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Abstract—The phenomenon of sympathetic interaction between I. INTRODUCTION

transformers is discussed in this paper. The phenomenon gf » \GNETIZING inrush current occurs during  the
sympathetic interaction between transformers, which is very likely ] o .
+ 1 energization of a single transformer connected to a

occur when a transformer is energised on to a system where are o
transformers already connected, changes significantly the duratiB@wer system network with no other transformers. However,

and the magnitude of the transient magnetising currents in ttiee energization of a transformer connected to a network in the
transformers involved and in the line supplying transformers. At thsresence of other transformers, as shown in Fig. 1, which are

same time, its characteristics are further analyzed by numeri%ﬁ}eady in operation, leads to the phenomenon of sympathetic
simulation in Matlab-Simulink Program. The sympathetic inrush

current could influence the transformer differential protection an'@rUSh current. ) . . . .
even cause mal-operation differential protection of switching and Although, severity of .the. inrush current 'S.h'.gher during
already energized transformer. single transformer energization, the sympathetic inrush current

Based on simplified equivalent circuit of two shunt-wounds of special importance due to its unusual characteristics. The
transformers, the magnetic analytical expression and rule of biggush current in a transformer decays, usually, within a few

magnetic aftenuation are analyzed. After that, the reasons cgcles, but the sympathetic inrush current persists in the
sympathetic inrush current generation are illustrated. The effec . .

parameters of supplying system and transformers, such as |og8twork for a relatively longer duration. .
system resistance, manners of connections of windings and mannerd) recent years, there are several reports of closing a
of transformer grounding to sympathetic inrush current are thdfansformer without load which led to the mal-operation of the

analyzed deeply by analytical analysis. The conclusion is validated &gljacent transformer differential protection or generator
using emulate program. differential protection.
The reason is that when we close a transformer without load it
Keywords—Network resistance, Simulation of transient

. >=will produce excitation current which passes the system
phenomena, Sympathetic inrush current, Transformer connections. . . .
resistance causes asymmetrical fluctuation of the busbar
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ISI"

of sympathetic inrush current of two shunt wound transformer ‘%
and we also focus on some special factors influencing =
sympathetic inrush current (load of tertiary transformer ™
winding, impact of transformers connection and manner of
transformer grounding) which understanding is very ..
meaningful in an effort to avoid mal-operation of differential =
and generator protections. ’

Therefore, this paper will analyze various factors of network :j 5 i

Supply current i,

O T S S ST

affecting transient phenomena theoretically, based on the wlf — . "";‘."
predecessors analysis of sympathetic inrush current generation Fig. 4 Current in the electrical source [15]
mechanism, and through MATLAB simulation test. We also
hope to provide a certain reference for understanding it and |||, ANALYTICAL ANALYSIS OF SYMPATHETIC INRUSH
solving the impact brought by it. CURRENT
Il. PROCESS OFSYMPATHETIC INRUSHBETWEEN PARALLEL A. Decaying Mechanismof Inrush Current in case of single
TRANSFORMERS transformer

Utilizing the coupled electromagnetic model proposed in  For studying the origin mechanism of the sympathetic
[10], simulation was carried out in [15] and [16] to illustratdnteraction, at first the inrush current of only a single-phase
the process of sympathetic inrush interaction between the tfBergized transformer is analyzed from the point of magnetic
parallel connected transformers. In that case T1 and T2 & The equivalent circuit is shown in fig.5.

two identical 230/69 kV, 15 MVA single-phase transformer: R L R, Ly L,, R,,
(referring to Figure 1). The simulated currents, andis are _‘”“‘-”‘v_7$—}"‘f‘v’“v M
displayed in Figure 2-4, respectively. L i) i(t) HRM

As it can be seen, the inrush currénteached maximum Us(”@J/* 4o " <
peak right after the energisation of T2 and then decay: T > L.
gradually, while the sympathetic inrush currénbuilt up in l i

T1 gradually reached its maximum peak and then gradua - -

decayed; the supply curreigtis the sum of the currentsand  Fig. 5 The equivalent circuit of a single-phase energized transformer

i», the peaks of sympathetic inrush currerand of the inrush

current i, occur in direction opposite to each other, on When a single-phase unloaded transformer is energized with

alternate half cycles. the source, the circuit’s voltage equation and flux equation can
Waveforms of these currents will be analyzed in detail ibe expressed as follow [26]:

the following sections. . dy
u,(t) = (R +R)iy+—~ (1)

(A) Aty dt
bik where:
w=(L+L,+L,)i=Li 2)
ol Inrush current 7 Rs andLs is the system resistance and inductance respectively,
R; andL, is the transformer leakage resistance and inductance
o and L, is the magnetic inductance which is a nonlinear
o0+ ) inductance and chosen as average inductance of the magnetic
] circuit, ¥ the total winding magnetic flux.

Integrating equation (1) in a cycle gives:
Fig. 2 Current in transformer T2 [15] t+At t+At

[u®dt= [ [(R+R)i]dt+ay @)

(A)A L
W0
i g The electromotive force of source is symmetrical sine wave,
:; so the left of equation (3) is equal to zero. Thus the total flux
m{ change per cycle can be expressed as follow:
~400 4 t+At
-500 o _ .

1 Sympathetic inrush current 7; Ay =- J. [( R+ Rl) '1] dt 4)

t

Fig. 3 Current in transformer T1 [15 . . .
g [1°] Equation (4) expresses that the decaying quantity of the total

winding flux is associated with the system resistance and the
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transformer leakage resistance. Generally the inrush current di . dy, ]
has plentiful DC component, so the winding’s flux decays for Rls+ LSE"' Ri, + = Um3|n(01 + 0’)

the influence of resistance, and with the resistance increased, q q dt
the flux decays faster [27]. R1i1+ éﬂl =R i2+ ;ﬂz (5)
B. Mechanism Analysis of sympathetic interaction between t t

transformersin parallel ig =i, +1,
For the comprehensive analysis of the various influencing
factors of sympathetic inrush current, it is necessary toWherey; andy, are respective fluxes of transformers T1
understand the physical nature of it. This section will be on tlad T2. Obviously, the relation (5) is a nonlinear equation. In
basis of the previous section and Literatures [6, 9], whig@fder to analyse the flux relation of the two transformers, we
simply introduces the formation process of sympathetic inrugiiould get analytical formula because we need to do linear
current through the flux analytical expression and bias flUXocess with relation (5). Here, the non-linear excitation
attenuation between two parallel operation transformers laynguctancely, andLy, are replaced by the average inductance
theoretical basis for the analysis of various influencing factor@! the transformer magnetizing circuit and we will further
consider the same transformdrs=L, =L, R,=Rm=R

R R, I, L, R, Then using Laplace transform and Laplace inverse
— AN —&T—’\;‘-ﬁ "N AT transform, we can get two transformers flux expression [6, 9,
i(f) iy(7) HRM 13]:
— L L ) 1
=2 ¥ (t)=-U,sin(at+a-4) =714 (0) -
- ﬁ;\-‘fU " L R R (6)
N~ S Ry Ly, L, R ~,(0)le “*- +§[‘/’1(O) X AVICE
s Y AT L 1
L1, R@ wz(t):EUmsin(wt +a—¢)—§[¢/l(0)— o
L’lmi‘;’: _%t l —Bt
4 L Y, (0)]e HrE _E[wl(o) —4[/2(0)}6 ;

Fig. 6 Equivalent circuit used to analyze sympathetic inrush for Where:

transformers in parallel according to Fig. 1 2 2
z=(R+2R )’ +(L+2L,)
Operating one transformer, and closing the other without

+
loads, generally, has two connection modes: parallel or series.g = arctanM

In this work we will focus on parallel connection which is R+2R
shown in Fig. 6.

In the Fig. 6U4(t) is the system source voltage; & L are
respective resistance and inductance of electrical sy&am,

& Luig, Rizs & Lazg, Rim & Lum, are respective resistance and From equations (6) and (7), it can be seen that potand
leakage inductance of transformer T1's primary and secondary

winding and also the excitation resistance and excitatidfe CONSISt of one sinusoidal component and two exponential
inductanceRo1; & Lo, Rozo & Logs, Rom & Lom, are respective DC components. The AC component and the first DC

resistance and inductance of transformer T2 similarly to tl®mponent are the same, but the second DC componéght in
transformer T1.

And vy; (0) andy; (0) are the respective initial fluxes of
transformers T1 and T2.

is opposite to that iny,, thereforei, andi, are opposite to
Next we will consider(t), i»(t) are respective inrush current('"aCh other and appear alternately. ]
of operation T1 and the closing transformer T2 without load\s0, because the both DC componentg/ip are negative, so

CausingR; = Rygs + Rim L1 = Ligg + Lim Re = Rois + Rom L2 = the maximum peak ofi, would appear right after the
Lais + Lam Supposed that the system voltage soureg(ip= energisation of T2, whilst the DC componentsifj are of
Unsin(wt+a), anda is represented the close angle.

opposite polarity and the time constant of the first DC
componentT; :(L +2L5)/(R+ 2&) is smaller than that

of the second DC componeit, = L/R, soi, will gradually

reach the maximum peak, and gradually decay afterwards as
we could see in fig. 7.

The application of the circuit principle we can write:
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The simplified analytical analysis shows in a general Wa)t L+2 R+ 2 ;
the variation of flux-linkages in T1 and T2 which depends on? ( LS)/( &) Is created by system voltage

the time constants formed by the inductances and resistane@4rce.

of the circuit branches. In real situation, the core inductance is y
nonlinear and therefore the time constants cannot be so readil R
determined. So this is the reason for using simulation methods
described in the next chapter. [18-21]

Magnetic Flux of Tranformer T1 [~ (1)
0 r ; 1 e

!

| 4[;-1|C\|—-,':\{lee-f-

Fig. 8 Transient magnetic component of magnetic flux which
represents circulating current

It is interesting to note that the circulating current, both with
respect to magnitude and rate of decay, is entirely independent
of the characteristics of the transmission line circuit, being
determined solely by the inductance and resistance of the
transformers themselves in conjunction with the initial bus
voltage, the frequency, and the switching angle.

i,

: : C. Decaying Mechanism of Sympathetic Inrush Current in
0 5 10 15 20 case of two identical transformers

Fig. 7 Waveforms of magnetic fluxes of transformers TLand T2 | [17, 15] and [14], the interactions between parallel

transformers were analysed using the voltage drop across
Note: For aperiodic components of magnetic flu¥f#sand  circuit resistances, with system and transformer winding
inductances neglected, which is summarized as follows (by
referring to Figure 6).

0

Y, in the previous figure, we could apply:

1 _R+2R,, Before closing S, only the magnetizing current of the
t) = _[(/11(0) +1//2 ]e L+2l, unloaded transformer T1 flows through the system; application
2 (8) of kirchhoff's law we could write:
_1 _% — dlﬂl
t) —E[¢1(0)+¢/2(0)]e u() =(R+R)i, + (11)
Summing the individual magnetic fluxeg/(, ¢,) we get The lntegratmn ofiJover one cycle gives:
t+At t+At
relation for total magnetic flux: _ ;
L e [ u®dt= [ [(R+R)i|dt+ag, (12)
w(t) :?Umsin(a;t+a—¢)—[(//1(0) t t
9
_R#2R, ®) Where At is of one cycle interval and\{/; represents the
—1/12( )] b2k flux change per cycle in transformer T1.

Considering linear characteristic of transformers T1 and T@onsidering the system sourct) is symmetric periodical

(ip=¢,/Li,=¢,/L,) we could write equation funt(J:rEon, s0:

represented line currerit)(based on relation (9): J' Umsin(ai + a) dt=0 (13)
. 2 . 1 t
i (t) :EUmSIn(aI +a-¢) _E[[//J_ (0) We could write the following relation for the flux change per
(10)  cycle in transformer T1:
_T:EEt t+At
~,(0)le Ag, == [ [(R+R)i,]dt (14)
t

Now is apparent that, one of two transient component fromAccordlng to previous equation if current of transformer

(6,7) with time constant, = L/R is circulating around the is symmetrical and transformer T2 is not connectd¢/; will

loop formed by the two transformer windings in series Witho&etzﬁro tTh'Sf S|tuat_||_02n corresponds to the state before
flowing in the transmission line during the sympathetléWIC Ing transtormer
phenomenon (Fig. 8), whilst the second one with time constant
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After closing S, saturation of transformer T2 causes a Note: The fluxesy; v, attenuate respectively by the value
transient inrush current which flows throughRs. Due to the of (15)(16) periodically and the damping role of the system
unidirectional characteristic of the inrush current, each cyctesistance disappears, and it is attenuating, in accordance with

transformer T1 experiences an offset flux by an amount of. e pasic time constantZ, and 7, which results in longer
t+At

Ay, =- I [(R+R)i,+Ri,]dt (15) attenu_ation.
t n=L/R (18)
Meanwhile, an offset flux per cycld¢/, is produced in I, = LZ/R2 (19)
transformer T2 by:
s _ ] IV. ESTABLISHMENT OFSYSTEM SIMULATION MODEL
sz - .[ I:(RS + RZ)IZ + Rsll:l it (16) In order to study effect of the special system factors on
t

sympathetic inrush current, we will establish system simulation
At the initial stage, bothA¢, and Ay, are of the same platform according to Fig. 9. This platform is based on
polarity and mainly depend on the voltage drop caused by tMg@tlab-Simulink program and it uses three phase transformer
inrush current i, The accumulation of Ag, drives unit, which enable us further stuo!y of |anuer1ce of various
transformer connection and grounding connection.
transformer T1 into saturation, while the effectty, is to

reduce the initial offset flux in transformer T2 so as to produce | »=~ . =
the decay of inrush currept 7 MilEmeter =

As the transformer T1 becomes more and more saturated, :
sympathetic inrush current gradually increases from the
steady state magnetizing current to a considerable magnitude
Noted that as the transformer T1 saturates with the polarity
opposite to that of transformer T2, the peaks of the
sympathetic inrush current @are with polarity opposite to that
of inrush curreni,, on alternate half cycles. As a result, the
voltage asymmetry on transformer terminals caused by the
inrush currenti, during one half cycle is reduced by the
voltage drop produced by the sympathetic inrush current

during the subsequent half cycle. This decreases ﬁdﬂl

||=ig. 9 Simulation platform of the model in Matlab-Simulink program

In Fig. 9, the rated voltageslis 500kV, the rated frequency
and Ay, , and therefore reduces the changing rate of tli@ 60Hz. The two transformers are exactly the same, having
magnitude of both the increasing sympathetic inrush cuiyent>@me parameters: the rated power 1S 150MVA, the rated
and the decaying inrush currést volt_age are (500, 2302 35) kV, the primary, the secondary and
tertiary winding resistance are 0.002(pu), the leakage
inductance are 0.08(pu), the excitation resistance are 500(pu),

After a certain time, the increaseipfind decay of, can reach - \FH . A
the basic magnetization curve using two broken line

a point that: . o - i .
. . linearization processing, two broken line determined by three
(R+R)i,=-Ri, (17)  of points (0,0;0.0024,1.2;1.0,1.52).
At this point, the flux change per cyclﬁl/ll is zero and V. PARAMETRIC STUDY OF IMPACT SELECTEDSYSTEM

. . . FACTORS ONSYMPATHETIC INRUSH
hence current; stops increasing. Thereafter, the polarity of

. Sympathetic interaction between two identical single-phase
Ay, reverses and starts to reduce the offset flux in tr%reansformers (rated at 150 MVA, 500/230/35 kV) in Matlab

transformer T1, as a result, the sympathetic inrush curyentsimulink program. [16]. The schematic diagram of the circuit
begins to decay (so does the inrush curigntSince both sed in modeling tests is the same with that shown in Figure 6.
decaying currents have the same amplitude but with polaritiesin the tests, circuit breaker was set to close at the positive-
opposite to each other, no voltage asymmetry is produced @fing zero crossing of the applied voltage and the residual flux
the transformer terminals and the flux change per cycle in eaghthe transformer (both in terms of polarity and magnitude)
transformer only depends on the winding resistance of eag@s fixed by feeding a direct current through the winding
transformer. before each test for a short period.

This is one of the reasons for the inrush current to bee will consider initial state: Connection Yg-yg-yg, no load
significantly prolonged in power systems with largeyn the tertiary winding. The simulation result is expressed in
transformers energised, as the winding resistances of thesg 10. (System current, sympathetic inrush current in
transformers are normally of relatively small value. transformer T1 and inrush current in transformer T2)
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w1z T1 L1

<

z —

- <

0 0.05 01 0.15 0.2 0.25
t [s]
12: T2 L1

< z

t[s]
Fig. 10 Sympathetic inrush currents of parallel transformers modeled t[s]
according to Fig. 9. Fig. 11 Sympathetic inrush Current of transformer T1

(Rs= 10, 20 and 2Q)
Note: In the model we assumBs = 6.582, Ls = 0.36H, T1
initial flux is given by time of switching transformer T2, T2
initial flux y,(0) =0

B. Impact of the Transformer Loop Circuit Resistance

When the transformer is switched on, there are usually some
power devices between it and the parallel transformer. These
In this section, when we study the impact factdriush devices have a certain resistance and negligible inductance.

current we'll take corresponding situation in Fig. 10 as - T4 L1
reference. So that we can compare the effect of the variou T T T T
factors directly. 200 [ S
The effects such as line and transformer loop circuitz |
resistance, load of tertiary transformer winding, manners of = i "'1|”“
grounding neutral point and effect of transformer connection

will be investigated in detalil.

=

A. Impact of Line Resistance t[s]
lw1: T1 L2

In previous analytical analysis we found out that inrush , , . .
current is produced by the existenceRafClearly, the greater ] i ___________ i ___________ i ___________ i ____________
the value ofRs is and the greater flux will change weekly, and
accordingly it is benefit for the production of inrush current. w
In contrast, the smalld®s is, the less obvious the relationship A00 benomeee L
is, which is bad for the production of inrush current. Specially,
whenRs =0 Q, (15, 16), so the voltage drop will not appear 0 0.2 08 1

and at this moment, inrush current phenomenon will disappear |W1_[ﬂ 13

100 f==---=-- s s s T

HIIIIIH i

-----------------------------------------------

In Fig. 11 there are the current waveforms of currejt (i
according toR; after being increased to 10, 20 and23Qine
resistance is a key factor in determining the magnitude of the 0 ”H

sympathetic inrush current in the transformer already
connected. Increase of line resistance generates highe oof---------!
maximum peak of sympathetic inrush current and accelerate 0 04 06 0.8 1

the build-up to reach the maximum peak as we could see ii. tls]
Fig. 11: Fig. 12 Sympathetic inrush Current of transformer T1

(Rioop = 18, 35 and 5Q)
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The simulation result in Fig. 12 displays inrush current ¢
T1 according to rising resistance between transformers (lo
circuit resistance):

Resistance of the transformer loop circuit according to Fi
12 rapidly reduces the magnitude of sympathetic inrush curre
of already connected transformer and speeds up the deca
the sympathetic interaction (this represents the case of t
parallel transformers separated by transmission lines of lo
length instead of a short electrical connection).

C. Impact of Load of Tertiary Transformer Winding

When the transformer is switched on to a heavy load, tl
peak values of both types of load (active or inductive reactiv
cause that sympathetic inrush current of the already energi:
transformer is considerably smaller compared to the unlo
case (Fig. 13) but inrush current of the switching transform

IA]

Is: L1

2000 , : : :
1000 b-ooooo- 1 H A __I 11 I__ o :__ .

0
1000
2000

1000
500+

-1000

12: T2 11
2000

remains nearly unchanged.

2000
1000 : , , :
U_. Py K I__ PRy N I__ Ry I :__ b 4:__ Yy R
-1000
-2000

I [A]

1000 F

-1000

2000
0

000 f------- S SRECT RNt TESEEE PR CRRERE et

2000 poommm-emeo- T R P PR

t 5]

1000 f-------- b S SR AL
0
-1000

-2000

t [s]
Fig. 14 Impact of inductive reactive load of tertiary winding on
sympathetic inrush phenomera£ 5MVAr)

D. Effect of Manners of Grounding Neutral Point of
Transformer Windings

Comparing the inrush current waveform of different
grounding ways is in Fig. 15. (Only system current is shown).

The inrush current is the greatest and the speed of
attenuation is the slowest when it is directly grounded system.
When transformers are grounded through resistance or
inductance speed and amplitude is the second. While it is not
grounding, the speed is slow and the amplitude is minimum.

The reason of this behavior is that grounding system
produces a zero-sequence current, which should make the
inrush current increase.

However, closing transformer without load under any
grounding methods will enable the adjacent transformer to

Fig. 13 Impact of active load of tertiary winding on sympatheticProduce inrush current, and the difference between them is not

inrush phenomen&(= 5MW)

obvious. Thus when we close a transformer without load,
break the neutral grounding switch which cannot eliminate

Note: In the model we assume load of both transformers biyrush current, but it can only reduce inrush current to a very
active powerP = 5MW (Fig. 13) or inductive reactive load small extent.

Q=5MVAr (Fig. 14).
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s L1

Is: L1 Grounded system Yy - Connection
2000 f---------p- T S Lrrrrre=

1000 f------= b AL LR

0
1000 ---------- beroooaenes doooomiiions beoooonaaes e
2000 feseeemeoae — [ —— .
0 0.05 0.1 015 02 025
Is-L1  Grounded system trough resistance (R.= 20Q)
2000 =3~ Frrmmmmees For s T T
1000
T 0 < Z
-1000 B
2000 bezzooooooe Boooooooee fooooooooo foooooooee R : ; ;
0 0.05 01 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Is:L1  Grounded system trough inductance (L = 0.5H)
1000 {-------- TS A U Y —
500 f-------- i LS :
< 0 <
B0 Frm - - o ] -
1000 [--= === =m==mhemmmms s oo
0.05 0.1 0.15 0.2 0.25
Is:L1  Ungrounded system : T ot[e]
T T T T
] N Dl L Fig. 16 Effect of various transformer connection on sympathetic
I ‘ X y ' | inrush current phenomenon
0 LNt Il i s
500 : : : : VI. CONCLUSION
; ; ; ; In this paper, we have presented a detailed formulation and
0 0.05 01 o 015 02 0.25 modeling for the analysis of sympathetic inrush phenomenon
S . . .
Fig. 15 Effect of various manners of transformers grounding on for the configuration of parallel and series connected
sympathetic inrush current phenomenon transformers. Two 125MVA, three-phase, 500/230/35 kV,

transformers are modeled using MATLAB/Simulink/
SimPowerSystems. Simulink equations of the transformers are
then solved simultaneously with the circuit equations of the
g'ower system network. The analysis is done on three-phase
Ljoqits. Subsequently, three-phase simulation results are also

é?ported.

E. Effect of Transformers Connection
Analysis of different ways of transformer connection to syste
inrush current is shown in Fig. 16.
The inrush current is the greatest and the speed

attenuation is the slowest when both winding of transform . I K hat th hetic | h .
are connected to triangle (Dd). The inrush phenomenon is '[,h(Jt Is well known that the sympathetic inrush current persists

least and the speed of attenuation is the fastest when ghdn€ network for a much longer duration than the inrush
winding of transformer is connected in one way and secof§Tent for the singly connected transformer. The special
another (Yd). And when both winding of transformer ar@arameters affecting the magnitude and duration of the current,

connected to star (Yy) speed and amplitude is nearly similarggch as impact of system and loop resistance, load of tertiary
first case. winding, grounding manners and ways of transformer winding

The differences between various size of amplitude am®nnection are modeled and discussed in detail. It is observed
speed of attenuation are not obvious but as well as in tth@t even though an increase in the load of tertiary winding
previous case transformer without load in every connectiaiecreases the magnitude of the sympathetic inrush current
will enable the adjacent transformer to produce inrush currerdppreciably, there is little effect on its duration. The change in

various manners of grounding and different types of winding
Note: In the model we assume same connection of bogdnnection can cause significant variations in the phenomenon
transformers. of the sympathetic inrush currents.

When the sympathetic interaction between transformers
happens, the operating transformer coud be saturated and
generate the sympathetic inrush, which could influence
transformer differential protection and therefore the exact
understanding of this phenomenon is very important.
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