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Transformer Classification

by their rating

Large Power Transformer
Large Power Transformers Distribution transformer /

* Not connected to the LV grid Sa

* Their design depends on the type of
the application

» custom designs,

* not mass produced items

2500 kVA +>...

Large

Medium

I Small
500 kVA 7500 kVA 100 MVA



Nagytranszformator tekercsek
szigetelési rendszere

N tekercs

képeny-tipus mag-tipus

- Kopeny tipus * elényei : szimmetrikus felépités, (homokora alaki tekercsek),
egyszerl szigetelési rendszer, adott impedancia esetén a zarlati erok felezodnek,
ha megduplazzuk a tekercsparok szamat

- Mag tipus °: koncentrikus tekercsrendszerek a vasmag koril, a napjainkban
gyartott nagytranszformatorok jelentos része ebbe a csoportba tartozik.

ZRyan, H. M. (2013). High voltage engineering and testing, 3rd Edition. IET.
3Karsai, Kerényi Kiss (1973). Nagytranszformatorok, Miszaki Kényvkiado, Budapest.



Transformer Design

Optimization

Goal

* to find the cost-optimal mechanical and
electrical parameters ‘ l

Technical Specifications
Costs

Material and Capitalization ‘

« which minimize the machines’ total cost of

the ownership )l — \
* by reducing the different power losses
and the manufacturing costs ¢
pommmememess m=s=mem=========> | preliminary Design
Optimization model Expert
* Non-linear - thermal, electromagnetic, E
mechanical domains interplays L 3 | Final Design
* Uses a simplified model - filling factors * *

~20 design variables Checking




Total Cost

of Ownership

 Lifetime cost of transformer losses
* 1900 G. Kapp -- different constructions for water and coal power plants

 Comparable to the upfront investment cost (manufacturing,
transportation)

« Design optimization should consider total life-time cost
* Balance between the present and future expenses

- Capitalization factors (K,, K,)

« Calculated as the discounted cost of energy losses throughout the
lifetime of the equipment

* Future cost of power losses are expressed in present prices

* Optimal transformer designs generally differ
significantly
« Varying operating cost structure can be addressed

by two separate factors:
no-load and load loss factors

2000 kW

44. dbra. Vizhirésd olajranszformitor. — Wassergekihlter
Oltransformator. — Water-cooled oil transformer. — Transforma-
teur 4 huile refroidi 4 I'eau. (1905).



Total Cost of Ownership

Objective of the Optimization

TCO can be expressed as
C=T0C=PP+A-P +B-P,

PP: purchase price of the equipment [€]
P.;: no-load loss [kKW]

P,: load loss [kW]
A, B: capitalization factors [€/kW]

Capitalization parameters are derived from:

Discount rate, book-life of the equipment Cost of energy losses, cost of delivering power
losses, Load-loss factor, rms of the utilization factor



Transformer Design

Optimization
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* Heuristic (or approximate & ik -

(or app ) The availability heuristic
algorithms aim to find a good solution to a problem in
a reasonable amount of computation time — but with
no guarantee of “goodness” or “efficiency” (cf. exact
or complete algorithms).

— / All the information

The information you use
to make a decision

e recent

e frequent

* extreme

e vivid

e negative

* Heuristic is used to solve NP-Complete Problem , a
class of decision problem.

* A heuristic is, simply put, a shortcut. Heuristics are strategies often used to find a solution that
IS not perfect, but is within an acceptable degree of accuracy for the needs of the process. In
computing, heuristics are especially useful when finding an optimal solution to a problem is
Impractical because of slow speed or processing power limitations.



Metaneuristics

High-level strategies that combining lower-
level techniques for exploration and
exploitation of the search space.

* Metaheuristics are strategies that “guide” the
search process.

* The goal is to efficiently explore the search

space in order to find (near-)optimal solutions.

* Metaheuristic algorithms are approximate and
usually non-deterministic.

* Metaheuristics are not problem-specific.

Naturally inspired

Metaheuristics
ﬁ'opulation \
/" Evolutionary
algorithm
‘ (Genetic algorithm) §
Particle swarm| =g
Genetic optimization E
programming ~1
| Evolution I Ant colony optimization
Evolutionary | strategy | algorithms
programming ! —
- x
Differential Estimation of distribution 'E— =
evolution algorithm 0, 9
\ o 3
e T . (1]
W | | g :
1 Simulated =3 ! *2
// annealing 2
' ".-'

|

S— Tabu search

k‘l‘rajectory

(Iterated local search)

GRASP

(Stochastic local search)

(Variable neighborhood search] [Guided local search)

Dynamic objective function

yoJeas |eso1



CSOportositasa

Optimalizald algoritmusok

Optimisation algorithms
¥
Deterministic Stochastic
I l l l
Linear programming | Phrf;ﬂ:?r:g Gradient based ‘ Heuristic ‘ | Metaheuristic ‘
: Geometric
Simplex H programming Mewton methods l 1 l i
Elipsoid DU:S'.gth'.:)ds n Constructive heuristic ‘ Local search Trajectory based PDP?,L?ER“?M

Interior point Conjungate gradients Hill climbing 5“1’;’;3‘?5&“

Simulated .
annealing Evolutionary

Tabu search




Geometrial Programozas

- A formalizmus alkalmazasa garantalja, hogy a megtalalt optimalis megoldas a
feladat globalis optimuma lesz.

- Masik fo elonye, hogy a korszerl belsd-pontos algoritmusokon alapulo
megoldoprogramoknak koszonhetoen rendkivil nagy méretl geometriai

programozasi feladatok (GP), rendkiviil rovid id6 alatt megoldhatoak, akar egy
személyi szamitogépen 10,

Standard alak Konvex alak
min(f,) x=e’ min(log fy(e”))
ha fi(x)<0,i=1,...,m log(f(¢"))<0,i=1,...,m
h(x)=0,i=1,..., p log (h(¢'))=0,i=1,..., p
Monom alaku feltételek: hilx=exix:. ceR’'
. K acR
Pozinom: f(x)=>h(x)
k=1

'0Boyd, Stephen, et al. "A tutorial on geometric programming.” Optimization and engineering 81 (2007): 67.



Geometrial Programozas

Rovidzarasi Impedancia

- Mag tipusu transzformatorok esetere nem irhato fel a drop ertéke a megkivant
monomialis alakban, ahogy azt meg lehetett tenni kopeny-tipusu
transzformatorok esetén.

Drop értéke a szabalyozo tekercs kikapcsolt
allapotaban:

Z= (an)‘u"fp’”" R, Bl Rt
Uilh+s) | 3 3

3
&
1L
*
UL
4
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Geometrial Programozas

Rovidzarasi impedancia

- Pozinom alakl egyenlotlenséghol pedig csak felso korlat adhatdo meg, azonban a
gyakorlati koltségoptimalas megoldas szamitasa soran 5,6% - os érték addédna az
elozo példaban emlitett 50 MVA-es transzformatorra, szemben az IEC szabvany,
vagy a gyakorlati zarlatallosagi szempontok altal megkovetelt 10.5-13 % kozotti
drop ertekkel.

Drop ertéke a szabalyozo tekercs kikapcsolt allapotaban:

112,0

110,0 A

Z

s (Eﬂi)ﬂnﬁ) o [ Rl 7! R.vtp +R.1, | ‘
Uih+s) | 3 3 L

/\

¢ *(A+B+C+DISL
Z

106,0 -
IEC szabvanynak

és az eurépai
tervezési
gyakorlatnak
megfeleld drop
értekek 50 MVA-s
Nagytranszformator
| _esetén

TOC [%]

104,0 7%

Lgl-
A+B+C+D

X

102,0

100,0

98,0 . ; i . ’ : ; :

2 4 6 8 10 12 14 16 18
Rovidzarast impedanaa [%q]

Kapitalizalt ar a példa alapjan 300-900 ezer €

A drop hatasa akar 90 ezer € egy transzformator aktiv rész koltsegere



Geometrial Programozas

Rovidzarasi impedancia

500 €

drop X
szétvalasztas

- Elképzelhetd az optimalizalasi feladat egy olyan
relaxacioja, ahol a GP pozinomialis
formalizmusanak nem megfelelo
egyenlotlenségeket, fizikai jelentéssel nem biro,
absztrakt valtozokkal helyettesitjuk.

600 €
drop X'
szétvalasztds

nem megoldas
levagas

- Ezeket az Uj valtozokat egy also és egy felso korlat
kozé szoritjuk, melyeknek az értékét kivilrol

allitjuk, a BB gap modszert alkamazva. . g

- A BB lényege, hogy a feladatot (a megengedett it metszes
megoldasok halmazat) felbontjak kisebb
feladatokra (részekre). Az igy kapott feladatok
megoldasara pontos also vagy felso korlatot
tudunk mondani .

- A minimalis TOC-j0 transzformator koltsége a /
dropot nem tartalmazo geometriai programozasi PN
feladat megoldasakent adodik. N T

"Dr. Hazy Attila. Nemlinearis optimalizalas. TAMOP 4.2.5 Palyazat konyvei. (2011).



Geometrial Programozas

Rovidzarasi impedancia

- : 2
Z=c1-(R3t‘+Rgt"+ s-g+t"29+92—)
e
[ | N {1 I AVARY)
B=A+II
A=T BZA'(1+de)
B=A+I] 11
C=B+i1 WEm)  kd,=
D=C+IV B<A-(1+ku,)
kHAEZ




Transzformator aktiv reszének az optimalizalasa

egyszery iteracioval, pso, gwo-rel

A modszer gyorsasagat, teljesitoképesseget !

egy elterjedten hasznalt iteracios modszer | Nemnapower T oo boremerers:

-Short circuit Impedance

12 jlletve az erre épul6 genetikus/evollcios :‘;tL‘Tk;gg °
: E i7coa - Tyoh o cormieeiion Re @ ™
modszerekhez képest vizsgaltam (PSO, i g 9

Cost of the materials and the capitalization

- Winding filling factor, core filling factor
GWO) - Minimal insulation distances
. - Type of the core material
i > > - Limits on the losses, flux density,
Av |zsga lt N agytra N SZfO rmator: - Limits current density in the windings

. S =80 MVA | 1

- calculate volts per turn

- calculate winding dimensions
= UK =33 kV ol

-calculate core dimensions
-calculate short circuit impedance

- caleulate core masses and no-load losses
- - caleul load |
. UN = 225 kV j:lssl::ztﬁ?al:::f:fawnership
- BIL = 1050 kV
. AC = 460 kV Find the Design with Minimum TOC |«

- Drop =16.5 %
6

2pavlos Georgialakis. Spotlight on Modern Transformer Design. Springer. (2009).

Does the design fit for
the requirements




Transzformator aktiv reszének az optimalizalasa

egyszery iteracioval, pso, gwo-rel

- A tablazat a négy kiilonb6zo

modszerrel kapott optimalis . MDM_PSO  GWO _metabeurisstikus
- = 2 i ]
megoldas kulcs parameétereinek és a oszlopétmeért mm 750 74745 753 746
e " s oszlopindukeid T 142 142 141 1
celfuggveny erteket tartalmazza. A mg;:,;,m,%ﬂ :k}v ;:igs %ﬁ, %‘igés %E:s_‘
i p - - etfesziilt . o .
metaheurisztikus megoldas talalta K tokercs magnesdga mm 1760 171255 173731 1706 ——
. L ’ Aramsiiriiség
meg a legolcsobb celfuggvenyhez r— oy R TR VT
A 1 1 . Ao 1 N tekercs 1.98 L80 20 2.0

tartozo, szignifikans elteres nincs, a Sabilymt tekeres Ly 325 260 434 30
vesztesegertekek korulbelul Osszegats

f - k t k k rﬁvisi;;reglv?zteeeg KW gfl5 %5.17 %-{8.43 g-}-l.l
egy Orm“a : a tekercse " . ré:tm:ege!“ :nm 18.73 18.73 18.41 18.1
magassagaban van a fo elteres. célfiiggvény € 703437 708056 703328 698846

e
- Az also abran a 4 modszer

konvergenciajanak a sebességet
hasonlitja ossze, feltetelezve, hogy 1
iteracio szamitasi koltsége megegyezik
a négy esetben. Itt is az Uj
metaheurisztikus keresés volt a
leggyorsabb, mig a leglassabb és Ve e e revcs
legkoltségigényesebb megoldas az e

egyszerl iteracio volt.

=— P50
e Rerboidn ol hoks

kapitalizlt & [€)
ARAAISIAN,




lnsulation oyvstem Desigrn

- Elettartam szempontjabal
akkormegfelel6 egy villamos gép
szigetelése, ha a tervezett
idOotartamalatt, zavartalan tzemeltetést
biztosit.

* A nem megfeleléen méretezettszigetelés
miatt bekovetkezdlzemzavar miatti
koltségek rendkivilmegnovelik a gép
Uzembentartasanaka koltségét.

Costs

Safety factor
* Gazdasagossag szempontjabdl akkor van

megfelelden méretezve egyszigetelés ha

biztonsagi tényez6je az eredd gorbe

minimumanak megfeleléérték

kornyezetébe esik. (E.,=Emeg)



Szigetelések gazdasagossaga mag

tipusuy transzformator esetéen

A szigetelési rendszer szigetelési "—_rK rN. rSZ
tavolsagainak minimalizalasa mag tipusd, >
szabalyozotekercset tartalmazo, L H "" N
koncentrikus tekercselrendezésu Tt E h;,(

nagytranszformatorok esetén a kovetkezo
megfontolasokhoz vezet >:

- a K (kis feszlltsegl) tekercset helyezik h
el a vasmaghoz kozel, a szigetelési K K
tavolsagok csokkentese erdekeben

- a szabalyozo tekercset helyezik el a
legkiilsd atméron, hiszen ennek a

tekercsnek a legkisebb a tomege, ha a Y >
két fotekercs kozott, vagy elott Y ] ? T" tr
helyeznénk el, akkor jelentosen D KN L
novelné a fotekercsek tomegét és a _H g 8
szigetelési tavolsagokat. A r‘?::: S

VSZ

°Karsai, Kerényi Kiss (1973). Nagytranszformatorok, Muszaki Konyvkiado, Budapest.



200 MVA - 420/230 kV-0s nagytranszformator teljes

élettartam koltségei kulonbozo tekercselrendezéseknél

v
=
4
=
=

- (. |

' S
(S

A metaheurisztikus optimalizalo(Opt) altal szamolt rovidzarasi impedancia és a
rovidzarasi veszteség végeselem modszerrel (FEM) kapott eredményekkel.

Sz 1 Sz 11 Sz I11

Opt FEM Opt FEM Opt FEM
Aktiv rész teljes rovidzardsi vesztesége kW 2468 2538 2191 233 238.2 246.2
Rovidzarasi impedancia

abszolut értéke % 13,0 1338 13,5 13 13,5 13,57
képzetes része % 13,5 1338 13,5 13 13,5 13,57
valos része % - 0,13 - 012 - 0,12




Artap, Adze-modeler

Robust Design Optimization framework

Artap

Open source framework for robust design
optimization *

i nte rfa Ces fo r a b roa d COl Iectio N Of Thermal Insulation of Buildings

optimization algorithms: | HEAT TRANSFER

* genetic and evolutionary algorithms,

* interfaces to libraries such as Nlopt, FLUID DYNAMICS
Bayesopt, etC . — ‘ STRUCTURALMEi—IANICS

* tools for machine learning (neural “ r
networks, Gaussian processes, etc. )

¢ ﬁn|te element SOIVerS AgrOS'SU|te, o Multiplatform C++ application (GNU Linux, Windows)
Comsol’ MUIt| phyS|CS, Deal ” o Open Source software distributed under GNU GPLv2

o Development since 2009

o Collaborations with other universities and industrial partners

Published in: David Panek, Tamas Orosz, Pavel Karban “Robust Design Optimization Framework for Engineering Applications” [ICDS2019]



robust design

A optimized design
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Motivation

Induction brazing

Make a fast and accurate

sleeves
temperature control of
Induction brazing process
evaporator.
’ .EOC]
;z_ oC 600,0

Critical temperature

@ hotspots

@ cold spot

Fig. 1. Temperature map of system after heating.

Published in: David Panek, Tamas Orosz, Petr Kropik, Pavel Karban, Ivo Dolezel “Reduced-Order Model Based Temperature Control of Induction Brazing Process” [PQ2019]



Importance of Temperature Control

Induction brazing

* A precise and fast temperature
control is required

"‘*‘U .

_ ,,g’-.—*f'-'

 The melting point of the applied:
- Aluminum alloy: 660°C
- Soldering material (AlISi12): 580°C

* The optimal brazing temperature in
the hot-spot is ~620 °C

Types of brazing defects

Published in: David Panek, Tamas Orosz, Petr Kropik, Pavel Karban, Ivo Dolezel “Reduced-Order Model Based Temperature Control of Induction Brazing Process” [PQ2019]



ADZE-modeler

adze - modeler




ADZE-modeler
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Fig. 8: Geometry and design variables
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Artap

Optimization model

Artap
NSGA - II
L B D
( Generation of Individuals | Key-design paramters: i
-~ ezt I - independent variables 8.0651e-04
j yParielization A - analytical parameters I

6.0492e-04
5.0412e-04

F - results of FEM calculation

Transformer @ & ] G - results of GP model seos
Model i — N
(Analytical Modelj 1.47510-07

Generate offsprings

|
[@@ ] - binary tournament

selector

(FEM Model in Agros)

1360

! , - recombination and
@@@ ] mutation
Y

(GP Based Winding Model )

DAEHE)
Y

Crowding distance, Sorting,
nr of iterations reached?

Results

In review in: Tamas Orosz, David Panek, Pavel Karban “FEM-based transformer design optimization” [?*]



Artap

Tekercs modell

* Radial flux density is concentrated at the winding
ends -> cause high losses PR

* Modern wingdings are made from more than one
segment Radial flux density

* The impact of the modern, ester or silicon oil type
transformer oils cannot be considered on the design
without the knowledge of the optimal conductor
sizes

In review in: Tamas Orosz, David Panek, Pavel Karban “FEM-based transformer design optimization” [?*]



Artap

Tekercs-kiosztas

- calculating and extending the the optimal
transformer model with the conductor sizes for
the different winding segments - d* and h*

- with these values the eddy losses can be

calculated by a 2D FEM method:

1
Pux = = (wd*B,)?

1 C or
Prog = — h*BT :
d= 5 4p (w ) ‘ __3

- then the temperature gradients from an electro-
thermal analogy

@D

H

- >
@D
o

& ‘temperature
D

In review in: Tamas Orosz, David Panek, Pavel Karban “FEM-based transformer design optimization” [?*]



Fredmenyek

The physical correctness of the transformer model
has been validated by an existing, 10 MVA, 33/6.9
KV, star/star connected transformer.

The resulting value of the short-circuit impedance
(SCI) from the finite element analysis is 7.52%,
which is very close to the measured value
(7.34%).

The measured eddy loss of the LV winding is is
489.55 W, 583 W after the GP optimization. The
resulting conductors are 1.7 mm thick, compared
to the manufactured transformers 2.3 mm .The
GGP algorithm calculated 14 K for the
temperature gradient.

e ol oo o e — (o
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ADZE-modeler egy AGPL licensz( eszkdz, letdltheto a

www.github.com/RobustDesignStack/Adze-modeler
Artap is a MIT licensz( eszkdz, you download it from here:

www.agros2d.org/artap

orosz.tamas@montana.hu



http://www.github.com/RobustDesignStack/Adze-modeler
http://www.agros2d.org/artap

Koszonom a figyelmet!
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