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Abstract

This paper shows the use and effectiveness oe&feldment method while designing an air core redotodetermining the
short circuit forces and stress level due to sbiocuit. A 500 Amp air core series reactor havirmgnmal voltage rating of 600
Volt was to be designed and to be subjected tooat slircuit current of 8 KA for 2 second. A finielement approach was
adopted in designing the stress level due to stiantit forces and the results were utilized in €leping a reactor that finally
withstood the short circuit test.
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1. Introduction

The use of finite element method is evident sitang for various applications such as determimabtf forces in a civil
structure, stress analysis in a mechanical streictffect of vibration and shocks on a structureamnponents, thermal analysis of
an equipment or part therein etc. The FEM is bailsg effectively utilized in analyzing the perfonnea parameters of electrical
equipments such as transformers, generators, imduetc. Kladast al. (1994) represent one such application of FEM for
calculating the leakage flux and force on a powamdformer winding under short circuit conditiored®ly and Vijaykumar (2008)
have evaluated life of a power transformer by deteing the hottest spot in the transformer usindFBsing quasi-static finite
element and circuit based method. Barzegastaah. (2009) carried out the frequency response arslpspower transformer for
detecting the winding short circuits due to intemt faults or disk to disk faults. Pierce (1995pnd et al. (2005), Bell and
Bodger (2007) and Tsiét al. (2008) also describe various approaches for degjgransformer using FEM.

Kumbhar and Kulkarni (2007) presented short cir@angalysis of a split winding transformer using dedpfield circuit
approach. In their study they estimated short d@ifouces on an individual winding using FEM. Hovesyactual deformation due
to such short circuit was not estimated. These amg@chl forces have been taken care of by Ahal. (2012)on a 50 KVA dry
type transformer with experimental verification.

In this paper, FEM has been used to determine tibet gircuit forces in an air core, single phase,Hz, 600 V, 500 A,
(continuous duty) dry type series reactor asserggthck of two reactors one over other) as showfigiriL, when being subjected
to thermal short circuit condition at 16 times dhtairrent for 2 sec according to IEC 60076-6, 200M using Matlab by Kwon
et al (2011) and minute details of alternating niaelby Say (1983) provided the needed insight. it circuit forces, radial
and axial forces have been estimated using eleagogtic model and then these equivalent mechafoce¢s were used to
determine the stress level using Von Mises strgsatons. Using FEM the deformations in the reactl in radial and axial
direction have been identified along with the stesson the supports. Based on FEM results, a fatgafety was determined and
a reactor coil was developed which then subjeaethtactual thermal short circuit testing at CHBRigpal, India.

2. Electromagnetic Force Analysis
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The model of an air core reactor is as shown imfieid. and its specifications are as given in Table

Table 1. Specification of Air core reactor

Type of Reactor Air CoreDry Type
Category Series Reactor
Line Voltage 600 V
Current Rating 500 A
Duty Continuous
Thermal Short Circuit Ability] 16 Times Rated Curren
For 2 sec
Reference Standard IEC 60076-6, 2007

@ | Estimate
Mechanical Forces

Determine Short * -
Circuit Curren Stress & Strain
Reactor Coill Calculations
v
Estimate Linkage v
Flux
¢ Redefine factor of
safety to Modify
Calculate Short Circuit Structure Design
Forces in Radial and —

Axial Direction

Figure 1. Reactor Model Figure 2. Flow Chart for Short Circuit Analysis of Reactor

2.1 Short Circuit Current and Force Calculation: The Lorentz’s force due to short circuit curremdainkage flux causes
mechanical forces and deformation in the winding.eBtimate the resultant mechanical forces on thdimg, a sequential FEM
as presented in [1] has been used. The flow cbathé same is shown in Figure 2.

The short circuit current under transient condittan be approximated as

—Bt V
l.(t)=1e"t +—"—cosat (1)

Where, |4 is the short circuit current arglis the initial current in Ampere (A), R, L and Xearesistance in Ohnf2]) Inductance
in Henry (H) and reactance {drespectively.

The value of initial current depends on the insafrgwitching the circuit. At switching instant tG; if voltage is zero theh
will have maximum value and if voltage is at itsapehen it will be zero.

The transient magnetic flux depends on the magngtieharacteristics. Since this is an air core tarache linking flux will
increase in proportion to the short circuit currd@iite component of the flux using vector potertda be expressed as

0 0
B =- A’, B, =0, BZ=}—rA"
r or

2
" Fe @)

According to Lorentz’s force, the expression faradtfomagnetic force is given as in equation (3js linidirectional pulsating
type since it is proportional to the square of¢heent.
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where, F is the electromagnetic force in Newton (N) at arstant t and-,, represents the maximum value of force in N.

This force F, comprises of two forces, one in radial directiod ather in axial direction. The reactor is consigtof one single

coil only and hence the radial force will be in watd direction. The axial force will be having poadnant effect in the
downward direction for bottom coil and in the updatirection for top coil. This is because the sta¢khese coils is to be
connected with one single phase only. The maximaltutated value of radial force found is 605 N #imat of axial force is 363
N. To find out the structural deformation, thesecé&s are used as an input data to the stress sh@dlel using von Mises
Criterion.

2.2. Sress Srain Calculation and Deformation Prediction: The von Mises yield criterion is used to deterntime stress level in
the reactor coil during short circuit conditidiathematically the von Mises yield criterion is esgsed as:

J, = K2 (4)

where K is the yield stress of the material in pure shéathe onset of yielding, the magnitude of theashgeld stress in pure
shear is\3 times lower than the tensile yield stress indhse of simple tension. Thus, we have:

Uy

where,ay is the yield strength of the material. If we d®t ¥on Mises stress equal to the yield strengthcamabine the above
equations, the von Mises yield criterion can beregped as:

o,=0,=,3J, (6)

In terms of Cauchy'’s stress tensor componentsctherion can be expressed as

\

1
oy = E [(011 B 022)2 + (022 - J32)2 + (032 - 011)2 + 6(0122 + J222 + 0321)] %

This equation (7) defines the yield surface ageutar cylinder whose intersection with the dewis@lane is a circle. It can be
reduced and reorganized for practical use in diffefoading conditions.

In case of uni-axial stress or simple tensioh,# 0, and 0,=0, = 0, then the von Mises criterion simply reducesio=0,
which means that the material starts to yield whemal stress (uni-axial stress) reaches the gi@&hgth of the material.

Using the results obtained from simple uni-axiaisike tests, yielding of material can be prediatedier multi-axial loading
conditions. In this situation, the equivalent témsiress or von Mises stre6g, can be expressed as in equation (8).

=Slo-a +lo-0 ) +(o.-ar)] ;

g, _E g, —0, og,—0, g, —0; (8)

The short circuit forces calculated above are cdadeinto equivalent mechanical load with an adégfactor of safety (SF).

The stress/strain values are then computed usingMises criterion. The stress and strain valuesHhasen calculated for the
following conditions.

1. Transverse (horizontal/radial) load and Longitatl(vertical/axial) load with a factor of safelybs.
2. Axial and radial load with increased factor afety (SF 2) by strengthening the mechanical strecind coil supports.

2.3 Stress and Deformation with Factor of Safety 1.5 for Transverse and Longitudinal Loading: The determination of factor of
safety is done based on the average value of fmatmeilated and stress likely to be exerted on thelable surface area of the
support structure. It is the ratio of yield strésshe actual stress.

The boundary conditions for these entire analysés & shown in table Il. The Stress, Strain andoiedtion values are
summerized in table Il for a safety factor of 1The values shown are the maximum values obtaingchglthe analysis at a
perticular node.
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Table 2. Boundary Conditions

L oad Pattern No. of No. of Boundary Conditions
Nodes | Elements | Total Stressin MPa | Total Deformation in mm
Transverse 230020 690087 <270 <2.0
Longitudinal 243154 729462 <70 <1.0

Table 3. Stress Strain Values and Deformation for SF 1.5

L oad Pattern Stressin M Pa StrainX10 3 Defor mation in mm
Transverse 202.5 4.692 2.300
Longitudinal 74.4 3.560 0.710

von Mises (Mimm"2 (MPaT)
LURES (mim)
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Figure 3. Stress with Transverse Loading. SF-1.5 Figure 4. Deformation with Transverse Loading. SF-1.5
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Figureb. Stress with Longitudinal Loading. SF-1.5 Figure 6. Deformation with Longitudinal Loading. SF-1.5

2.4 Sress and Deformation with Factor of Safety 2.0 for Transverse and Longitudinal Loading: Based on the results obtained
for a safety factor of 1.5 it was decided to inseeidt to 2, since in Longitudinal loading with d&etg factor of 1.5, the stress
developed has crossed the boundary condition Bmit0 MPa whereas the deformation obtained in varse loading has also
crossed the boundary condition limit of 2.0 mm.
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Figure7. Stress with Transverse Loading. SF-2 Figure 8. Deformation with Transverse Loading. SF-2
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Figure9. Stress with Longitudinal Loading. SF-2 Figure 10. Deformation with Longitudinal Loading. SF-2

Table4. Stress Strain Values and Deformation for SF 2

L oad Pattern Stressin MPa StrainX10 ° Defor mation in mm
Transverse 63.4 2.136 0.590
Longitudinal 27.1 3.000 0.601

In this analysis, the effect of thermal stresses ttuheat generated during short circuit conditias not been taken into
account due to the fact that the testing at 16dina¢ed current will be for 2 seconds only and peirthermal short circuit test,
there will not be any consecutive shots for whicérinal effects are needed to be accounted for. this@urrent density taken is
less than 1 Ampere/square mm.

3. Results

The summary of the results obtained using thigl Bl applying von Mises criterion is given in Tali\éfor a safety factor of

2. Above results shows that with increased valusadéty factor, the stress value in Transverseithggdnd deformation therein
have reduced substantially. This indicates thah witengthening of mechanical structure and cqipsuts, the geometry has
become more rigid to sustain the electromagneticefa Based on the above results, the reactomesilsubjected to the actual
thermal short circuit test at CPRI, Bhopal, India.

A short circuit current of 8000 A rms was passad2feeconds. The reactor coil withstood the cursetessfully. The passing
criteria was — “variation in inductance value of tieactor must be within +/- 2% of the design/detlavalue”. At the end of test,
the variation in inductance value found was 0.08itich was quite below 2%. Thus it successfullysedsthe test.

4, Conclusion

This paper proves that the short circuit stregse be evaluated in terms of mechanical defoomaising finite element method
to an extent whereby considering proper factorabéty, the short circuit proof equipment (reactothis case) can be built for a
specified short circuit level. This approach iswaate, less time consuming and helps in identifythigy factor of safety without
developing any prototype model. The same approachbe extended to determine the short circuit wathds level of other
electrical equipments such as transformer, genesatootors etc. The method can be used to idetiiéyinter layer forces
between the layers of a concentric winding machiso the deformation in a winding can be prediateder transient condition
especially in case of large power and distributramsformers.
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