height of the busbar tail part [;, = 90 mm;

- the busbar cross-sectional area (along the
central part) S = 720 mm?>.

The task of acurrent-carrying busbar
multiparametric design was solved in the Object
Pascal language.

The results of calculating the busbar geometry
with a thickness of h = 6 mm when the load
changes while reducing weight and size
parameters and ensuring mechanical reliability
are shown in Fig. 10 and in Table 3.

Fig. 10. The current-carrying busbar geometry,
which was obtained from the results
of multiparametric modeling

In Fig. 10 accepted designations:

b — width of the tail part current-carrying bus-
bar, mm;

b> — width of the current-carrying busbar main
part, mm,;

h — current-carrying busbar thickness, mm,;
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Table 3
Results of poly-parametric modeling of a conductive busbar with a thickness of h = 6 mm
Current | Cross-sectional area of the busbar Width of the main part | Width Of the tail Number of
. 2 conductor busbar b,, section
strength, (over the main part) S, mm . holes
A mm conductive busbar (for M16 bolt)
calculation accepted calculation | accepted by, mm
1000 357,14 360 59,52 60 90 1
2000 714,29 720 119,05 120 135 2
3000 1071,43 1080 178,57 180 180 3
4000 1428,57 1440 238,10 240 270 5
5000 1785,71 1800 297,62 300 315 6
6000 2142,86 2160 357,14 360 360 7

d — diameter of the hole for fastening bolts,
mm;

n — number of holes;

[ — current-carrying busbar length, mm.

A comparison of the calculation results for
parametric and multiparametric design of the tur-
bogenerator current-carrying busbar is shown in
Fig. 11 and in Table 4.

©

© ©
b

o @

Wl h
/

t  Material
saving

7 d
=l }
Q. "
The result of 2.5d 2.5d
parametric design 3.5d

The result of ,
multyparametric design

Fig. 11. Comparative results of a turbogenerator
busbar parametric and multiparametric modeling
in order to select the required section S

Conclusions
1. Parametric design is sufficient when it is neces-

sary to analyze the change of one parameter (for ex-
ample, electromagnetic load); and when there is no
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need to know the changes of other parameters (ther-
mal and mechanical). When it is necessary to know
and control such changes, additional calculations are
carried out, which increases the design time and the
accuracy design and calculation work, leading to the
accumulation of inaccuracies.

2. The use of multiparametric design when it is
necessary to control possible changes in several vari-
ables (electromagnetic, thermal and mechanical indi-
cators), while simultaneously taking into account the
mutual influence of each parameter change on other
indicators with the establishment of restrictions for
each parameter allows for a comparison of different
options, facilitates the selection of the best solution,
reduces the time of pre-design and design work for
the new design of an electric machine (turbogenera-
tor) development and reduces the time of its transfer
to production. Similar results will be obtained when
upgrading operating equipment; for example, when
replacing the cooling of the internal volume of a tur-
bogenerator with hydrogen for air.

3. The use of combinations of existing meth-
ods of multiparametric design and the develop-
ment of private mathematical models for a single
unit (or machine) allows for a significant im-
provement in the quality of the project being de-
veloped and a significant reduction in the time re-
quired for subsequent optimization and moderni-
zation of the electrical machine design.

4. The results of the stator core segment mul-
tiparametric design are shown with a change in
the turbogenerator power, i.e., with a change in its
thermal state and mechanical loads on individual
elements. Without additional calculations, pro-
posals were received on how, depending on the
turbogenerator power, i.e., the value of the total
current in the stator core slot, the geometric pa-
rameters of the core should be changed: the shape
and dimensions of the slots and axial cooling
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channels, the outer and inner diameters of the sta-
tor core.

Table 4

Comparison of the calculations results using parametric and multiparametric design on the turbogenerator
separate node (current-conducting busbar) example

parametric
Index designing multiparametric designing
Design goal: to minimize the parameter (busbar cross-section S)
Objective function: J=AS) Jjs=A(S,N)
Is it possible to design with changes in other Yes/ For X ample, in the objective
? . function, take into account the temperature
parameters (temperature; change in materials No S .
from which the element is made, etc.)? value t, which is determined by the load
e (TG operating mode) j=f(S,N,?)
Is.1t possible to automate the design of a part No Yes
with complex geometry?
Do you need the development of additional No Yes (after development of additional calculation
software, mathematical models or algorithms? models, algorithms, etc.), we need it
Are design work deadlines being reduced? No Yes (aft§r development O.f additional
calculation models, algorithms, etc.)
It is possible to change another indicator as an Forcing. Electrical Engineering &

adjustable parameter, for example, a change in
thermal characteristics. In this case, it is possible
to simultaneously obtain the results of changes in
geometric parameters, electromagnetic and me-
chanical characteristics at the specified limit val-
ues of these indicators.

5. Based on the conducted analysis of the pro-
spects of using multiparametric design in the creation
of electrical machines, it can be concluded that mul-
tiparametric design is necessary for the electrical ma-
chines design in which a change in one parameter sig-
nificantly affects other indicators, the change of
which, in turn, has clear permissible limits, which can
also be determined during modeling. Multiparametric
design requires more in-depth preparation of calcula-
tion models, the construction of more branched algo-
rithms and the development of additional software.
However, such design allows taking into account the
technical capabilities of a particular enterprise, will
increase the accuracy of execution and reduce the cost
of design work.
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