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Abstract-- The magnetization of a transformer is usually
associated with the well-known phenomenon of inrush current.
However, inrush current does not only affect the transformer
being switched on. Instead, it has a significant impact also on all
parallel connected transformers, which most certainly includes
measurement transformers. This is known as a sympathetic
inrush phenomenon. While the transformer being switched on
might be a subject to a sudden high saturation level, the parallel
transformers are gradually drawn to saturation as well, but of
opposite polarity. The sympatheticinrush is expected in situations
where the ohmic part represents a significant portion of the total
system impedance. In contrast to other available literature on this
subject, in this paper a modal approach to solving equivalent
circuit by expressing differential equations in the state-equation
form is sdected. From the derivation of eigenvalues and
eigenvectors, the phenomenon can be systematically investigated.
A special attention will be given to circumstances, when the
already operational transformer is fully loaded as within
substations two or more transformers often operate in paralld,
among which at least one of them is usually loaded. Finally,
simulation results are compared to captured Wide Area
Monitoring System (WAMS) measurements of the phenomenon
and reasons for discrepancies ar e discussed.

Keywords: inrush current, magnetization curve, sympathetic
interaction, power system dynamics simulation, WAMS
measur ements.

I. INTRODUCTION

magnetic flux generates large currents that contagher

harmonic content. This usually happens during asfamer

energization, especially in case of three-phagestoamers, as
the majority of circuit breakers perform a simubianos

switching of all three phase terminals. The intgnsif the

phenomenon can be significantly reduced or everntednby

controlling the moment of individual phase switahin
However, not all transformers are equipped with maeésms
allowing such switching.

According to [1] transformer inrush currents migletur in
different forms and can be divided into the follagisub-
categories:

— energization inrush (caused by re-application of
voltage source to the transformer which has
previously been de-energized. However, remanence
could be still present),

—  sympathetic inrush (caused by re-application of
voltage source to the transformer, which operates i
parallel to two or more other transformers),

— recovery inrush (caused by restoration of a voltage
after clearance of a fault).

The subject of this paper is the second sub-cagefgjom

the above list. Even though the first explanatiaisthe
phenomenon can be found in the quite early liteeafR], the
topic is also very relevant these days. Authorskthit is
reasonable to speculate that the need for additexpdanation

HE transformer inrush phenomenon is very known amd such important phenomena always exist. This pspeased
widely described for a long time. If the prospeetivon findings and presentations, published in [1], [3], [5],

magnetic flux (imaginative steady-state conditiqm$or to
switching, describing the situation as if the stviteas already
on) in the transformer iron core at the momentrafigformer
energization differs from the value of zero, thexflDC
component appears in the transformer core, whiotayde
exponentially with time. Due to non-linear magnieiig
characteristic of the transformer iron core (maignéiux
versus magnetizing current), a DC component ohtagnetic
flux can drive the transformer into saturation,which the

[6], [7], [8] and [9]. Certain additional explanatis are added
to papers already published with the strong supfoont clear
graphical representation. Besides, in contrasthercavailable
literature on this subject, in this paper a modgbraach to
solving equivalent circuit by expressing differahtequations
in the state-equation form is selected. From thévaton of
eigenvalues and eigenvectors, the phenomenon can be
systematically investigated.

Authors are of opinion that this paper would beyver

current drawn from the power system no longer changappreciated among TSOs as well as researches that a

linearly with the magnetic flux. Instead, each dmenin
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beginning their research on this topic.

II. ENERGIZATION INRUSHCURRENT

At first, it is reasonable to briefly explain theadic
transformer energization inrush current. The maptamatory
way to do so is by writing a voltage equation basadthe
Kirchhoff's second law for the transformer equiwvaleircuit,
connected via system impedangée= Rs + jolLs to a voltage
sourceu(t) (Fig. 1). Transformer equivalent circuit is usyal



thought of as a “T” circuit, where the denotatisepresent the homogeneous solution of differential equation (2ithwa

following: constantC; is therefore more or less trivial and equals:
Rioinnns resistance of the transformer’s primaiyding, @, (t) =C, [e'%f:m (3)
Lo1........ leakage inductance of the transformensnary
winding, By taking into account that the switch from Figsturned
Ro........ resistance of the transformer’s secoypdsinding on at timet = 0 when flux equalsbpc(0) = @o (initial
(recalculated on the number of primary windingonditions), (3) becomes:
turnsNy), ReR
Lo2' ...... leakage inductance of the transformer’soselary (t) - |]3_L+L5m @
winding (recalculated on the number of primary °°¢ 0
winding turnsNy), (4) represents the passive circuit response, whiich
Rneeeeeee magnetlz.mg. resistance of the trans1‘ormngvious|y a DC component with a decaying rate deitezd by
representing iron losses, ratio between circuit serial ohmic resistance aratiab
Lo magnetizing inductance of the transformer inductance. Particular part of the differential atpn solution
system transformer on the other hand (AC flux component), which is abtnain
impedance Z, circuit concern within this paper, can be obtained by usiethod of
undetermined coefficient and some trigonometric slaw
%_L-_/ Assuming the solution in the form of:

@, (t)=C, Bin(at +a)+C, (ko wt +a) )
its insertion into (2) gives the unknown constants:

L, {R+R)
(R+ RS)2+a)2E(L+LS)2 (6)
wL  [L+L,)
(R+R) +a@* (L +L,)

Fig. 1. Equivalent circuit of a power transformennnected to a voltage  Considering trigonometric equalities:
source via system impedance

2

3

. 1
As a transformer inrush current occurs due to the-n o/:ﬁzzcos( arctar(ﬁ))
1+

linearity of Ly, in the magnetizing branch, the simplest way t (7)
analyze the phenomenon is to assume that the dramsf is 4 _ sin(arctar(ﬁ))
un-loaded i’ = 0, consequently the secondary branch isf; + B
inactive and depicted in grey). This enables wgitithe
following loop voltage equation, where the voltageirceu(t) the particular solution equals:
= Up - sin(-t + a) is assumed ideally sinusoidal and the iron Lm
losses are neglecteR( — =, also depicted in grey): @, (t)= - . @in(wt+a-0) (8)
d
—u(t)+[R+ Rl]lj(t)-‘-a([l‘s-'- L, +L,]d(t)=0 @ where
wherei(t) = is(t) = ix(t) = im(t). For the purpose of simpler 5 — 4,ct4 WE(L + Ls) (9)
mathematical derivation, let us assume thais linear (even (R+R)
though it is in fact the non-linearity &f, the ground reason 3 3
for the inrush phenomenon to be so important).Heurtlet us Z= \/(R + Rs) + &' ('— + '-s) (10)

merge the transformer quantities and der®te R, andL = . .

Lo1 + Lm. If we assume the relation between current and It is cle_ar that the_ voltage across transformeutance
magnetic fluxL = &fi, the following expression can beUL,(t) and its mag'n'e-t N ﬂL.JXD(t) = Poc(l) + Pac(l) aren/4
obtained by rewriting (1): shifted, as the definition dictates:

: R L _ . dof(t)
@(t):—L:EED(t)+L+L|jL|(t) @ U ()=N (11)

This is shown also in Fig. 2. By applying) at the moment

What we are interested in is the passive circspoease, i.e. . . .
P o ' when UL(t) is at its peak,®(t) would experience no DC

(2) without voltage sourceu(t) = 0. The so-called



component ¢, = 0) as the prospective flux would at that timgraph on Fig. 3. So to a certain extent, this canhought of
be equal to zero — dashed grey curve. Howeverpplymg it as some kind of a self-regulating mechanism siniaself-
at U (t) zero-crossing when the prospective flux wouldabe regulating effect of power system load, which doevoltage
its peak value, it would experience the worst-cd&®€ and frequency drop usually decrease its power watldl
component ¢o = Pomax = L-Un/Z) — solid black curve. Of from the grid [10]. Not only that, the decay®ic(t) is clearly
course, in above derivations no residual flux im titansformer faster in the presence of non-linear magnetiziragatteristic.
core was assumed and consequentlyis in such case always

between L-Un/Z < & < L-Un/Z. Also, due to impedance angle 1.5

Sh::én\?vit\ﬁ(rg. close tar/4 it is clear thatU.(t) is almost in °':f [ ﬂ ﬂ f\ f\ /\ /\ /\ A /\ /\ A /\ /\ il
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At this point, additional remark has to be discdsse
concerning transformer saturation curve. Transfornmeload
Fig‘. 2. System variables for circuit pf F_ig. 1 witbspect to time for two tests usua”y provide a non-linear characterististwieen
typical moments of transformer energization L .

transformer voltage and winding current. This dsttauld not

As long as our goal is merely understanding thesaea be used for simulation purposes carelessly, asoad-kest
behind the flux DC componentbpc(t) occurrence, the results usually provide voltages and currents inSR¥lues.
simplification of considerindg.m (or in above derivatioh, asL  However, according to Fig. 3 (lower graph) the shap the
= Lo1 + Lm) linear is more or less irrelevant. However, asnso current while transformer is in saturation is hjghton-
as inrush currents are concerned, one has to keeind and sinusoidal. While the voltage used in tests is saitle purely
suitably consider thatnm is in fact nonlinear. Magnetizing sinusoidal and therefore peak values can simpbtt@ined by
currentin(t) is directly dependent on the non-linearitylagf.  multiplying with v2, this is not the case with the current [11].
This is why in order to simulate the actual phenoome a non- Measuring equipment is not specially calibratedxpect such
linear saturation curve has to be incorporated iheomodel. extreme non-sinusoidal current conditions so meas®MS
In such case, high value of magnetic flux in trensformer current values do not directly reflect the quantibf
core causes extremely high currents flowing throughomentary currents values. This is why the no-l@sst curve
transformer winding (see lower graph on Fig. 3)iclwhin turn  has to be converted into simulation-suitable foyrely. using
cause significant voltage drops on system impedahceg an algorithm in [11].
high current period — see upper graph on Fig. 3lowing
(11) which describe the flux as being the integrfaloltage, Ill. SYMPATHETIC INRUSHCURRENT
one can easily come to a conclusion that due tb bigrents o
the transformer core does not reach as much irttoag@n A. Derivations
zone that would reach in case of e.g. Fig. 2 wherevas Transformer sympathetic inrush current is a consegel of
considered linear. The comparison can be seenesdbond a sympathetic interaction between two or more foangers

—— Switching at U, zero-crossing Switching at U;, peak-value



operating in parallel, after applying a voltage rsewi(t) to R

one of them. A similar approach as for a singlexgfarmer A= L (16)
energization can therefore be performed for thévdgéon of _ R+2R
magnetic flux of two parallel transformers. As othe DC "2 = | 15|

flux component is responsible for transformer satan, AC

flux will be ignored in this section. Similar eqalent circuit is whereas in general case when transformers T1 andr@2
used for derivation of equations with the only eliffnce different they become:

having two unloaded transformers instead of just @¥ig. 4).

The switching is performed on transformer T2, whsre L Lo (Rrs* Rpp) + Lip(Rry+ R+ +JD
transformer T1 is already energized. Again, cugem the T Ly (R, + R
secondary winding of both transformers are assutoelie A=- ZLTlLTZ(LT2L5+ LoLo,+ |_T1|_s) a7

zero and the iron losses are also neglected. Thatisin is

shown in Fig. 4, where the elements corresponding t _; L, (Rri+ Rpy) + Ly(Rey+ R) + +JD
secondary winding and iron losses are again deliblyr e +L; (R, +R,)

depicted in grey color, as they can be treatecative. Two "2~ 2L L, (Lol + Lol o+ Lol )

loop voltage equations (corresponding to two vatémpps,

identified by denotationk andll.) can be written in a similar  where

manner than (1):

-u (t) + [ R+ Rl,Tl:' l:ﬂl,T1+ RO 12t

d
+ a([ Lo+ Lomt Lm,Tl:' g+ L0 1,T2) =0
- R1,T1 [ﬂl,T1+ Rl,TZEH 1,72

(12) Li (RT1+ RT2)2 + LZTZ(RT1+ Rs)2 +

(RTl - RTZ) R:, +J+

—12 2 2 ’_
D=L%L5% +LT1(RT2+RS) 2LT1L{+(RT1+RT2)R5

J (13)
_a([ Lcl,T1+ Lm,T1:| Eﬂl,Tl_[Lcl,TZ + Lm,T2:| I:ﬂl,Tz) =0 +2L, RTl(LSRTl_(LT1+ Ls) RTz)_
- ( L, + Ls) ( R+ RTz) R+ L Tles
Renaming and merging individual transformer quaatit (18)
(Rl,Tl = RTl, Rlsz = RTZ, LUlle + Lm,Tl = LTl, LUl,TZ + Lm,TZ = system transformer transformer
Lt2) (12) and (13), considering the relation betweée t impedance Z T1 circuit T2 circuit

magnetic flux and the curreit = @/i, can be written in the
following matrix form:

¢na):{al Aﬂ%wnaq+8ma) (14)
d’TZ t) f‘u h ‘DTZ 2 @

ivr .
L switch

whereA is the state matrib8 is the control matrix [12] and
individual matrix elements oA being (as already written,
elements ofB are not of interest within this section and are Rut1
consequently not provided):

_ LR, +L,R, +L,R, Fig. 4. Common equivalent circuit of two un-loadpdwer transformers
AL =- Ll + L, L+l L, operating in parallel, connected to a voltage seuia system impedance
A, = Ly, (LR, - L,R)) (15) Provided equations (17) and (18) offer investigatiof
* L, Ll + Ly Ly+lyLy) sympathetic interaction between transformers offeckht
Ly, LR, - Ly R,) sizes, whereas in the available literature usuadtyual
Ao = Ly, Lyl + Ly Lyl L) transformers are considered. For physically seasibl
LR.+L-R.+L.R parameters, both eigenvalue; (and A,) are real and the
- T2 T1 ‘T2 T1 . . .
Ay = ET2L5+ LTlLT2+LT1L: corresponding right eigenvectors of matix (n: and ny)

determine the DC flux components of both transfeenas
We are dealing with the second-order system so twhown:
eigenvalues are expected. In case of two equasframers
(Rr1 = Rr2 = R, L.Tl = Ly, = L) the eigenvalues are ther’n(t)} ={n1}ﬂ<1 et J{HZ}EKZ et (29)
following (also available from e.g. [5]): P, (1)

Expressions for right eigenvectars andn; are a bit more



complex and are due to the space limitation omiftedh this given in the following subchapter.

paper. In_ order to obtain exact solutions for b_ﬂl_nhes, first Transformer T1 DC magnetic flux component Poen() [pau]

the amplitudes of exponent terms (product of riggenvector 5 ‘ : ‘ ‘ ‘
and unknown constant, i.8:-K: andn2-Ky) in (19) have to be o4 p : . . .

determined. This is done by considering initial ditions att 0.3 |\ . : - 1/20,,, @ i
=0, when (19) becomes: 02 . .
0.1
@, (0 @ K 0
oM D] e
¢T2(O) ¢T20 KZ 02
-0.3

Solving (20) gives us expressions for constétandKs. o4
By multiplying those with eigenvectors)s and n. as
determined by (19) and at the same time consideh'eg‘act ITransformer T2 DC magnetic flux component @pc1a(f) [p.u.]
that transformer T1 is already operation&t{ = 0) and hence o | ! ! ! !
T2 is the sole subject to initial flux DC componeait the o8 1
moment of switching®rzo # 0), amplitudes of exponent terms 97 | ]

are obtained: 06 r J

05 § g
04 1\ ‘ ~ , ‘ 1
o, 0] _| E /D B . 03 N\ . e . .
@ (t = T20 02 i et il
T2(t) 1/2+E2/\/B (21) L — ]
0 T~ - 1 L L
+ -E /\/B et 0 0.5 1 1.5 2 25 3
1/2 - E2 /\/B T ‘ . Time [sec] .
Fig. 5. Magnetic flux DC components of both (equednsformers in case of
transformer T2 energization
where
, B. Physical background
E, =l (LTZRS - LSRTZ) For the purpose of understandable explanation ef th
Ly (Ry,= Rpy) = Ly (R+ R+ (22) physical situation, we will use (23) derived forotvequal
Loilr, +L (R +R ) unloaded transformers. In the steady-state operatiorrents
E, = T; T can be thought of as purely sinusoidal, as transorcores are

not saturated. On the other hand, during the dmestri

By assuming the equality of both transformers, whis Phenomenon this is clearly not the case (lowertyaapFig. 3)
suitable from flux versus time visualization’s poif view, and consequently, curreni$ fave to be in general thought of

(21) becomes: as a sum of alternating AC componei) (and the direct DC
componentl(:
oM _|-1/2 w.,, @ 1/2 ., @ 23 .
@, (1) 1/2 1/ b=t lin
i1y =iyt | (24)
1,72

It is obvious that magnetic flux DC components otth Lre

transformers is determined by the same two expotenis s =i1mitiim
(1/2- Do €' and 1/2- drap- €%, the only difference being
that in case of T1 they are mutually subtractedredi® in case
of T2 they are added. The situation is graphicdépicted in
Fig. 5. So basically each of the two exponent temassits own @, ( ): J‘(u (t) - Au, (t))dt
decay rateA: andA;), among which the one containing system

impedance Az in case of (16)) is clearly faster. This term i+ (t) = I(U(t)‘AUz (t))dt
also the main factor determining the speed of thedugl

transition into saturation of already operation@nsformer ~ Where the voltage dropsus(t) and Au(t) encompass all
T1. Namely, transformer T2 is being energized aretefore elements between the source and the substitutetamtied 11

its DC flux component appearance is sudden (aase of Fig. = Lotmi+Lmriandlrs = Loy 12+ Lm2and are therefore:

2 and Fig. 3). Transformer T1 on the other hanceggpces d| d

gradual transition towards the saturation zoneeas i Fig. 5. Au ( ) + R0 1.T1+d_(L il 1.T) (26)

It is of vital importance for one to notice that Dilix d d

components of both transformers are of opposite sigd Au, (t) = R 0, +L5d5 + R 0, 1+ dt(L”[n T

therefore, their saturations of opposite polarity @aell.

Physical background of the reason for such phenomes For clearer understanding, let us observe the niagiex

=il

According to (11) magnetic flux can be written widim
integral of the voltage applied to the nonlineatuctance, so:

(25)




changeA®(t) in only a short time interval, e.g. single vokagpositive polarity saturation. After several voltageriodsT,
periodT = 1 /f, (wheref, is the nominal system frequency) solboth DC components are gradually shifted in thedion of

A, ()= [ (u(t)-Au, (8)dt

t+T t+T

A, (t)= [ (u(t)-Au,(t))dt= |

t t

t+T t+T

[u(t)di= | Au, (t)dt

t+T

u(t)dt~ [ Au, (t)dt

(27)
The first summand represents the integral of a p
sinusoidal signal over one period and is therefoyethe
definition equal to zero in both cases. On the ottand, the
second summand equals zero only when the currentgitute
only an alternating component. Namely, the integrvala
purely sinusoidal voltage drop over one period mgajuals
zero. This means that the magnetic flux changeg whien
there is a direct current component present. Bysidening
this fact and that a DC current does not causevaltgge drop
on reactive elements, (27) can be rewritten as:

t+T
J- (_ (RS * Rlle) O,r—- RO 1,T2) dt
t

t+T

J. (_Rs Oyr= (Rs+ R, ,T2) a 1,T2) dt

t

A®
T1 (28)

A®;,

One should keep in mind that currents in (28) regmeéDC
currents. At the moment of switchimgr: = 0, whereas; 11 >
0 due to the assumption that the switching takasepin the
worst possible moment and so DC flux componentadgienly
present at transformer T2. According to (28) it barseen that
under such circumstances both flux changes ardiaeg#&his
negative change builds up with each voltage pefiodhich
gradually drags positive DC flux component of tfansmer T2

black arrows. Since transformer T2 is building ayatiae
polarity DC flux component, high magnetizing cutseappear
on its terminals as soon as the saturation curee ksireached.
In this way,l1 11 is gaining in amplitude of negative sign and
eventually takes a substantial part of overall R €hange —
see (28). However, according to (28),r1 has a stronger
influence on the flux change of transformer T1 (iplied by

YW sum of two ohmic resistances) dneb of transformer T2.

This is why the direction of DC flux component oft T
eventually reverses, whereas that of T2 does nfier Ahe

reversal, DC flux components of both transformewesvel

towards zero with an important addition comparedsitale

transformer energization, i.e. DC current of a hbaing

transformer slows down the DC flux decaying rate da

opposite saturation polarity. This is why this si#ion is

slower compared to the energization inrush phenomef a

single transformer, as the currents kwth transformers (of
different signs) influence the speed of flux change both

transformers.

Magnetic flux &r, Magnetic flux @,

Dyc(t)

D . .
Prio Current it Current irp

\

Fig. 6. Phase diagrams of transformers T1 and TReatnoment slightly after
application of a voltage sourcé) to transformer T2

out of positive polarity saturation and on the other hand pushes

DC flux component of transformer T1 in the sameadion.
However, as it is initially zero this means it isity driven
towardsnegative polarity saturation.

The optimal way to support the above explanaticio iadd
some graphic representation — see Fig. 6. The twphg
depict phase diagrams of magnetic flux versus niajng
current of both transformers T1 and T2. Black defsresent
DC magnetic flux components at the moment slighftgr the

As both transformers have the same connection point
(connected to the same busbar within a power ptenta
substation), the voltages on both inductarigesandLy; are in
phase and consequently so are both fluxes. Thiasrtbat the
opposite polarity saturation zones of both tramafs are not
reached simultaneously, but 180° apart. As currend
magnetic flux are in phase, this also goes for highrent
intervals, so called “current spikes” — see Fig. 7.

application ofu(t) to transformer T2. In addition, black arrows

indicate the direction towards which the dots amiially

IV. SYMPATHETIC INRUSHWITHIN A SUBSTATION

travelling as time progresses. As can be seen from Flg 6 DC The phenomenon, extensive|y described in previous

flux component corresponding to T1 is at the originthe

sections, does not differ in different topologiséuations, e.g.

diagram (no DC component at the switching momenty a power plant or in a substation. However, oaver plant,

whereas DC flux component corresponding to T2 igadlie

transformer is used to increase the generator gmlt@and

Pr20>0 (determined by the moment of connecting T2 ® thherefore the power flow is always in the same afiog

grid — see Fig. 2 and Fig. 3). The sinusoidal csirge the
graphs indicate the AC component of both fluxes,ctvh
summed together with a DC component representadhee\of

(towards the grid). Not only that, situation wheref several
transformers would already be loaded and the atherbeing
energized is rare. Within a substation on the olfzard, such

the total flux at each moment in tinhelhis makes it clear that operation is common. The reason Why this is |mpmr[mm
transformer T1 at the moment uft) application still operates the transformer inrush’s point of view is providéu the

in the linear part of the saturation characteri@iepictured by
the thick gray line), whereas transformer T2 iseatly in

following subsections.
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Fig. 7. Magnetizing currents “spikes” of both triormers during

sympathetic inrush are 180° apart

A. Power plant situation
Within a power plant it is
transformer energization in such a way that geoerat not
affected. This means that energization of both Ifgra
transformers is done while the generator is offlinvhich
means on the grid-side of the transformer. The &vgtching
magnetizes first transformer (energization inrushmf Fig. 1)

while the second switching causes sympathetic Inrus-os ‘ . ‘ ‘ L ‘

phenomenon — the situation is identical to thaFigf 4. The
currents, measured on both transformer windings egual to
magnetizing current of each transformer.

B. Substation situation

Within a substation, situation usually occurs whetertain
transformer is being energized while other
transformers are not only previously energized e also
fully loaded. In such case the currents, measunetti® loaded
transformer windings, encompass not only magnetizunrent
of the corresponding transformer but also the loadent and
especially a certain portion of the magnetizingreuotr of
neighboring transformer(s). The situation is graply
represented in Fig. 8. It is evident that highleghprimaryii 1
and secondarig 11 currents are equal to:

f,0,
fEiJ

+ fl Eﬂ m,T1

(1 - fl)[ﬂ m,T:

= 'load -

(29)

2.T1 Ioad

In Fig. 9, simulation results confirm (29). Withieach
graph in Fig. 9, the highlighted area is depictedshorted
time interval of 200 ms. It can be seen that aiporof
magnetizing currenitn 12, flowing from LV grid, is present in
both currents in the same extent. Gradually inéngas, 1 is
however present on depicted currents differenttgt,fwith an
opposite sign and second with a different sharpedeing on
transformer and system impedances.

reasonable to perform :

(1) fm.12 Srimm
HV grid transformer T1 LV erid
£ | Al I Zpmi Zsm iy g
7 — — :—F.
1 Vi g
Srimm i Z"‘_Tli (Ufi)immt
\J \J
= Zs;

Fig. 8. Currents in the parallel connection of twansformers (operational
one being loaded) during sympathetic inrush phemome
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Fig. 9. Primary and secondary winding currents azfded transformer T1
during energization of neighboring transformer T2
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In the continuation, simulation results from Fig. a®e
compared to captured Wide Area Monitoring System

paraIIéYVAMS) measurements of the presented phenomenan (Fi

10). However, before looking into WAMS measuremefas/
facts should be shortly discussed. WAMS systemaiet on
Phasor Measurement Unit (PMU) operation, which mlev
measurements of phasors (not momentary values of AC
variables) by following the IEEE standard [13]. Acding to
[13], there are two performance classes of PMUirements,
the “M class” (intended for monitoring, which shdwrovide
more accurate data with no special need for famirting) and
“P class” (intended for protection, which shouldvyide less
accurate data but in shorter period of time). WAKSults
from Fig. 10 are in accordance with [13], but net intended
to be a part of the protection scheme and theretheeexact
sliding window length of RMS calculation is relaly long.
Besides, current transformers used for obtainingseh
measurements did most likely also suffer from sion.
Consequently, authors were unable to reconstriictiives
from Fig. 10. Nevertheless, the initial fast in@eaf current
(see lower graph in Fig. 10) is in the order of 208, which
implies the cause for that might be a portfeti, 2. On the
other hand, slower increase of current within thiofving 3



seconds (see upper graph in Fig. 10) might bedhsexjuence modelling is possible only through hysteresis.
of (1f1)-im71. One should be aware that during the calculation

of RMS values, all measurements are first squared a

consequently the sign of the current is not of sigpificance.
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Fig. 10. Captured WAMS measurements of a sympathatush current
phenomenon (different time scales)

V. CONCLUSIONS

In this paper the sympathetic inrush current of paoallel
transformers is presented by the use of a modaloapp to
solving equivalent circuit. Equivalent circuit’s fidirential
equations were expressed in the state-equation fadrith is
usually not practice in similar papers. By doing aathors
made the analysis of DC flux component possiblestoreral
kinds of situations,
transformers, with transformers of different sizets,

Special attention was given to explaining the phesaon
in such a way that the paper content would be usefboth
scientists and engineers in the process of studyhmg

e.g. with more than two palall
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