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Abstract  

Inrush currents caused by the energization of a transformer are well know and understood by a protec-

tion engineer. Manufacturers have developed features dealing with inrush currents to stabilize differen-

tial relays and protection engineers have considered inrush currents in their coordination to avoid 

misoperation.  The phenomena of the sympathetic inrush current that occurs when a second transformer 

is energized in series or in parallel to an existing energized transformer is not so well known.  The in-

rush current caused by the energization of the second transformer causes the in-service transformer to 

produce an inrush current as well, the so called sympathetic inrush current. The signature of the sum of 

both inrush currents as well as the time constant is quite different as a usual inrush current and up-

stream protection relay measuring this current sum are sensitive to this current. The paper will discuss 

an actual operation on the 115KV side of a transformer of several distance relays on such an event and 

will report on lessons learned. The example is very well documented by several fault records from dif-

ferent relays at different locations, helping to confirm the theory of such a phenomena.  

 

 

1 Introduction 

During the energization of a newly installed 

500kV/161kV autotransformer several distance 

relays operated unexpected. Because the line go-

ing to the autotransformer was still under con-

struction, the utility energized the autotransformer 

from the high side (500kV) via a second auto-

transformer 500kV/115kV. After reviewing the 

relay records it was confirmed that the distance 

function operated with a zone 4 element for a B-G 

event after 20 cycles. As the current in phase B 

did not look like a typical inrush current it was 

first assumed that the transformer experienced a 

B-G fault. However, the fault current did not look 

like a typical fault current, therefore further inves-

tigation ensued.  This revealed that this was a case 

where a sympathetic inrush current caused the 

operation of the distance relay.  The sympathetic 

inrush current phenomenon occurs, if a second 

transformer is energized in series or in parallel to 

an already energized transformer.  The signature 

of the sum of both inrush currents as well as the 

time constant is quite different than the usual in-

rush current and upstream protection relay meas-

uring this current sum are sensitive to this current. 

The paper will discuss an actual operation on the 

115KV side of a transformer of several distance 

relays on such an event and will report on lessons 

learned. The example is very well documented by 

several fault records from different relays at dif-

ferent locations, helping to confirm the theory of 

such a phenomena.  

 

2 Fundamentals of inrush current 

The inrush current produced during the 

energization of a transformer is well known and 

understood by the power industry and several pa-

pers are written about this phenomenon. For the 

understanding of the sympathetic inrush it is use-

ful to review some of this material as it will build 

the foundation for the understanding of the sym-

pathetic inrush current phenomena. A simplified 

transformer model is shown in figure 1. The core 

element for the inrush current consideration is the 

magnetization inductance Lµ of the transformer.  



 

Figure 1: Simplified Transformer Model 

 

Under normal operating conditions, the value of 

magnetization inductance Lµ is relatively high 

and can be ignored as there is only a very low 

magnetization current flowing through this in-

ductance. However if the flux inside the trans-

former reaches the saturation point the magnetiza-

tion inductance Lµ will reduce its value signifi-

cantly and cause a high current.  This high current 

is inrush current. The flux inside the transformer 

is an integral function of the voltage on the trans-

former. 

 

Transformers are normally designed for operating 

voltages 10-20% greater than the nominal volt-

age. In this voltage range, the resulting magnetic 

flux values will not cause the saturation of the 

transformer. The value of the inductance is a 

function of the magnetic flux in the iron of the 

transformer as shown in figure 2. 
 
 

 

Figure 2:  Magnetization inductance Lµµµµ as function of 

flux  

 

The relationship between voltage on the terminals 

of transformer and the magnetic flux in the iron 

can be described by the formula 1. 
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and is illustrated in figure 3 for steady state oper-
ating conditions. 

 

 

Figure 3: Relation between transformer terminal volt-

age, flux [pu] and magnetization current during normal 

operation 

 

In this steady state operating condition, the flux 

value will not reach the saturation value. On an 

unloaded transformer only a small magnetization 

current can be observed.  

 

The situation can become different if a transform-

er becomes energized. It now depends on the 

remanence flux within the transformer and the 

point on the voltage waveform that the transform-

er is energized if the transformer will exceed the 

maximum design flux. The remanence flux is the 

flux inside the transformer at the moment the 

transformer was switched off. The flux will not 

decline and stays at this value within the trans-

former.  

 

Let’s consider for example the signals shown in 

figure 3 as an energization record and let the be-

ginning at this record be the point in time of the 

transformer energization. This would be the situa-

tion if the transformer was energized at the zero 



crossing from negative to positive of the voltage 

and the transformer had a negative remanence 

flux value of -1 pu. In this case the flux in the 

transformer would be as shown in figure 3, would 

not reach the saturation flux and therefore not de-

velop any inrush current.     

 

A more critical scenario would be if the trans-

former is in remanence with a positive 1 pu value 

and the transformer energized at the same point in 

time as in the example before. In this case the 

positive voltage waveform will increase the flux 

above the 1 pu value (what was assumed as the 

maximum value during normal operation) and 

will eventually reach the saturation flux.  At this 

point the magnetization inductance of the trans-

former is reduced o a much lower value and the 

magnetization current increases significantly. 

This current is the inrush current.  

 

If the power system is assumed as an infinite 

source and the transformer is assumed as ideal 

and without any resistive losses the inrush current 

will look like shown in figure 4 and would not 

decline over time.  

 

 
 

Figure 4: Inrush current show for infinite source and 

ideal transformer 

 

In this theoretical case the flux would continue to 

swing around a positive offset of 2 pu flux.  

 

In reality the inrush currents will decline with a 

certain time constant. The source impedance and 

the transformer resistance produce a voltage drop 

caused by the inrush current. This voltage drop 

produces an asymmetrical voltage as measured on 

the transformer as shown in figure 5. Based on 

this voltage asymmetry, the transformer 

remanence flux will be reduced.  

 

 
 

Figure 5: System voltage vs. transformer voltage 

 

After some time the flux value will not have any 

offset and will swing around the zero flux value. 

With the decline of the flux offset value, the in-

rush peaks will decline in value and eventually 

disappear. The time constant in which this hap-

pens is mainly determined by the source imped-

ance as explained above and the value of the 

magnetization impedance of the transformer as 

determines function of the inrush current ampli-

tude. On transformers close to large generators 

and the resulting small source impedance, the re-

sulting inrush current may be sustained for sever-

al seconds.  



 

Figure 6: Transformer voltage, flux and inrush current 

for typical transformer energization 

 

In figure 6 it is visible how the deformation of the 
voltage helps to adjust the flux offset inside the 
transformer. In this simulated case a very small 
time constant was selected to make the effect of 
the declining flux visible. In figure 7 an actual in-
rush recording is shown. 

 

 
 

Figure 7: Inrush current recording 

 

 

3 Protection setting consideration in 

regards to inrush current 

The protection engineer needs to understand the 

phenomena of inrush current and consider it 

whenever he needs to set current based protection 

functions. The most important functions in this 

category are the instantaneous or inverse over 

current protection function (ANSI no. 50, 51, 67), 

the distance protection function (ANSI no. 21) 

and the current differential protection function 

(ANSI no. 87). 

 

It does not matter in which application the func-

tions are used but whenever they are used close to 

a transformer, the effect of the transformer inrush 

must be consider for the protection function with 

the settings selected accordantly.  

 

The calculation of the inrush current amplitude 

and time constant is not trivial but there are for-

mulas available which give a good approximation 

of these values [2][3][4]. The formula below is 

the analytical equation described in [4]: 
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L: transformer air gap inductance 

Rw: Windings resistor of transformer 

V: nominal phase to ground voltage 

 

These formulas are not very handy and the trans-

former air gap inductance is not always available 

during the setting development process. One other 

possibility available for the setting engineer are 

tables or graphics which give an estimated about 

amplitude and time constant in relation to the size 

of the transformer. 
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Figure 8: Example graphics of inrush current [5] 

 

An instantaneous over current element (ANSI no. 

50) needs to be set above the maximum inrush 

current with a certain safety margin to avoid any 

mis-operation. It is important to understand the 

measurement principal of the protection function 

as peak value base functions will be affected di-

vergently as function based on the RMS value. 

Also is it important to know whether the evaluat-

ed quantity is the RMS value or filtered nominal 

frequency component of the RMS value. . 

 

The inverse over current functions must be set so 

that the inrush current will not affect the coordi-

nation with other protection relays. For this pur-

pose the inrush current should be displayed on the 

coordination graph as shown below. 

 

 
 

Figure 9: Coordination graph showing inrush current 

 

Differential relays are normally not affected by 

the inrush current as long as the inrush currents 

enter and leave the protection zone. This is true 

for all differential applications (line, bus, and 

generator) beside a transformer differential relays 

used to protect the transformer which produces 

the inrush current. The differential relay will see 

only the inrush current on the winding from 

which the energization was initiated (ignoring for 

now the sympathetic inrush effect of a second 

transformer) and could mis-operate. For trans-

former differential relays a blocking element is 

needed what detects the energization and the in-

rush current and blocks the differential element 

during energization. Most manufacturers of nu-

merical relays have for example a function im-

plemented which will measure the second har-

monics of the currents and will block the differen-

tial function as soon as the level exceeds a setta-

ble level.  

 

 
Figure 10: Harmonic content of inrush current 
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In figure 10 is the 2nd harmonics (120Hz for 

60Hz systems) content shown for a typical trans-

former inrush current. In many applications a lev-

el of 20% can be considered as sufficient to detect 

the inrush current. However newer transformers 

show a lower harmonics content because of dif-

ferent materials used today.  

 

The distance relay function is normally not ef-

fected by an inrush current. Only if the distance 

relay is used to look into a transformer does the 

inrush current effect need to be evaluated. Other-

wise if the distance relays is protecting a long 

transmission line, then this line will limit the in-

rush current quite significantly and the effect for 

the distance function can be ignored. If however 

the distance relay is protecting a short line, the in-

rush current could be significant, however then 

the zone settings will be small enough that the ef-

fect of the inrush current will not be able to enter 

a critical zone (Z1). In [6] is a very detailed de-

scription given how the impedance relay algo-

rithm is affected by the inrush current. The author 

shows that by filtering the 60 Hz component out 

of the inrush current, the amplitude will only be 

approximately 40% of the inrush current peak 

value. The author recommends to use an over cur-

rent supervision for the distance protection zone 

to stabilize the distance element against inrush 

current. 

 

4 Basics on sympathetic inrush cur-

rent 

The basics explained in the previous section 2 

“Fundamentals of inrush currents” already laid 

out all the theory we need to understand the sym-

pathetic inrush phenomena. The sympathetic in-

rush current is the combination of two inrush cur-

rents produced by two (or more) transformers. To 

illustrate the phenomena let’s consider an applica-

tion as shown in figure 11. The two transformers 

T1 and T2 are in parallel and will be energized at 

different times. To simplify our model we assume 

no significant impedance between the two trans-

formers as we assume them connected to the same 

bus. Between the bus and the source there will be 

the source impedance.  In this case T2 is already 

energized and we will assume it is in a normal 

operation mode with or without load. 
  

 

Figure 11: Parallel transformer application 

 

In this state the flux in the transformer T2 will 

swing around zero but will not reach the satura-

tion flux and therefore no inrush current is pre-

sent. The voltages, the flux and the magnetization 

current will be as shown in figure 3 of the previ-

ous chapter.   

 

If transformer T1 is now energized, it can produce 

an inrush current based on the remanence flux 

stored in the transformer and the voltage wave po-

larity at the beginning.  To discuss the worst case 

we will assume the transformer T1 is energized at 

the zero crossing of the voltage from negative to 

positive and the transformer T1 had a +1 pu 

remanence flux at this time. As already discussed, 

the transformer T1 will produce an inrush current 

when the flux reaches the positive saturation flux. 

The discussion of the sympathetic inrush current 

how the inrush current of transformer T1 will in-

fluence the flux in transformer T2. 

 



 

Figure 12: Flux and currents for both transformers after  

                   energization of T1 

 
The inrush current of transformer T1 will lead to 

a voltage waveform distortion based on the volt-

age drop caused by the inrush current on the 

source impedance. For transformer T1 as we saw 

earlier this is helpful as it will help to reduce the 

flux offset and will support the decline of the in-

rush current. However transformer T2 will meas-

ure the same unsymmetrical voltage as T1 and 

will start to reduce its flux as well. The flux in 

transformer T2 with no offset will now generate a 

negative offset which is determined by the volt-

age waveform asymmetry and will trend toward 

the negative saturation flux. If the reduction is 

high enough the flux can reach the negative satu-

ration flux resulting in transformer T2 to produce 

an inrush current. The inrush current of T2 will 

cause an asymmetry in the voltage that decreases 

flux inT2 transformer  but increases the flux off-

set in T1 again .This will add to the saturation on 

transformer T1 in the next half wave again. This 

sequence can go on for quite some time with the 

only damping element being the resistance to the 

common point where both transformers are con-

nected as this reduces the voltage distortion for 

the other transformer.   

 

The inrush current produced by transformer T2 

will have the opposite polarity to the inrush cur-

rent produced by T1 and the peaks of the inrush 

currents are shifted by approx. half a cycle. This 

is based on the fact that in this example the flux in  

T1 will operate on the positive saturation flux and 

the flux in T2 will operate close to the negative 

saturation flux. 

 

 
Figure 13: Current sum of I1 and I2 as seen by the  

                     source 

 
The line feeding the bus on which both trans-

formers are connected will see the summation of 

both currents as illustrated in figure 13. This is the 

signature of a typical sympathetic inrush current. 

Remarkable is that its looks almost like a fault 

current with a certain DC offset.  

The second harmonics is less evident than in a 

normal inrush current.  

 

The previous consideration can also be applied 

for applications in which the transformers are 

connected in series as shown in figure 14. 

 

 
 

 Figure 14: Recordings of distance relay on the 115kV 

side during trip (only B phase values) 

 

If transformer T2 is already energized and its flux 

is already swinging around the zero flux (no off-

set) then the inrush current of T1 will cause an 

offset of flux in T2 and cause it to produce inrush 

current again. 

 



5 Actual Event from 13
th

 of April 

2012 

On Friday the 13th of April 2012 the utility tried 

to energize a newly installed 500kV/161kV auto-

transformer for test purposes. Normal practice in 

this utility is to energize transformer via the low 

side. In this case that was not possible as the 

161kV line going to the transformer was still un-

der construction. The 500kV side is connected to 

a ring bus on which two 500kV transmission lines 

are connected as well as a 500kV/115kV auto-

transformer. The utility decided to the 

energization of the 500kV/161kV autotransformer 

via the high side, disconnecting the 500kV lines 

from the ring bus and energizing the 500kV ring 

bus via the 500kV/115kV autotransformer. 

 

 
Figure 15: Configuration before energization of auto-

transformer 500kV/161kV  

 
After closing of the circuit breaker CB20 several 

distance relays on the 115 kV side looking into 

the autotransformer operated. After reviewing the 

relay records it was confirmed that the zone 4 dis-

tance function operated for a B-G event after 20 

cycles.

 

 
 

 

 Figure 16: Recordings of distance relay on the 115kV  

                    side during trip (only B phase values) 

 
As the current in phase B did not look like a typi-

cal inrush current it was first assumed that the 

transformer experienced a B-G fault. However, 

the degrees of voltage distortion as well as the 

current wave form could not be explained by a 

normal fault in the newly installed transformer 

and further investigations were requested.  

A second relay which picked up on the 115kV 

side recorded the point of the energization reveal-

ing very helpful information for the analysis and 

the final.  

 

 
Figure 17: Recordings of second relay on the 115kV side        

                  during pick up (only B phase values) 

 

Evident here is that the event started as a normal 

inrush current. The point of energization is around 

the zero crossing of the voltage from positive to 

negative and therefore we see an inrush current 

with negative polarity as the flux in the newly en-

ergized transformer will reach the negative satura-

tion flux. Also evident is the voltage distortion 

caused by the inrush current. As we explained in 

sections 2 and 3, this voltage distortion will cor-

t/s
-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

IB/kA

-1

0

1

t/s
-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

VB(kV)/kV

-50

-25

0

25

50

t/s
-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

ZONE4
ZONE3
ZONE2
ZONE1

G
C
B
A

TIME
TRP

EN

t/s
-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

IB/kA

-4

-3

-2

-1

0

1

t/s
-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

VB(kV)/kV

-75

-50

-25

0

25

50



rect the negative offset of the flux value toward 

zero in the just energized transformer and con-

tributes to the reduction of the inrush current. The 

first three cycles of the recording illustrates this.  

However the voltage distortion is also evident for 

the already energized transformer, adjusting the 

flux in the same way as the just energized trans-

former but from zero to a positive value. There-

fore the transformer may reach its positive satura-

tion flux point. After two to three cycles as we 

can now see that the positive half wave is increas-

ing. The positive half-wave is the inrush current 

from the transformer already energized and the 

negative half wave is the inrush current from the 

transformer being energized.  

 

In this particular event the inrush currents from 

both transformers reached a stable value and did 

not decline. This was caused by the fact that the 

voltage distortion caused by one half wave inrush 

current of one transformer offset the flux in the 

other transformer enough, producing same 

amount of inrush current in the next half wave. 

This sequence continued as there was no damping 

resistor between the transformers. The operation 

of the distance relay for this non-declining inrush 

current was desired and correct. 

 

During the investigation of this event the ad-

vantage of numerical relays became apparent. The 

recordings provided data to analyze and under-

stand what really happened. The authors can only 

assume that similar events have happened before 

but could not be easily explained as there were no 

recording available. The final confirmation of the 

sympathetic inrush phenomena was possible with 

the records out of the differential relays from both 

autotransformers. As a side note it needs to be 

mentioned that none of the differential relays op-

erated, restraining on inrush currents as designed. 

 

 
 

 Figure 18: Recordings of differential relay on  

                   500kV/115kV autotransformer (only B phase  

                   values) 

 

The record of the 500kV/115kV revealed that in 

this case there where really two different sources 

for the inrush current. As shown in figure 17 at 

the beginning of the event, the 500kV/115kV au-

totransformer measures only the pass-through in-

rush current produced by the 500kV/161kV auto-

transformer as the current measured on both 

windings are equal but with different polarity. 

Only after the 3rd cycle the 115kV measurement 

(red) starts to produce an additional positive com-

ponent which is not visible on the 500kV side 

measurement (green). This is the inrush current 

produced by the 500kV/115kV autotransformer 

which combines now with the inrush current of 

the 500kV/161kV autotransformer. 

The fault record of the differential relay protect-

ing the newly installed and energized 

500kV/161kV autotransformer confirmed now 

that there was no fault inside the transformer as it 

only showed inrush current on one winding. 

 

 
 

 Figure 18: Recordings of differential relay on  

                   500kV/161kV autotransformer (only B phase  

                   values) 
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6 Conclusion 

The sympathetic inrush current phenomena is  not 

a very common event and only occurs in applica-

tions where two or more transformers are in paral-

lel or in series and the impedances between the 

transformers are small. In the described event it 

was caused by an exceptional operation sequence 

which will be avoided in the future. However 

there are applications as described above and the 

protection engineer will need to consider exist-

ence of a sympathetic inrush current. The charac-

teristic of a sympathetic inrush current has two 

very different characteristics when compared to a 

usual inrush current 

 
• The time constant for decay is much long-

er and may persist over seconds or even 
minutes 
 

• Very little 2nd harmonic contents (<5%) 
after the two to three cycles. 

 
In the reported event the distance protection trip 

was required to interrupt the current as the current 

did not decline with any significance over time.  
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