
 

 

  
Abstract—The phenomenon of sympathetic interaction between 
transformers is discussed in this paper. The phenomenon of 
sympathetic interaction between transformers, which is very likely to 
occur when a transformer is energised on to a system where are other 
transformers already connected, changes significantly the duration 
and the magnitude of the transient magnetising currents in the 
transformers involved and in the line supplying transformers. At the 
same time, its characteristics are further analyzed by numerical 
simulation in Matlab-Simulink Program. The sympathetic inrush 
current could influence the transformer differential protection and 
even cause mal-operation differential protection of switching and 
already energized transformer.  
Based on simplified equivalent circuit of two shunt-wound 
transformers, the magnetic analytical expression and rule of bias 
magnetic attenuation are analyzed. After that, the reasons of 
sympathetic inrush current generation are illustrated. The effects 
parameters of supplying system and transformers, such as load, 
system resistance, manners of connections of windings and manners 
of transformer grounding to sympathetic inrush current are then 
analyzed deeply by analytical analysis. The conclusion is validated by 
using emulate program. 
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I. INTRODUCTION 

AGNETIZING inrush current occurs during the 
energization of a single transformer connected to a 

power system network with no other transformers. However, 
the energization of a transformer connected to a network in the 
presence of other transformers, as shown in Fig. 1, which are 
already in operation, leads to the phenomenon of sympathetic 
inrush current. 

Although, severity of the inrush current is higher during 
single transformer energization, the sympathetic inrush current 
is of special importance due to its unusual characteristics. The 
inrush current in a transformer decays, usually, within a few 
cycles, but the sympathetic inrush current persists in the 
network for a relatively longer duration. 

In recent years, there are several reports of closing a 
transformer without load which led to the mal-operation of the 
adjacent transformer differential protection or generator 
differential protection.  
The reason is that when we close a transformer without load it 
will produce excitation current which passes the system 
resistance causes asymmetrical fluctuation of the busbar 
voltage, resulting in saturations generating sympathetic inrush 
current in adjacent transformer. 

 
 

Fig. 1 Sympathetic interaction between transformers 
 

The available literature includes numerous investigations on 
the inrush current phenomenon in power transformers and its 
impact on the design and operation of protection schemes [2–
5]. Most of the approaches are based on the electrical 
equivalent circuit [5, 7, 8] or magnetic equivalent circuit [10–
12]. Most of them expound partial analysis of the influencing 
factors of sympathetic inrush current, but not comprehensive. 

In this work, in order to solve the problems brought by the 
sympathetic inrush current, we expound mathematical theory 
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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 
affecting transient phenomena theoretically, based on the 
predecessors analysis of sympathetic inrush current generation 
mechanism, and through MATLAB simulation test. We also 
hope to provide a certain reference for understanding it and 
solving the impact brought by it. 

II. PROCESS OF SYMPATHETIC INRUSH BETWEEN PARALLEL 

TRANSFORMERS 

Utilizing the coupled electromagnetic model proposed in 
[10], simulation was carried out in [15] and [16] to illustrate 
the process of sympathetic inrush interaction between the two 
parallel connected transformers. In that case T1 and T2 are 
two identical 230/69 kV, 15 MVA single-phase transformers 
(referring to Figure 1). The simulated currents i1, i2 and is are 
displayed in Figure 2-4, respectively. 

As it can be seen, the inrush current i2 reached maximum 
peak right after the energisation of T2 and then decayed 
gradually, while the sympathetic inrush current i1 built up in 
T1 gradually reached its maximum peak and then gradually 
decayed; the supply current is is the sum of the currents i1 and 
i2, the peaks of sympathetic inrush current i1 and of the inrush 
current i2 occur in direction opposite to each other, on 
alternate half cycles. 

Waveforms of these currents will be analyzed in detail in 
the following sections. 

 

 
Fig. 2 Current in transformer T2 [15] 

 

 
Fig. 3 Current in transformer T1 [15] 

 

 
Fig. 4 Current in the electrical source [15] 

III.  ANALYTICAL ANALYSIS OF SYMPATHETIC INRUSH 

CURRENT 

A. Decaying Mechanism of Inrush Current in case of single 
transformer 

 For studying the origin mechanism of the sympathetic 
interaction, at first the inrush current of only a single-phase 
energized transformer is analyzed from the point of magnetic 
flux. The equivalent circuit is shown in fig.5.  

 
Fig. 5 The equivalent circuit of a single-phase energized transformer 

 
When a single-phase unloaded transformer is energized with 

the source, the circuit’s voltage equation and flux equation can 
be expressed as follow [26]: 

( )1 1( )s s

d
u t R R i

dt

ψ= + +   (1) 

where: 

( )s mL L L i Liσψ = + + =   (2) 

Rs and Ls is the system resistance and inductance respectively, 
R1 and Lσ is the transformer leakage resistance and inductance 
and Lm is the magnetic inductance which is a nonlinear 
inductance and chosen as average inductance of the magnetic 
circuit, Ψ the total winding magnetic flux. 

Integrating equation (1) in a cycle gives: 

( )1 1( )
t t t t

s s

t t

u t dt R R i dt ψ
+∆ +∆

= + + ∆  ∫ ∫   (3) 

The electromotive force of source is symmetrical sine wave, 
so the left of equation (3) is equal to zero. Thus the total flux 
change per cycle can be expressed as follow: 

( )1 1

t t

s

t

R R i dtψ
+∆

∆ = − +  ∫   (4) 

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 
has plentiful DC component, so the winding’s flux decays for 
the influence of resistance, and with the resistance increased, 
the flux decays faster [27].  

B. Mechanism Analysis of sympathetic interaction between 
transformers in parallel  

 For the comprehensive analysis of the various influencing 
factors of sympathetic inrush current, it is necessary to 
understand the physical nature of it. This section will be on the 
basis of the previous section and Literatures [6, 9], which 
simply introduces the formation process of sympathetic inrush 
current through the flux analytical expression and bias flux 
attenuation between two parallel operation transformers lay a 
theoretical basis for the analysis of various influencing factors. 

 

 
Fig. 6 Equivalent circuit used to analyze sympathetic inrush for 

transformers in parallel according to Fig. 1 
 
Operating one transformer, and closing the other without 

loads, generally, has two connection modes: parallel or series. 
In this work we will focus on parallel connection which is 
shown in Fig. 6. 

In the Fig. 6 Us(t) is the system source voltage; RS & Ls are 
respective resistance and inductance of electrical system, R11σ 
& L11σ, R12σ & L12σ, R1m & L1m, are respective resistance and 
leakage inductance of transformer T1’s primary and secondary 
winding and also the excitation resistance and excitation 
inductance; R21σ & L21σ, R22σ & L22σ, R2m & L2m, are respective 
resistance and inductance of transformer T2 similarly to the 
transformer T1. 

 
Next we will consider i1(t), i2(t) are respective inrush current 

of operation T1 and the closing transformer T2 without load. 
Causing R1 = R11σ + R1m, L1 = L11σ + L1m, R2 = R21σ + R2m, L2 = 
L21σ + L2m. Supposed that the system voltage source is us(t) = 
Um sin(ωt+α), and α is represented the close angle.  

The application of the circuit principle we can write: 

( )1
1 1

1 2
1 1 2 2

1 2

sins
s s s m

s

di d
R i L R i U t

dt dt
d d

R i R i
dt dt

i i i

ψ ω α

ψ ψ

+ + + = +

+ = +

= +

 (5) 

 
Where ψ1 and ψ2 are respective fluxes of transformers T1 

and T2. Obviously, the relation (5) is a nonlinear equation. In 
order to analyse the flux relation of the two transformers, we 
should get analytical formula because we need to do linear 
process with relation (5). Here, the non-linear excitation 
inductance L1m and L2m are replaced by the average inductance 
of the transformer magnetizing circuit and we will further 
consider the same transformers: L1 =L2 =L， R1m =R2m = R. 

Then using Laplace transform and Laplace inverse 
transform, we can get two transformers flux expression [6, 9, 
13]: 

( ) ( ) ( )

( ) ( ) ( )

1 1

2

2
2 1 2

1
sin [ 0

2

1
0 ] 0 0

2

s

s

m

R R Rt tL L L

L
t U t

Z

e e

ψ ω α ϕ ψ

ψ ψ ψ
+

− −+

= + − − −

− + −  

  (6) 

( ) ( ) ( )

( ) ( ) ( )

2 1

2

2
2 1 2

1
sin [ 0

2

1
0 ] 0 0

2

s

s

m

R R Rt tL L L

L
t U t

Z

e e

ψ ω α ϕ ψ

ψ ψ ψ
+

− −+

= + − − −

− − −  

  (7) 

Where: 

( ) ( )2 2
2 2s sZ R R L L= + + +  

( )2
arctan

2
s

s

L L

R R

ω
ϕ

+
=

+
 

And ψ1 (0) and ψ2 (0) are the respective initial fluxes of 
transformers T1 and T2. 

 
From equations (6) and (7), it can be seen that both 

1ψ  and 

2ψ  consist of one sinusoidal component and two exponential 

DC components. The AC component and the first DC 

component are the same, but the second DC component in 1ψ  

is opposite to that in 
2ψ , therefore i1 and i2 are opposite to 

each other and appear alternately.  

Also, because the both DC components in 2ψ  are negative, so 

the maximum peak of i2 would appear right after the 

energisation of T2, whilst the DC components in 1ψ  are of 

opposite polarity and the time constant of the first DC 

component ( ) ( )1 2 2s sL L R Rτ = + +  is smaller than that 

of the second DC component 2 L Rτ = , so i1 will gradually 

reach the maximum peak, and gradually decay afterwards as 
we could see in fig. 7.  
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The simplified analytical analysis shows in a general way 
the variation of flux-linkages in T1 and T2 which depends on 
the time constants formed by the inductances and resistances 
of the circuit branches. In real situation, the core inductance is 
nonlinear and therefore the time constants cannot be so readily 
determined. So this is the reason for using simulation methods 
described in the next chapter. [18-21] 

 
Fig. 7 Waveforms of magnetic fluxes of transformers T1 and T2 

 

Note: For aperiodic components of magnetic fluxes 1ψ and 

2ψ  in the previous figure, we could apply: 

( ) ( ) ( )

( ) ( ) ( )

2

2
1 2

1 2

1
0 0

2

1
0 0

2

s

s

R R
t

L L
a

R
t

L
b

t e

t e

ψ ψ ψ

ψ ψ ψ

+
−

+

−

= +  

= +  

  (8) 

Summing the individual magnetic fluxes (1ψ , 2ψ ) we get 

relation for total magnetic flux:  

( ) ( ) ( )

( )

1

2

2
2

2
sin [ 0

0 ]
s

s

m

R R
t

L L

L
t U t

Z

e

ψ ω α ϕ ψ

ψ
+

−
+

= + − −

−

  (9) 

 
 Considering linear characteristic of transformers T1 and T2 

( 1 1 1i Lψ= , 2 2 2i Lψ= ) we could write equation 

represented line current (is) based on relation (9): 

 
( ) ( ) ( )

( )

1

2

2
2

2 1
sin [ 0

0 ]
s

s

s m

R R
t

L L

i t U t
Z L

e

ω α ϕ ψ

ψ
+

−
+

= + − −

−

  (10) 

 
Now is apparent that, one of two transient component from 

(6,7) with time constant 2 L Rτ =  is circulating around the 

loop formed by the two transformer windings in series without 
flowing in the transmission line during the sympathetic 
phenomenon (Fig. 8), whilst the second one with time constant 

( ) ( )1 2 2s sL L R Rτ = + +  is created by system voltage 

source. 

 
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. 

C. Decaying Mechanism of Sympathetic Inrush Current in 
case of two identical transformers 

In [17, 15] and [14], the interactions between parallel 
transformers were analysed using the voltage drop across 
circuit resistances, with system and transformer winding 
inductances neglected, which is summarized as follows (by 
referring to Figure 6). 

Before closing S, only the magnetizing current of the 
unloaded transformer T1 flows through the system; application 
of kirchhoff's law we could write: 

( ) 1
1 1( )s s

d
u t R R i

dt

ψ= + +   (11) 

The integration of us over one cycle gives: 

( )1 1 1( )
t t t t

s s

t t

u t dt R R i dt ψ
+∆ +∆

= + + ∆  ∫ ∫   (12) 

Where t∆  is of one cycle interval and 1ψ∆  represents the 

flux change per cycle in transformer T1. 
  
Considering the system source us(t) is symmetric periodical 
function, so: 

( )sin 0
t T

m

t

U t dtω α
+

+ =∫   (13) 

We could write the following relation for the flux change per 
cycle in transformer T1: 

( )1 1 1

t t

s

t

R R i dtψ
+∆

∆ = − +  ∫   (14) 

According to previous equation if current of transformer i1 

is symmetrical and transformer T2 is not connected, 1ψ∆  will 

be zero. This situation corresponds to the state before 
switching transformer T2. 
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After closing S, saturation of transformer T2 causes a 
transient inrush current i2 which flows through Rs. Due to the 
unidirectional characteristic of the inrush current, each cycle 
transformer T1 experiences an offset flux by an amount of: 

( )1 1 1 2

t t

s s

t

R R i R i dtψ
+∆

∆ = − + +  ∫   (15) 

Meanwhile, an offset flux per cycle 2ψ∆  is produced in 

transformer T2 by: 

( )2 2 2 1

t t

s s

t

R R i R i dtψ
+∆

∆ = − + +  ∫   (16) 

At the initial stage, both 1ψ∆  and 2ψ∆  are of the same 

polarity and mainly depend on the voltage drop caused by the 

inrush current i2. The accumulation of 1ψ∆  drives 

transformer T1 into saturation, while the effect of 2ψ∆  is to 

reduce the initial offset flux in transformer T2 so as to produce 
the decay of inrush current i2. 

 
As the transformer T1 becomes more and more saturated, a 

sympathetic inrush current i1 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 i1 are with polarity opposite to that 
of inrush current i2, on alternate half cycles. As a result, the 
voltage asymmetry on transformer terminals caused by the 
inrush current i2 during one half cycle is reduced by the 
voltage drop produced by the sympathetic inrush current i1 

during the subsequent half cycle. This decreases both 1ψ∆  

and 2ψ∆ , and therefore reduces the changing rate of the 

magnitude of both the increasing sympathetic inrush current i1 
and the decaying inrush current i2. 
 
After a certain time, the increase of i1 and decay of i2 can reach 
a point that: 

( )1 1 2s sR R i R i+ = −   (17) 

 

  At this point, the flux change per cycle 1ψ∆  is zero and 

hence current i1 stops increasing. Thereafter, the polarity of 

1ψ∆  reverses and starts to reduce the offset flux in the 

transformer T1, as a result, the sympathetic inrush current i1 
begins to decay (so does the inrush current i2). Since both 
decaying currents have the same amplitude but with polarities 
opposite to each other, no voltage asymmetry is produced on 
the transformer terminals and the flux change per cycle in each 
transformer only depends on the winding resistance of each 
transformer.  
This is one of the reasons for the inrush current to be 
significantly prolonged in power systems with large 
transformers energised, as the winding resistances of these 
transformers are normally of relatively small value. 

 

 Note: The fluxes ψ1, ψ2 attenuate respectively by the value 
of (15)(16) periodically and the damping role of the system 
resistance disappears, and it is attenuating, in accordance with 

the basic time constant  1τ  and 2τ  which results in longer 

attenuation. 

 1 1 1L Rτ =   (18) 

 2 2 2L Rτ =   (19) 

IV.  ESTABLISHMENT OF SYSTEM SIMULATION MODEL  

 In order to study effect of the special system factors on 
sympathetic inrush current, we will establish system simulation 
platform according to Fig. 9. This platform is based on 
Matlab-Simulink program and it uses three phase transformer 
unit, which enable us further study of influence of various 
transformer connection and grounding connection. 
 

 
Fig. 9 Simulation platform of the model in Matlab-Simulink program 

 
 In Fig. 9, the rated voltage Us is 500kV, the rated frequency 
is 60Hz. The two transformers are exactly the same, having 
same parameters: the rated power is 150MVA, the rated 
voltage are (500, 230, 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), 
the basic magnetization curve using two broken line 
linearization processing, two broken line determined by three 
of points (0,0;0.0024,1.2;1.0,1.52). 

V. PARAMETRIC STUDY OF IMPACT SELECTED SYSTEM 

FACTORS ON SYMPATHETIC INRUSH 

 Sympathetic interaction between two identical single-phase 
transformers (rated at 150 MVA, 500/230/35 kV) in Matlab 
Simulink program. [16]. The schematic diagram of the circuit 
used in modeling tests is the same with that shown in Figure 6.  
 In the tests, circuit breaker was set to close at the positive-
going zero crossing of the applied voltage and the residual flux 
of the transformer (both in terms of polarity and magnitude) 
was fixed by feeding a direct current through the winding 
before each test for a short period.  
 We will consider initial state: Connection Yg-yg-yg, no load 
on the tertiary winding. The simulation result is expressed in 
Fig. 10. (System current, sympathetic inrush current in 
transformer T1 and inrush current in transformer T2) 
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Fig. 10 Sympathetic inrush currents of parallel transformers modeled 

according to Fig. 9. 
 
Note: In the model we assume: Rs = 6.55Ω, Ls = 0.36H, T1 
initial flux is given by time of switching transformer T2, T2 
initial flux ψ2(0) = 0. 
 
 In this section, when we study the impact factors of inrush 
current we’ll take corresponding situation in Fig. 10 as 
reference. So that we can compare the effect of the various 
factors directly. 
The effects such as line and transformer loop circuit  
resistance, load of tertiary transformer winding, manners of 
grounding neutral point and effect of transformer connection 
will be investigated in detail. 

A. Impact of Line Resistance 

 In previous analytical analysis we found out that inrush 
current is produced by the existence of Rs. Clearly, the greater 
the value of Rs is and the greater flux will change weekly, and 
accordingly it is benefit for the production of inrush current.  
In contrast, the smaller Rs is, the less obvious the relationship 
is, which is bad for the production of inrush current. Specially, 
when Rs =0 Ω, (15, 16), so the voltage drop will not appear 
and at this moment, inrush current phenomenon will disappear. 
 

In Fig. 11 there are the current waveforms of current (is) 
according to Rs after being increased to 10, 20 and 30Ω. Line 
resistance is a key factor in determining the magnitude of the 
sympathetic inrush current in the transformer already 
connected. Increase of line resistance generates higher 
maximum peak of sympathetic inrush current and accelerates 
the build-up to reach the maximum peak as we could see in 
Fig. 11: 
 

 
Fig. 11 Sympathetic inrush Current of transformer T1 

(Rs = 10, 20 and 30Ω) 

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 
devices have a certain resistance and negligible inductance.  

 
Fig. 12 Sympathetic inrush Current of transformer T1 

(Rloop = 18, 35 and 50Ω) 
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 The simulation result in Fig. 12 displays inrush current of 
T1 according to rising resistance between transformers (loop 
circuit resistance): 
 
 Resistance of the transformer loop circuit according to Fig. 
12 rapidly reduces the magnitude of sympathetic inrush current 
of already connected transformer and speeds up the decay of 
the sympathetic interaction (this represents the case of two 
parallel transformers separated by transmission lines of long 
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, the 
peak values of both types of load (active or inductive reactive) 
cause that sympathetic inrush current of the already energized 
transformer is considerably smaller compared to the unload 
case (Fig. 13) but inrush current of the switching transformer 
remains nearly unchanged. 

 
Fig. 13 Impact of active load of tertiary winding on sympathetic 

inrush phenomena (P = 5MW) 
 

Note: In the model we assume load of both transformers by 
active power P = 5MW (Fig. 13) or inductive reactive load 
Q=5MVAr (Fig. 14). 

 

 
Fig. 14 Impact of inductive reactive load of tertiary winding on 

sympathetic inrush phenomena (P = 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 
produce inrush current, and the difference between them is not 
obvious. Thus when we close a transformer without load, 
break the neutral grounding switch which cannot eliminate 
inrush current, but it can only reduce inrush current to a very 
small extent. 
 
Note: In the model we assume same grounding method for 
both transformers. 
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Fig. 15 Effect of various manners of transformers grounding on 

sympathetic inrush current phenomenon 
 

E. Effect of Transformers Connection  

Analysis of different ways of transformer connection to system 
inrush current is shown in Fig. 16. 
 The inrush current is the greatest and the speed of 
attenuation is the slowest when both winding of transformer 
are connected to triangle (Dd). The inrush phenomenon is the 
least and the speed of attenuation is the fastest when one 
winding of transformer is connected in one way and second 
another (Yd). And when both winding of transformer are 
connected to star (Yy) speed and amplitude is nearly similar to 
first case.  
 The differences between various size of amplitude and 
speed of attenuation are not obvious but as well as in the 
previous case transformer without load in every connection 
will enable the adjacent transformer to produce inrush current.  
 
Note: In the model we assume same connection of both 
transformers.  
 

 
Fig. 16 Effect of various transformer connection on sympathetic 

inrush current phenomenon 

VI.  CONCLUSION 

In this paper, we have presented a detailed formulation and 
modeling for the analysis of sympathetic inrush phenomenon 
for the configuration of parallel and series connected 
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 
power system network. The analysis is done on three-phase 
units. Subsequently, three-phase simulation results are also 
reported.  

It is well known that the sympathetic inrush current persists 
in the network for a much longer duration than the inrush 
current for the singly connected transformer. The special 
parameters affecting the magnitude and duration of the current, 
such as impact of system and loop resistance, load of tertiary 
winding, grounding manners and ways of transformer winding 
connection are modeled and discussed in detail. It is observed 
that even though an increase in the load of tertiary winding 
decreases the magnitude of the sympathetic inrush current 
appreciably, there is little effect on its duration. The change in 
various manners of grounding and different types of winding 
connection can cause significant variations in the phenomenon 
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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