On the ringdown transient of transformers
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Abstract-This paper details the analysis of transformer ring-
down transients that determine the residual fluxes. A novel engy
approach is used to analyze the causes of transformer saturatio
during de-energization. Coupling configuration, circuit breaker
and shunt capacitor influence on residual flux have been studied.
Flux-linked initialization suggestions are given at the end of the
paper. Time

Flux-linked
Current \

Voltage

— — Flux-linked A
Flux-linked A +A|
—>— Saturation curve

Flux-linked, Voltage

Keywords: Power transformer, inrush current, ringdown tran-
sient, residual flux, shunt capacitance.

Time
N

Currentf(4 +4,)
— — Current f(1)

Flux-linked, Current

I. INTRODUCTION

Current

HE energization of a power transformer may result in Time

a severe inrush current. A power transformer inrushg. 1. Qualitative representation of the inrush currenerimenon; the
current is characterized by a high magnitude of the curregffect of the residual flux.
first peak. This current is damped by the dissipative element 1o purpose of this paper is to investigate the ringdown

of the transformer and reaches a steady state value afigbnomenon that occurs when a transformer is deenergized
several cycles. The first peak can be in the same order $fy |eads to the creation of residual fluxes.

magnitude as the transformer short circuit current and may

cause undesirable events (false operations of protectiags, Il. THE RINGDOWN TRANSIENT PHENOMENA

mechanical damages to the transformer windings, excessivehe residual flux value is a fundamental parameter during

stress on the insulation and voltage dips that can infludmee the re-energization of a transformer since it affects thst fir

system’s power quality). peak of the inrush current. Assuming a sinusoidal waveform
The scientific community is well aware of this problemand neglecting the dissipative elements, it is possiblaittine

and many papers have been published concerning inruab fundamental relations that lead to the creation of amsimr

current estimation, modeling and mitigation [1]-[6]. Iefu current:

current worst case is generally estimated based on air core .

inductance method. The modeling of energization transiisnt v(t) = 0 sin(wt + ¢) @

challenging and is an.agt.ive tppic in the research community A(E) = Ao + /t o(t) dt = @)

the preferred way of limiting inrush currents has been moved 0

from resistor burden and shunt capacitor, to more effective D

synchronized switching techniques. However, optimal cedu =X+ w (cos(@) — cos(wt + ¢))

tion of the stresses can be achieved only with an accurate i(t) = L(\) A(t) 3

knowledge of the residual fluxes. . , o
Residual fluxes are due to the remnant magnetization of tW.QerE)‘O IS 'the. residual flux present'at the energization instant.
core, after a transformer has been deenergized. The résid:d_t' 1 Euqa}lltat:;/el{ rOeprzesEnts the _'anSh current worsteca
flux pattern is mostly unknown or not known precisely due @ith ¢ =5 an ¢ =0, (2) becomes:
the complexity of the ringdown transient itself [5]. Ringdo
transients are a little known issue and a proper undersigndi
e e ol et mpotance o bW \ — < g the peak o te rated flucined. Thus
YS pro . y 9 P switching at zero voltage crossing causes the doubling ef th
phies, particularly in cases where shunt capacitor ban&s al

installed on transmission lines ux-linked first-peak.
) Due to the flat nature of the saturation curve, a small

increase of flux peak (residual flux) can drive the iron core
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AT/2) =X +2 2 = Xo+2) (4)
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Fig. 3. Simulation of energy dissipated from the resistivennts, _(tSW = 23.75 ms for this parncylar L-C conflgura_tlon_). ]
(C = 5 uF); 290-MVA transformer. Fig. 5 shows the energy transient when the circuit is

switched out at these three different instants. At any irista

add notlc_eable damping _to the mrush_cur_rent and only aﬁe&lﬁring the transient the energy conservation law is valid:
the magnitude of the residual magnetization [7].

The residual flux is created when a transformer is discon- Er+Ec+EL=0 (5)

nected from the power grid. At the end of a de-energization _ o )
transient both the voltages and currents decrease to z&¥8h Er being the energy dissipated by the resistor. A com-

however the flux in the core retains a certain value defin@@"son of Figs. 4 and 5 reveals that the total energy ditipa

as residual flux. A ringdown transient is a natural LC rely the resistoris equal to the total energy stored at steiaty s

sponse that appears as the stored energy dissipates wherfd(dhe reactive elements of the circuit:

a transformer is deenergized and can be simulated with the _ _

ATP/EMTP circuit shown in Fig. 2. The transformer core [Ec(tsw) + Bultsw)l = [Br(teo) = Erltsw)] ~ (6)

has been modeled with a type-98 nonlinear inducigrdgnd with tsy being the switching instant and,, being the end

a linear resistor ®). The use of a non-hysteretic inductoof the transient. When switching at voltage peak the net

does not allow the estimation of residual flux. ATP offerenergy released by the inductor is zero. However, during the

a type-96 hysteretic inductor, however it has been disrdissigansient some energy is exchanged between the capacitor an

due to the proved poor quality of this model [8]-[10]. Thehe inductor. Analogous considerations can be made for the

transformer short circuit impedance is modeled by the wigdi second case, with switching at zero voltage. For this pasic

resistance Rz) and the leakage reactanc& £). Sources of configuration the maximum energy stored in the inductor is

capacitance () include transformer winding capacitancessmaller then the maximum energy stored in the capacitor

capacitor banks, and transmission lines and cables catheatausing lower energy dissipation in the resistive elemeoe

to the transformer terminals during the de-energizatidme Tto the nonlinear characteristic of the inductor the poineveh

parameters of the circuit are extracted from a 290-MVA thred’c = E;, does not always represent the minimum total energy

phase power transformer whose test report is shown in Talstbred as in a linear system.

in the Appendix. Fig. 6 shows flux-linked and current ringdown transients
Fig. 3 shows the energy dissipated by the resistive elemefus different values of capacitanag, zero crossing and peak

of the circuit during a ringdown transient. The energy dissvoltage switching instants. It is important to notice hove th

pated by the series resistandez) is much smaller than the ringdown natural frequency decreases as the value of the

one dissipated by the parallel resistan&. (Thus, the circuit capacitance increases. For a parallel RLC circuit the oagd

can be simplified in a parallel RLC circuit, disregarding theharacteristic is described by:

series resistance and reactanf; (= 0 and Xz = 0). 1

Fig. 4 shows the energy dissipated by the resistance and wo = ——— (7)
stored in the reactive elements of the circuit in steadyestat VL@ C
conditions. The energy dissipated constantly increases as a = 1 (8)
represents the active energy drawn from the source and con- 2RC
sumed by the circuit (losses). The analysis of the energgdto wy = /Wi —a? (9)
in the capacitor £¢) and in the inductor ) is of particular ,
interest and three main situations can be pointed out: €= @ _ L @ (10)

o maximum energy stored in the capacitdtz = maz, wo 2R ¢

E;, =0, voltage peakt(syy = 20 ms); where wy is the undamped resonant frequeney,is the

o maximum energy stored in the inductak; = maxz, damping coefficientwy is the natural frequency, aridis the
Ec =0, voltage zero crossing dw = 25 ms); damping ratio § < 1 underdampeds = 1 critically damped,
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0 \/ Capacitive energy tsw = 20 ms, the total energy at the disconnection instant
200 /\,“‘_ _ is equal to the maximum capacitive energy. After a quarter
0 50 100 150 200 of period some of the capacitive energy has been dissipated
Time [ms] by the resistive element, but the remaining energy must be
Fig. 5.  Simulation of energy during ringdown transients atfedént transfered to the inductance. This quota part is higher than
disconnection instants (C=3F), 290-MVA transformer. maximum steady state inductive energy. In order to store a

larger amount of energy in the same inductor the current has
¢ > 1 overdamped). Due to the large winding capacitancg increase considerably:
large transformers usually have << 1 thuswy ~ wg. A 1
higher value of capacitance reduces the value of the damping ErL = 3 LI (11)

coefficient «, increasing the duration of the ringdown tran-

sient. For a fixed value of inductance, the ringdown natury:je etffec;[_;]s emphasmtad th th?j npnllngardchargcterlsttt_mf
frequency will be inversely proportional to the square robt inductor. Thus, core saturation during ringdown is exjrere!

the installed capacitance. In case of a nonlinear induetéme qnly when the total energy stored in the reactiv_e ele_ments

value of the synchronous frequengy; is not constant. The (mductances and ca_pacnances) at the disconnectiominista

minimum of the natural frequencyoly i) is obtained when higher than the maximum inductive energy at steady state.

the magnetization level is small enough and the inductasice i [ll. L ABORATORY MEASUREMENTS

magnetized in the linear area of the saturation curve. Laboratory measurements of residual flux have been per-
A lower natural frequency causes a higher flux density fiermed on three distribution transformers with the follogi

the core. However, it is inaccurate to deduce that this is teBaracteristics:

cause of the increase of flux-linked and current peaks asrshowe 3-legged, 15-kVA, 60 Hz, 240(120)/208 V, Dyn/Yyn ;

in Fig. 6 (C =5 uF and 10 uF with tgy = 20 ms). Due to « 5-legged, 150-kVA, 60 Hz, 12470/208 V, YNYn (with an

the nonlinearity of the core inductance, the natural freqye airgap between the main legs and the outer legs);
(wn) reduces from the synchronous frequeney; & 50 H z) o 3-legged, 500-kVA 60 Hz, 21600(12470)/480 V,
to the minimum natural frequencyf ..:»)- Fig. 7 shows that YNyn/Dyn (amorphous core).

90 P 20 60 90 CobuF 20 150 90 300

60 =1yF, tg,,=20ms 20 60 =5F, tg,,=20ms 100 60 C=10 yF, tg,,=20ms 200

ol [\ NN B w ol 1A

0 0 0 0 0 r 0
30 I 20 30 ’ Kj 50 30 -100
-60 -40  -60 ] \V -100 -60 V -200 _,
-60  -90 -150 -90 -300 <

Linkage Flux [Wb-t]

60 90 60 90 60 5
C=1pF, tg,=25ms 0 60 C=5pF, tg,=25ms 20 60 C=10 pF, tg,=25ms 40 (,-5)
20 30 20 30 20
0 0 + 0 0 0
— Current 20 -30 20 -30 -20
—— Linkage Flux -40 -60 -40  -60 -40
+ -60  -90 + -60  -90 - -60
0 40 80 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200

Time [ms]
Fig. 6. Simulation of flux-linked and current waveforms duriiggdown; 290-MVA transformer.



(a) Rated Flux results slightly higher than in the other two phases for the
— Ph.1 15 and 500-kVA transformers.
— Ph.2 For the smallest test object the curves representing ti: res
- ;';jseq_ ual magnetization as function of the disconnection instmat
in phase with the rated flux waveforms. The phase correlation

(b) 15-KVA is reduced as the rating of the transformer increases. With

three-leg the increase of the transformer’s physical size, the wigdin
size increases, leading to an increased winding capaeitanc
The winding capacitance of the 15-kVA transformer is very
low so the circuit behaves as a pure inductive circuit irtstea
as a parallel LC circuit. A breaker is unable to chop an
4 SwBDyn inductive current, thus the disconnection is postponed unt

: zx;‘x: the first current zero crossing. In a parallel LC circuit the
' current can be chopped since the parallel capacitancede®vi
an alternative circulation path for the current. This hasrbe
(c) 150-kVA o . .
five-leg verified analyzing the line current waveforms of the three

transformers: the currents are not chopped for the 15-kVA
transformer, but are chopped for the two larger transfosmer
Moreover, when a shunt capacitor is attached to the terminal
of the 15-kVA transformer, tests have shown that the cusrent
are chopped and the residual flux is not anymore in phase
. 2W'§:yn with the rated flux and resembles more the behavior seen in
e the larger transformers.
The sum of the residual flux is always zero. This means that
@ fﬁfe:\l’:g no zero sequence flux is present during the ringdown transien
A three-legged core inhibits zero sequence flux because it
constrains the sum of the flux to be equal to zero and potential
flux in the air cannot retain magnetization. A delta winding
has an analogous effect imposing the sum of the voltages to

Flux-linked p.u.

s SwCDyn be zero. In the case of five-legged core without any delta
e SwCYyn winding, a zero sequence residual flux cannot be neglected
" Swbwyn as it can be stored in the outer legs. However, the particular
core configuration of the five-legged transformer used isehe
Time [ms] tests did not allow us to reproduce this effect (an air gap is

Fig. 8. Residual flux as function of the disconnection time; snead on

15-150-500 KVA transformers. present between the three main limbs and the outer limbs).

These results show that neither the circuit breaker nor
Two series of tests have been performed to analyze specifie winding coupling (wye or delta) seems to influence the
behaviors of the ringdown transient. In the first test a totgésidual flux as the different configurations produce very
of four different types of molded-case circuit breakersehasimilar results. The interruption process can be diffefflent
been used to examine the relation between the results and|gger transformer and high-voltage circuit breakers. daier
switching gear used. The impact of the winding connectidAvestigation of larger transformers is required beforease
configuration is also verified. The second set of tests studigble to generalize these results.
the influence of shunt capacitances on the ringdown transien
B. Influence of shunt capacitor
A. Connection configuration and circuit breaker influence  The influence of the capacitance has been verified by

Fig. 8 shows the relation between residual fluxes (calcdlatattaching a variable shunt capacitor to the 15-kVA tramafar
from the integral of the phase voltage) of the different gisasFig. 9 shows the residual flux as function of the capacitance.
as function of the disconnection instant for the 15-kVA, 150The maximum residual flux is reduced by one third when
kVA and 500-kVA transformer respectively. No synchronize@ shunt capacitance of AF is attached to the transformer
switching device has been used; the various points have bégfiminals. The line in Fig. 9 shows that the maximum residual
measured with random operations of the circuit breakers. Alix decreases approximately proportional to the logaritfm
alternative to Fig. 8 is to establish a complementary cutivela the shunt capacitance:

probability distribution to answer how often the residuakfis maz(Xo) x —log(C) (12)
above a particular level, but in this case the phase coiwalat 0 9
is lost. Fig. 10 shows some measured flux-linked and current wave-

The results of these tests show that the maximum residé@ams during ringdown transients. These waveforms qualita
flux lies between 0.2 and 0.4 p.u. of the rated flux-linkedively verify the behavior observed from the simulatiorsgler
Moreover, the maximum residual flux of the central phas&lue of capacitance gives longer ringdown time and caredriv



0.3
measurements. In a large CGggsurvey (on more than 500

transformers) [13] carried out in 1984 the maximum residual
flux is given only for two transformers (0.75 and 0.9 p.u).
Reference [2] dated 1986 suggests different remanent flux
range cases varying between 0.4 and 0.8 p.u. The residual flux
! % for a 545 MVA transformer is measured to be slightly higher
jm\-\!\ then 0.4 p.u. (worst case out of 10 random de-energization) i
o.o(N 5 f X RX - i 5100 [14]. One single measurement of the de-energizarion of a 170
[o]

. MVA transformer is reported in [3] and has a residual flux of
Shunt capacitance [uF] 0.31 p.u

Flux [p.u.]
o
N

ORI PR K M

o
=

Fig. 9. Residual flux as function of the connected shunt daga@®-70 uF);
measured on a 15-kVA three-legged transformer. V. CONCLUSION

the core into high saturation. Residual fluxes (that coultl no A ringdown transient can be easily replicated in the lab-
be obtained with the simulation) are here present at the endP%atory; however few if any of the existing EMTP type of
the transient. The hysteresis loop of one phase is also shoipdels are capable of properly arriving at the value of the
During the ringdown transient current and flux-linked fatlo residual flux. A comparison between measured and simulated
minor hysteresis loops. Higher number of loops are requirwveforms has not been presented due to the inferior gwillty
for reaching steady state if a large capacitance is installee  the ATP model used. The poor agreement between simulation
final point of the hysteresis loops lies on the zero curreig, axand lab results shows the necessity of developing an imgrove

but retain a certain value of flux. model for ringdown transient simulation.
ATP simulations were useful to understand and qualitativel
IV. RESIDUAL FLUX-LINKED ESTIMATION AND replicate the ringdown phenomena. A novel energy approach
INITIALIZATION has been presented as a key to investigate the saturatiam-beh

ior during ringdown; a transformer may be driven into heavy

A hysteretic core model that can handle the demagnetizatiggturation by the energy stored in the capacitive elemets o
is required to accurately simulate the ringdown transieq e circuit

Few.hystereuc-nonImear-mductor models appear to hhee.t A proper residual flux estimation is difficult since the phase

required property; two mpdelsthat may be worth to Verifywit ., o ation between rated flux-linked and residual magneti

measurements are the J|Ies-Athe_rton_and P_relsa(_:h modgls [}ation is no longer valid as the transformer size increases.
[12]. However, their implementation in a simulation pragra Residual flux ranges and guidelines for flux initializatiore a

is demanding both for modeling challenges and paramebq\r,en in the paper. When synchronized switching is used to

eslt;mﬁnor.\. lation i . Wi h ... mitigate inrush current, it is important to take into accoilat
the simulation interest Is only Inrush current estimatio ,q “conrg) phase may have the highest peak of the residual

the core model can be_sm_1pler bec_ause it does not needqfg Thus, it is wise to avoid the energization of the central
represent the demagnetization transient. However, arratecuphase as first phase.
inrush estir_‘nation requires residual flux—.Iinked initialiion of_ It has been observed that shunt capacitance has a main
every section of'the core. The following recommendatloqﬁﬂuence in residual magnetization and ringdown transient
should be taken into account: duration. If a large capacitance is connected to the tramsfio
. Maximum reSidua| ﬂUX'Iinked fOI‘ Sma” diStI’ibutiOI’l during the de_energization’ |0nger t|me is required focm
transformers lies in the range of 0.2-0.4 p.u. of the ratgfe end of the transient. This is an important aspect to take
flux-linked, with slightly higher value for the centralinto account during protection scheme and relay reclosing-

phase. If a shunt capacitance is connected to the trafifre strategies planing. A longer ringdown time also result
former during the de-energization this range is decreasgds |ower residual flux.

substantially.

« Residual fluxes in the different sections of the core of APPENDIX
three-phase transformers are related on the basis of the
core type. In three-legged transformers the residual fluxes TABLE |
GENERATOR STEP-UP TRANSFORMERTEST-REPORT
of the three legs must sum to zero; the yokes share the
same residual flux of the transformer leg that they are i gm  v) MVAl (A Coupling
magnetically in parallel with. In five-legged transformers HS 432 290 388 YN
the residual fluxes of the three main legs plus the two _“° 16 290 10485 @
outer legs must sum to zero. In banks of three single- ~ Open-erout f;gg’)'(%)] AN Lol ol
phase transformers the residual flux can be initialized 14(87.5) 290 0.11 118.8
H i 15(93.75) 290 0.17 143.6
mdependlently for each unit. ' 16(100) 500 031 1786
The extension of the results to medium/large power trans- 17(106.25) 290 0.67 226.5
former is challenging due to the limited measurements pre-  Short-circuit  [kV] [MVA] ek, er[%]  PylkW]
sented in literature. Moreover, the use of improved core _MStS 432116 290 146,024 7044

material in newer transformers reduces the validity of old
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