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Abstract--This paper proposes an enhancement on the decomposition [3], or even applying a sliding windwith the

methodology commonly used for overvoltage analysimotivated
by the excitation of electric network resonance pais due to the
injection of harmonic currents by equipment with nm-linear
characteristics. The improvement proposed comprehats the
inclusion of effects caused by non-linear equipmeninto the
frequency scan study, the harmonic content survey,the
transformation of currents and/or voltages from thephase to the
sequence domain and the application of the Windowedrast
Fourier Transform (FFT). This enhanced methodology was
applied in the investigation and identification ofthe unexpected
resonant behavior causes observed in the pre-operanal
electromagnetic transient studies for the energizan of a
230/138/13.8 kV — 150 MVA autotransformer.

Keywords. Electromagnetic transients, analysis methodology,
undamped overvoltages, frequency scan, sequence qmnents,
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harmonic content.

I. INTRODUCTION

THE J. Teixeira substation (SS) began its operatio20itd
on Brazilian North Region and is located in the &oma
Rainforest. In the course of the
electromagnetic transient studies for
energization, unexpected voltage behaviors on ydaub bars
were detected. Those voltages were shown to bélatsoy

and undamped, regardless the simulation duratidwichMed

to suspicion of having excited a resonance or gussinance
in the electric network. As in [1], one of the mastmmon
causes of transient overvoltages motivated by @smes is
the energization of transformers connected to ljgtdaded
radial circuits.

This type of scenario, where there is a suspicibeome
non-linear element exciting resonant points in #ectric
network, is usually investigated through its impes&a
frequency scan study, which is then compared tonconty

same time length [4], of the currents and/or vatgagn the
phase domain of the case in study. Although thihodology

is consolidated [5] [6], it can be further enhangeviding a
deeper understanding of the observed resonance
characteristics.

This work proposes a new procedure to research and
identify the causes of the mentioned oscillatiotseoved,
consisting of the insertion of four steps to thepidsl
methodology, namely:

a. Insertion of transformer saturation’s effect time
frequency scan, by means of the magnetizing branch
equivalent inductance reproduction when subjed wertain
overvoltage, even in a simplified manner;

b.  Survey of the harmonic currents content injedigd
the transformers present in the simulation whenjestitto
overvoltage, similar to those obtained in the rafee case, to
enlighten which network resonance points could usted by
those equipment;

c. Transform the voltage found in the mentioned
equipment terminals under energization from phaee t

pre-operationgbquence domain [7];
autotranséosm

d. Decompose into frequency domain the sequence
voltages by applying the Fast Fourier TransformT{(fRlong
time, making use of the sliding window technique.

The procedure proposed allowed the identificatibwluch
one or ones points of resonance have been exdited,
sequence and which equipment provoked the phenameno
Furthermore, it enabled a deeper understanding hef t
behavior and the origin of the resonant procedswalg a
mitigation strategy, the evaluation of its effeetiess and/or
making decision with better technical basis.

The simulations were carried out with the Altermati
Transients Program (ATP) [8]. Specific tools wesveloped
to compute sequence voltages, its frequency decsitigro

expected [2] harmonic orders for the phenomenoneundnq ¢q calculate the approximate equivalent inchazteof the

evaluation. This comparison can also be carried witih

transformer magnetizing branch when subjected ttages

harmonic orders obtained through the one cycle iBourgpgve the knee point of its saturation curve.
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230/138/13.8 kV - 150 MVA autotransformers (ATR)dahe
138 kV interconnection trunk, in double circuit, Tkixeira —
Mutirdo — Cachoeira Grande.

The first ATR energization, with the second unitf of
service, was simulated from the high voltage sidelially
through Maua IIl thermoelectric power plant (TPRja



double circuit 230 kV transmission line (TL) J. Xeira —
Maua lll, as shown in Fig. 1. Its leakage reactanes, is
9.40 % on the ATR’s rated base. The consideredtgdattor
of the ATR windings is X/R = 50.

Maua Il
16.5 kV
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230 kv

J. Teixeira
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12.77 km 150 MVA
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Fig. 1. Single line diagram of the electric netwdor the J. Teixeira SS
230/138/13.8 kV — 150 MVA autotransformer (ATR) egigation.

1.054 pu on J. Teixeira 230 kV bus bar.

The magnitude of maximum inrush current found is to

some extent small to what is usually obtained amgformers

energization (Fig. 3).
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The TL which connects the Maua Ill and J. Teixeirgig. 3. Currents in the high voltage side windingsained in the J. Teixeira

230 kV is 12.77 km long in double circuit. Its pareters are
given in Table I. Surge arresters of 192 kV — 4J&W were
placed on both TL endings.

TABLE |
230KV TL J.TEIXEIRA —MAUA 1l PARAMETERS-60HZ
R X Y
@km) | (@km) | (uS/km)
Zero sequence 0.19470 1.1226 3.0389
Positive/Negative | ya505 | 032834  4.8763
sequence

On Mauéd lll TPP (Fig. 1) was considered a singls g

turbine machine in operation generating in 16.5 k\erted
into ATP using the 58 model for three-phase synubus
electric machines [8]. The power plant 16.5/230 kV
230 MVA step-up transformer (TF) hagsZ= 13.0 % in its
rated base and X/R = 48.75.

autotransformer (ATR).

The case that presented the higher overvoltage itaiaigl
and also the undamped oscillatory behavior, ilatett in
Fig. 4, will be analyzed using the proposed methagio in
the following section.
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Both TF and ATR saturation curves are shown in Big. Fig. 4. Phase to ground voltage on the high veltagle of J. Teixeira

They were represented with the saturable transfornie

component model [8].
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totransformer (ATR).

lll. PROPOSEDMETHODOLOGY STEPSAPPLIEDTO THE CASE

UNDERANALYSIS

A. Insertion of Transformers Saturation’s Effacthe
Frequency Scan

The frequency scan routine processes successisila
solutions increasing the frequency of the voltagel/er
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current sources present in the case under studg, given
range chosen by the user [8]. When the ATP solves t
phasorial solution, also computed for theof cases that will

Fig. 2. Saturation curves of J. Teixeira SS 238/13.8 kv — 150 MvA Dbe processed in the time domain, the non-lineanefés are
autotransformer (ATR) and Maua Ill SS 230/16.5 k¥30 MVA transformer  not entirely represented [8]. This means that il wot be
(TF). possible to know precisely the frequency resporfssome
electric network, if there are overvoltages neanloy-linear
equipment, such as surge arrester and/or transfeymdile
the voltage is higher than the linear region of irthe
characteristic curve.

As in the resonance observed in the presented shaly
transformers were subjected to overvoltages of 1@y a
simplified way to include the magnetizing branckuntance
variation of those equipment in the frequency soarine was
sought.

Statistical energization study was performed tdngethe
most critical case to ATR energization in term®wércurrent,
overvoltage and surge arrester’s dissipated enefide
settings used consisted of 200 shots, standardati@viof
1.5ms and time step of L8. This small time step was
necessary because the 230 kV TL J. Teixeira - MHui&
very short and was represented with Bergeron’'s im{gle
The worse cases, to those cited variables, wemedaped in
deterministic simulations. The pre-energizationtagé was



To determine the equivalent magnetizing branchteeae 500
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The inductance 4, shows great variation of its magnitude 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
in function of voltage (Fig. 5), especially in theundaries of Harmonic order
the saturation curve’s knee point [4]. Fig. 6. Zero sequence — Variation of electric metwesonant peak when
1000 considered the dependence of transformer’'s equivategnetizing branch
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Fig. 5. Transformer units’ equivalent magnetizilmganch inductance 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

variation in function of voltage. .
Harmonic order

Aft - th ivalent tizi b ig. 7. Positive/negative sequence — Variatiorelettric network resonant
er acquiring € equivalent magnelizing ranCheak when considered the dependence of transfameguivalent

inductances of TF and ATR, the frequency scan SWeg magnetizing branch inductance with voltage.
carried out both considering the original and thedified

electric network, where the magnetizing branch vesdaced " < | TA,E;IE'E ”v . i
. . AXIMUM QUENCEIMPEDANCE PEAK VALUES SEEN FROMJ. | EIXEIRA
by LeQ_" Calcmated to the maXImum overvoltage foun_(_j int 0KV Bus BAR WHEN CONSIDERING THEDEPENDENCE OFT RANSFORMER S
energization under analysis. For frequency scarulsiion, EQUIVALENT MAGNETIZING BRANCH INDUCTANCE WITH VOLTAGE.
Maua Il TPP, represented in the time domain wighngodel, Vo max(Z@)D| ¢y h
was modeled by its subtransient reactance (¥&d).1766 pu (pu) (k)
for V < 1.1 pu and X"d= 0.1522 pu for \& 1.1 pu) and then 1.00 445.7 13384 223| (,
[]

grounded [1] [4]. . . . 1.67 4550 13731] 229| €8

The zero, positive and negative sequence impedance @3
absolute values, seen from 230 kV J. Teixeira SSHau, are o 4783 145111 242 3
shown in Figs 6 and 7, respectively. The electmitwork 1.00 837.9 632.1 105,
resonant peaks’ geometric locus is also presenteda t 250

o . : 1.67 838.7 7516| 125§ 2
variation of magnetizing branch associated to &agel range g 22
values from 1.0 to 1.9 pu. Additionally, the resaingeak o 842.5 9180 | 1537 ® =
values for 1.0 pu, 1.67 pu and infinite voltages aetter
described in Table II. TABLE IlI

; ; ; MAXIMUM SEQUENCEIMPEDANCE PEAK VALUES FREQUENCYDEVIATION
Itis pOSSIble to observe that there are resonants of SEEN FROMJ. TEIXEIRA 230KV BUSBAR -V = 1.0PU ASREFERENCE

great magnitude and sharply tuned to specific fegies, in Positive/Negative
zero sequence impedance as well as in positiveiinegmes. Zero Sequence Sequence
Moreover, it can be noted that the modification of V(pu) | Af(Hz) Ah Af (Hz) Ah
magnetization branch made an important differencehie 1.67 34.7 0.6 119.5 2.0
resonant point’s location, shifting them to highearmonic o 112.7 19 285.9 4.8

orders. The zero sequence impedance skipped rougtity

harmonic order and the positive/negative, almosb, tas Therefore, with the net L decreasing, due to boffrRA

detailed in Table lIl. and TF's leq reduction caused by the voltage increasigg, f
The reason why resonant peaks shifted to highendi@ic goes to higher values. Henceforth 1.5 pu of voltdigere is a

orders comes from the fact that for a generic RIsCil@tor decrease in ly, variation for the same giveiV (Fig. 5), thus

circuit, the resonance frequency is defined by (2): reducing §s. growth rate. That is coherent with the
1 approximation of points which belong to resonantlsé
fosc = .Zm/ﬁ &) geometric locus of {w)| and |£,x(w)| (Figs. 6 and 7). Hence,

for a voltage approaching to infinity,cd, will tends to the



slope of the last segment @fx | curve, and to its minimum  The harmonic content found in these currents (Régand
value, which would result in the maximum value @f fThis 9), when the transformers were subjected to thd¢ages
would limit the electric network widest theoretigalsonance synthetized by the procedure described above,cis and
range caused by the variation of the inductancguiestion. extends through several harmonic orders in acceslavith
E. g., for the case in investigation, consideranrg infinite what is expected [6] [10].

voltage exciting the transformers units’ termindéeg zero and 100

puy Errrrrrrrrrrrrrrrrrrrrr 1T T T Ty
positive/negative impedance resonance peaks wdifdls9 & | I, ]
and 4.8 harmonic orders, respectively (Table IThose = | Ifc’ —
deviations are still meaningfully greater than éimes obtained % 1
with 1.67 pu voltage. < gt E

Accordingly, it is important to point out the need E 0 | 51 il

calculate the L, to match with the overvoltage peak ? o1 g 1 1 | !3 | |
effectively found in the reference case, sinceghéui voltage = il | 100 ! I ; § 4 |
Value WOUId reSUIt In a Wlder expeCted resonar]qlfmcy :%001 _0 23456 7 89 10111213141516 17 1819 20 21 22 23 24 25 26 27 28 29 30

bqnd than that in fact would be excited in the teilecngtwork N
(Flgsj 6 ,and 7). On the other han,d’ the CaICUIabbn'eq" Fig. 8. Harmonic response of the J. Teixeira S8tearisformer (ATR) when
considering a smaller voltage magnitude can leatefflect a subjected to the overvoltages due to the energiitistudy.
true piece of resonant frequency range.

The frequency scan common usage methodology, whi 4
only the linear region of saturation curve is tak&o account,
incurs in the foregoing incomplete analysis.
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B. Survey of the Harmonic Content of the Transérm
and Autotransformer Involved in the Simulation

In order to confirm that the ATR and verify if tHé& could
excite the electric network’s resonance pointjraey of the
possible harmonic currents which these elements imagt
when subjected to overvoltages was implemented.

This procedure was realized in specific simulatjon Harmonic order
containing one of the referred elements each ti@we.the Fig- 9. Harmonic response of the Maua Ill SS tamser (TF) when
ATR’s high voltage side to be energized, a Typeudree was subjected to the overvoltages due to the energizaiistudy.
connected [8]. And, for each TF’s side, a sourceanfie type
was placed. The points to generate the Type 1 esunave
been calculated as follows:

1. The voltages obtained, on both transformersemtes
in the simulation, have been numerically integrated one
cycle starting from the energization instant, idesrto acquire

1
!
!
i
!
!
!
|
!
!

Harmonic current, log(|I,|/L) (%)

This frequency range contains the electric network
resonance points, with the possibility, thus, thaese
equipment are exciting the referred resonanceseftlesess,
only these information are not enough to precisdbntify
which resonance points are being effectively excite

the flux in the equipment under study [1] [2] [4]; C. Application. of the Fortescue Tra}nsformationtbe
2. Subsequently, the FFT was applied to the fluxes  Voltages Obtained in the Energization
obtained in the previous item; A more effective comparison between the overvolkage

3. The fluxes were approximately synthetized byirtheobserved on the reference case and the resonangts, po
DC and fundamental components, using the equaipn ( determined in sequence domain, can be realized wien
hase variables are converted to sequence com t
@) = |9o] +[@a] cos(wst + 2¢1) ®) gpplying the Fortescue Transformation ?7]. Fobs
Therefore the higher frequencies were eliminated; »

4. Finally, the voltage source Type 1 points were D. Frequency Decomposition of the Sequence Vdtage
calculated by means of the differentiation of emmat(3) The sequence voltages obtained by the applicatibn o
along time. Fortescue Transformation on the line to groundagds of

In the procedure presented the fluxes measuraueidTR 230 kV J. Teixeira SS (Fig. 4) were decomposedenifency
and TF terminals, during the energization simutgtiere domain by using FFT [11], employing the one cydieliisg
reproduced through the manipulation of voltages ef@wms Window technique [4] for every time step. The peogr
in a simplified manner. The idea was to generatglai fluxes developed to perform this task made use of a free
to those for whom these equipment were subjectethén Mathematical package [12]. The results are displaye
reference case, but without the direct injectioradfarmonic Fig. 10.
content besides the unidirectional and fundamestiak. This  In the zero sequence voltage curves, it is posstblerify
technique was adopted in order to ensure that dhecs of that two harmonic orders, #2and 2%, are dominant
harmonic currents is exclusively the transformatimit under (Fig. 10 (a)). Regarding the resonant peaks obddingZ(w)|
analysis. (Fig. 6) and the current profile injected by ATRdaiF
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Fig. 10 Zero (a), positive (b) and negative (gjusnce voltages decomposed in frequency along time.

(Figs. 8 and 9), it is understood that the eleatgtwork has
zero sequence resonance for harmonics 22 and 23.

The negative sequence voltage (Fig. 10 (c)) showed

similar behavior to the positive sequence. The npooeninent

The positive sequence voltage contains non-fundeherharmonic orders are 10, 11 and 12, presentinglatry and

oscillatory components with  meaningful
(Fig. 10 (b)). The most significant harmonics afel6" and
11" orders, but it is possible to see the™1®ith minor
amplitude. These orders are located in the resopaaks
region obtained with frequency scan tq )| (Fig. 7). In
addition, the studied ATR and TF harmonic contdtigg. 8
and 9) suggests that those equipment may injectmisrin the
mentioned frequencies, what results that the ndtwaas
positive sequence resonance for harmonics 10,d12n

magnitudesndamped curves. There are resonance points fae the

harmonic orders (Fig. 7), which have been possitjgcted
by the ATR and TF in analysis (Figs. 8 and 9). this reason,
it is understood that the network also has negaaguence
resonance in the same orders of positive sequence.

IV. CONCLUSIONS

In the present paper a new procedure to studylaweiy
undamped overvoltages observed in an autotransforme



energization was presented. The main conclusians ar

The equivalent inductance of a transformer's
magnetizing branch varies significantly with vokag
especially for voltages in the boundaries of saioma
curve’s knee point;

The insertion of the magnetizing branch’s equivialen
inductance, calculated in function of voltage, et
study realized through the frequency scan routine,
allowed to visualize that the resonance pointshef t
electric network shifted to higher frequencies wktean
transformers were subjected to overvoltages;

The analysis confirms that an electric network \hic
contains non-linear elements, whose characteriaties
voltage dependent, will not present resonance pdint
existents), but regions, due to the resonant pshifs
caused by voltage variations associated to itslV x
characteristic;

For a voltage approaching to infinity in the traorsfier

was already known that the autotransformer durisig i
energization would inject every order of harmonic
currents;

It is known that the core self inductance is inegrs
proportional to the frequency [13] [14]. Thus, ffig
effect was considered in the frequency scan as well
is expected that the entire resonance range woelld b
shifted to higher frequencies, because it wouldiced
the equivalent magnetizing branch inductance even
more;

Depending on where the resonance range is placed on

the Lxf curve [13] [14], which is a core design
characteristic, its extremes could be uneven sghifte
resulting in a smaller or larger frequency band.

In summary it is suggested the application of theppsed
methodology in future electromagnetic transientsdiss
involving non-linear elements when undamped ogiltes are

terminals, which will generate a flux approachimg tobserved.

infinity, the magnetizing branch’'s equivalent
inductance will tend to the slope of the last segnodé

¢ x| curve, limiting the higher resonance frequency,
and, thus, the wider theoretical resonant peakgeran
motivated by the variations of the inductance in
guestion; 2
It is important to calculate the equivalent indunct of
the magnetizing branch to match the overvoltagg
effectively found in the reference case. Otherwise,
there will be the risk of expecting different reaah
peaks range than the one which will be truly extite 4l
the electric network;

The typical methodology use the frequency SCa)
considering only the linear region of transformers
units’ saturation curve, which drives to the
visualization of only the lower resonant rangé]
frequency value, neglecting the higher ones;

In the absence of inductance variation represemtati

the frequency scan, the analysis of harmonic semguelr]
voltages decomposed in frequency along time would
be hindered, once it would not be possible to erpta

a conclusive manner the appearing of some higf{%lr
order harmonics with important magnitudes; 9]
The survey of zero sequence impedance wif
frequency scan was extremely important, or else it
would be very difficult to explain the sustained
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