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Abstract 

When the transformer is energized, the three-phase inrush current 
with the zero-mode component named zero-mode inrush current 
(ZMIC) will be generated due to the inconsistent saturation of the 
three-phase iron core.  The on-site waveform record demonstrates that 
the ZMIC with a large amplitude and very slow attenuation is 
generated, and it leads to the malfunction of the line zero-sequence 
backup protection. To explain the mechanism of the uncommon 
phenomenon and prevent the protection malfunction, this paper 
investigates the ZMIC characteristics under sympathetic interaction 
and its impaction on the protection of the upstream line. First, a zero-
mode equivalent circuit that can reflect the transformer winding 
arrangement structure and sympathetic interaction is proposed for 
mechanism analysis. It explores that the “complementary effect” 
between the zero-mode potential causes the slow attenuation of the 
ZMIC of the line. Then, the simulation in the case of the on-site 
protection malfunction is implemented to discover that the 
sympathetic interaction is the main reason for the protection 
malfunction on-site. Moreover, the further simulation analysis also 
reveals sympathetic interaction may lead to the long-delay zero-
sequence backup protection malfunction of the upstream line of the 
operating transformer. Furthermore, the inrush current restraint 
principle based on the second and third harmonics of ZMIC is 
discussed to improve the anti-malfunction performance of protection. 
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1.Introduction 

When the voltage is built up in the energization process of 
the transformer, transient magnetic flux may be generated for it 
cannot change suddenly， which may cause the iron core to 
saturate. Then the phase inrush current may be generated. 
Sympathetic inrush current may also be generated in the 
adjacent operating transformer of the energized transformer. At 
present, there have been extensive discussions on the 
characteristic of inrush current [1-6]and sympathetic inrush 
current[7,8]. Relative research is comprehensive. In the three-
phase transformer, because the saturation of the iron core of 

each phase is not consistent, the three-phase inrush current will 
be asymmetric. So the ZMIC (the sum of the three-phase inrush 
current) will be generated[9]. 

Recently, the ZMIC generated by the energization of the 
high-voltage built-in high-impedance transformers (referred to 
as the T-Hin) causes to overstep tripping of the zero-sequence 
protection of the upstream line, which brings great risk to the 
safe and stable operation of the power grid. The phenomenon 
is more common in the T-Hin.  However, another type of 
transformer, the low-voltage winding series reactance type 
(referred to as the T-Lse), occurs in relatively few similar 
accidents. For T-Hin, the position of high-voltage(HV) winding 
and the low-voltage LV winding is exchanged, so that the HV 
winding is closest to the iron core.  

Then increase the distance between the HV and LV winding 
to enlarge the leakage flux channel area of the two to increase 
the high short-circuit impedance. For T-Lse, series inductances 
are directly connected in the LV delta windings of the ordinary 
transformer (T-Ord for short) to improve the H-L impedance 
and the M-L impedance of the transformer. When the short-
circuit impedances of the two types of transformers are 
designed to be equal, the main difference between them lies in 
the winding arrangement structure[10, 11], shown as  FigA1. 
Thus, the mechanism of the characteristic of this kind of ZMIC, 
as well as its characteristics of different winding arrangement 
structures of transformer on the upstream line zero-sequence 
protection and the countermeasures of protection are worth 
studying.  

This kind of ZMIC has the characteristics of a larger 
amplitude and slower attenuation rate compared with that of 
the ZMIC of the common transformer. The generation 
mechanism of ZMIC of a single transformer and the influence 
of winding arrangement structure on ZMIC amplitude are 
analyzed[9, 12]. Compared with other winding arrangements 
of transformers, the initial amplitude of the ZMIC of T-Hin is 
relatively large because its air core inductance is small. And 
these studies believe that the winding arrangement structure of 
T-Hin is the main cause of protection malfunction. But, the 
research hasn’t explained the mechanism of the slow 
attenuation of ZMIC at the later stage.  

The on-site recorded waveforms show that the load current 
waveforms of these operating transformers in the upstream 
substation are distorted during the energization. It indicates the 
generation of sympathetic interaction between the operating 
transformer and the energized transformer. Therefore, the 
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sympathetic interaction should be considered when the causes 
of the ZMIC characteristics are analyzed.  

Study shows that the generation of the sympathetic 
interaction will lead to the phase inrush current to decay slowly, 
which may cause the overcurrent protection to malfunction[13]. 
The harmonic characteristics of phase inrush under sympathetic 
interaction are also analyzed which demonstrates that the even 
ordered harmonics of this current decay relatively quickly but 
the odd ordered harmonics increase and then remain for a long 
period[14].  

In the process of generation of sympathetic interaction, the 
sympathetic inrush current will be generated too. The analytical 
analysis method and flux linkage analysis method are used to 
study the generation mechanism of the sympathetic inrush 
current [15, 16]. The sympathetic inrush current analytical 
solution is obtained by solving the closing circuit of the single-
phase transformer. The flux linkage analysis method 
qualitatively analyzes the generation mechanism of the 
sympathetic inrush current through analysis of the change of the 
transformer flux linkage. Various influencing factors on 
sympathetic inrush current by the theoretical analysis and the 
digital simulation are carried out [17-24]. The influencing 
factors include the transformer series-parallel connection mode, 
the transformer neutral point grounding mode, transformer 
winding connection mode, the transformer type, etc. The 
characteristics between the single-phase inrush current and the 
sympathetic inrush current are analyzed, and the conclusion 
shows that the bias magnetic flux polarities of the two 
transformers are opposite[20]. Based on the existing research, 
the complex sympathetic inrush current characteristics of the 
operating transformer with load are further discussed[25].  

The above-mentioned research is mainly focused on the 
analysis of the characteristics of the phase inrush current, the 
sympathetic inrush, and the influence of sympathetic 
interaction on the phase inrush current. The influence of 
sympathetic interaction on ZMIC characteristics has not to be 
studied. Although the ZMIC by definition seems to be the 
addition of three-phase inrush currents, the amplitude and 
attenuation characteristics between the ZMIC and the phase 
inrush current are different. Because the phase inrush current is 
generated due to the non-linear saturation of the iron core, and 
it is not linearly related to the closing angle, the inrush currents 
of three-phase windings are not linearly related. Moreover, for 
the transformer with Y0/△ connection, there is current flowing 
through the △ winding. Thus, the current will affect the 
characteristics of the three-phase inrush current, increasing the 
difficulty of characteristics analysis of inrush current.   

 There are few discussions on the influence of ZMIC on 
zero-sequence protection. Through the simulation analysis of 
ZMIC, a short time delay busbar connection zero-sequence 
protection restraint principle is proposed based on the 
characteristic of the ZMIC second harmonic content and its 
change trend of a single transformer [26]. However, the 
simulation model used cannot reflect the difference in the 
arrangement of the windings of different transformers. So, its 

characteristics obtained by simulation analysis may not be 
accurate. The characteristics of the ZMIC amplitude of 
different transformers and their influence on the protection are 
analyzed through the improved simulation model [9]. It is 
pointed out that the ZMIC of T-Hin has a large inrush current 
amplitude and a faster attenuation velocity, which may cause 
the malfunction of the short time delay busbar connection zero-
sequence overcurrent protection easily. It also demonstrates 
that the ZMIC has a high second harmonic ratio if there is no 
sympathetic interaction. So an inrush current restraint principle 
based on harmonic content is proposed. However, it remains to 
be verified whether this restraint principle is effective if there 
is sympathetic interaction.  

In summary, the influence of the sympathetic interaction on 
the characteristics of zero-mode inrush current and the 
influence of the characteristics on the protection has not been 
considered in the above-mentioned researches. Thus, this paper 
studies the characteristics and its generation mechanism of the 
ZMIC under sympathetic interaction and the influence of 
characteristics on the related zero-sequence protection. First of 
all, the equivalent circuit of the ZMIC considering the 
sympathetic interaction is deduced and the mechanism of the 
slow attenuation velocity of the ZMIC in the later stage is 
analyzed. Secondly, the characteristics of ZMIC and its impact 
on the related protection under sympathetic interaction are 
comprehensively analyzed based on the simulation to reveal the 
cause of the protection malfunction on-site and to assess the 
possibility of protection malfunction. Third, some strategies for 
the anti-malfunction of protection are discussed. The main 
contributions are as follows. For ease of description, the ZMIC 
flowing from the power supply and located on the upstream line 
of the transformer is defined as the “supply ZMIC”, which is 
the sum of the ZMIC of the energized transformer and the 
operating transformer. 

(1) The ZMIC T-shaped equivalent circuit is firstly 
proposed considering the transformer's sympathetic interaction, 
winding arrangement structure, and transformer losses 
comprehensively.  

(2) It is revealed that the “complementary effect” caused by 
sympathetic interaction is the cause leading to the phenomenon 
of the very slow attenuation velocity of the supply ZMIC.  

(3) Through simulation analysis, it is revealed that 
sympathetic interaction may lead to the long-delay zero-
sequence backup protection malfunction of the upstream line of 
the operating transformer. 

(4) A second and third harmonic ratio characteristics based 
inrush current restraint principle is proposed to prevent the 
protection malfunction due to ZMIC under sympathetic 
interaction. In contrast, the existing inrush current restraint 
principle based on the second harmonic ratio may fail. 

The chapters of the article are as follows: in Section Ⅱ, the 
analytical expression and the equivalent circuit of ZMIC are 
mainly derived. The characteristics of ZMIC are analyzed 
theoretically and in Section III. The paper studies the 
characteristics of the ZMIC of the transformer under different 



factors and its influence on related protection by simulation in 
Section IV. In Section V, protection countermeasures are 
discussed. The conclusion is given in Section Ⅵ. 

2. equivalent circuit of ZMIC under sympathetic 
interaction  

2.1 A Sympathetic inrush model constructing of Y/△-
connected three-phase transformer 

The sympathetic inrush model is constructed by analyzing 
malfunction cases.  Based on this model, a ZMIC equivalent 
circuit is derived.  

The wiring diagram of a new substation (substation 1) and 
its peripheral substations is shown in Fig.1. A T-Hins ready to 
be energized is hung on bus1 of the substation1 and bus1 is 
connected to substation2 through a very short cable line1. Three 
transformers in substation1 are energized by using the busbar 
connection 2012 for 21 times in turn without load from May 26, 
2016, to June 3, 2016. The zero-sequence protection of busbar 
connection 2012 malfunctioned many times. Surprisingly, there 
is the accident that the zero-sequence zone Ⅲ backup protection 
(threshold value: 240A, delay 3s) of the cable line namely line 
1 malfunctioned, expanding the scope of the accident. The 
recorded waveform of this accident is shown in FigA1. It can 
be seen that the ZMIC on the line hardly attenuates after a time 
of 2.5s. At 3s, the fundamental wave effective value of ZMIC 
is still slightly higher than 240A, which exceeds the protection 
threshold value, so the protection action is normal.  
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Fig.1 Primary wiring diagram of protection malfunction accident 
project  

To make the constructed model more universal, some 
assumptions are made as follows. The medium-voltage winding 
is in an open state when the transformer is closed, so the 
transformer is simplified to a double winding transformer. The 

higher-level substation can be equated to system S. Because the 
cable line1 is very short and its impendence is very small 
relative to the impendence of the transformer, its influence on 
the theoretical analysis can be ignored. Under simplified 
assumptions above, the equivalent circuit corresponding to the 
accident is a parallel sympathetic inrush model, as Fig.2 shows. 
The current flowing through the line1 is the ZMIC of the 
energized transformer, that is i10.  

The aperiodic component of the phase inrush current of the 
energized transformer makes the bus voltage also produce an 
aperiodic component, which causes the magnetic flux of the 
parallel-operated transformer to accumulate to saturation 
subsequently. So the zero-sequence component of the 
sympathetic inrush current zero-sequence i20 is generated in the 
operating transformer too. i0 is the supply ZMIC. 
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Fig.2 The model of the three-phase sympathetic inrush of double 
winding transformer in parallel 

To analyze the characteristics of the ZMIC under 
sympathetic interaction, the three-phase inrush current needs to 
be solved first. The transformer electromagnetic transient 
model is the basis of its solution. The classic “main flux-leakage 
flux” method is the traditional method of constructing a model 
that the magnetic flux is divided into the leakage flux 
interlinked with the respective windings and the main flux 
interlinked with the two windings. Based on this, the 
components of the main leakage flux are further analyzed, the 
corresponding relationship between the inductance parameters 
and the transformer winding arrangement structure factors are 
found. Then, the T-shaped equivalent model of the single-phase 
transformer that can reflect different winding arrangement 
structures is constructed. In the project, a three-phase five-
column core structure usually is adopted because of its large 
capacity for the 220kV transformer. The positive sequence 
impedance and the zero-sequence impedance are basically the 
same because the zero-sequence magnetic flux can circulate 
through the side column of the iron core. Therefore, the single-
phase T-shaped equivalent circuit can be applied for the 
modeling and analysis of the three-phase inrush current. 



2.2 Improved T-shaped equivalent circuit  

This part is a brief analysis of the T-shaped equivalent circuit 
that can reflect the winding arrangement structure[9]. The 
magnetizing inductance parameters have a greater impact on 
the phase inrush current amplitude. And loss parameters mainly 
influence the attenuation characteristics. Therefore, both of 
them should also be considered in the analysis of inrush current 
characteristics. 

1) Magnetizing inductance 

The definition of self-leakage reactance is very clear in 
existing research, so it is not repeated here and the magnetizing 
inductance is mainly analyzed. Under normal circumstances, in 
the existing inrush current research, the magnetizing inductance 
parameters will be linearized. Namely, when the core is not 
saturated, this parameter is considered infinite, and when the 
core is saturated, different winding arrangement structures of 
the transformer have a certain value but this processing method 
is not suitable for qualitative analysis, and it can’t meet the 
requirement of inrush current analysis of different transformer 
a winding arrangement structure. The magnetic flux of the 
transformer is analyzed as shown in Fig.3. When the 
transformer is in operation, in addition to the leakage flux 
linkage that interlinks with the winding itself, there is also a flux 
linkage that interlinks both of the windings. One part is the main 
flux linkage with the closed core as the magnetic circuit, which 
is defined as eFϕ , and the other part is the flux linkage passing 
through the air and interlinked with the two windings, which is 
defined as Kϕ . Obviously, the flux linkage Kϕ can also 
transfer energy between the two windings, so its properties are 
the same as eFϕ . Its corresponding inductance is KL . Because 
its magnetic circuit passes through the air, KL  can be 
considered to remain unchanged in the phase inrush current 
process. Its size is related to distance D between closing 
winding and core. 
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Fig.3 Flux distribution of transformer 

It is necessary to analyze the magnetization characteristics 
of its magnetic circuit core when eFϕ  is analyzed. According 
to the idea of “main flux-leakage flux”, the core magnetization 
characteristic is treated as a local nonlinear problem and 
linearized. Therefore, a simplified and widely used double 
polyline model is used as shown in Fig.4. 
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  Fig.4 Magnetization curve of the iron core 

So, Feϕ is composed of two parts of magnetic flux 
equivalently. One part is the magnetic flux Hϕ . When the core 
is replaced with air,  the saturation inductance of the core can 
be expressed as HL in the circuit. There is H H=L iϕ . The other 
part is the magnetic flux Fϕ  which is generated from magnetic 
field strength J  under the magnetization, corresponding to 
inductance FL  in the circuit. 

When the core is not saturated,  compared to the leakage 
inductance, F =+L ∞  can be considered. At this point, the core 
magnetic current is 0, leading to H =0ϕ . The core magnetic 
flux is equal to Fϕ  , which can be expressed as: 

 F 0= WSJϕ µ   (1) 
Where 0µ  is the air permeability, W  is the turns of the coil, 

and S is the core cross-sectional area. J∈(-Js ,Js), sJ  is the 
core saturation magnetic field strength. When the core is 
saturated, F =0L  can be considered, and there are H H=L iϕ ,

F 0 s= WSJϕ µ .  
Based on the above analysis, the improved T-shaped 

equivalent circuit can be used to describe transformers with 
different  winding arrangement  structures. An improved T-
shaped equivalent circuit that only considers the inductance 
parameters can be constructed, as shown in Fig.5.  
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Fig.5 T-shaped equivalent circuit considering inductance only 



In the circuit above, airM  is called mutual leakage 
inductance of high and low voltage windings. There is

+ =K H airL L M  . After the core inductance  is separated, the 
inductance 1L σ , KL and HL  constitute the air core inductance 
of the high-voltage winding together, i.e. air 1= + +K HL L L Lσ .  

Three kinds of transformers’ inductance parameters satisfy 
the relationship of ( ) ( ) ( )T-HiT- nOrd σ T-LseL L Lσ σ= = . It can be 

found the analysis result based on the existing T-shaped 
equivalent circuit is shown that the phase inrush current 
characteristics of different transformers are the same, which is 
inconsistent with the phenomenon observed on site. After the 
redefinition of the T-shaped equivalent inductance, the air-core 
inductance of the T-Hin is smaller than the T-Lse and the T-
Ord. The mutual leakage inductance satisfies the equation 

( ) ( ) ( )air air airT-Lse T-HinT-OrdM M M= > . So, the improved T-

shaped equivalent circuit can distinguish different 
transformers with different winding structures. 

2) loss 

The generation of inrush current is related to system 
resistance and transformer winding loss[20]. Therefore, it is 
necessary to consider the influence of loss when studying the 
ZMIC characteristics under sympathetic interaction. 
According to the traditional T-shaped equivalent circuit, the 
resistors '

1R  and '
2R  in series with the leakage inductance of 

the winding can be used to reflect the winding loss. The short-
circuit losses (winding losses) of the three types of 
transformers are almost equal. Therefore, the corresponding 
winding resistances on each side should also be equal.  

During the operation of the transformer, since the terminal 
voltage is almost unchanged, the core loss is almost unchanged, 
so the core loss can be described by using a constant size 
resistor mR connected in parallel with the magnetizing 
inductance branch. In fact, is much larger than winding 
resistances. When the iron core is not saturated, the excitation 
inductance is equivalent to  and the phase inrush current is 
almost zero. When the iron core is saturated, the magnetizing 
inductance will be close to the leakage inductance, and a larger 
inrush current will be generated. Then, the magnetizing 
inductance is much smaller than . Therefore,  has 
almost no effect on the magnitude and attenuation 
characteristics of the phase inrush current during the inrush 
period, which can be ignored in the subsequent analysis. In 
summary, the T-shaped equivalent circuit considering the 
winding arrangement structure and loss is shown in Fig.6. 
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Fig.6 T-shaped equivalent circuit suitable for different transformer 
winding arrangement structures 

2.3 T-shaped equivalent circuit  of ZMIC under sympathetic 
interaction  

The circuit model of the phase inrush current of a three-
phase double winding transformer is shown in Fig.2. The Y 
winding side electromagnetic equations of the transformer T1 
and T2 are listed as follows when the three-phase coupling of 
the system is considered. 

    [ ] [ ][ ] [ ] [ ] [ ] [ ]1 1 1su L i r i L i r i eσ σ′ ′= + + + +   (2) 

 [ ] [ ][ ] [ ] [ ] [ ] [ ]2 2 2su L i r i L i r i eσ σ′ ′= + + + +   (3) 

Where [ ]
ss sm sm

sm ss sm

sm sm ss

L L L
L L L L

L L L

 
 =  
  

, ssL  is the three-phase 

self-inductance of the system, and smL  is the three-phase 
mutual inductance of the system. sr  is the system resistance, 
and Lσ  is the primary leakage inductance of the transformer. 

[ ]u  is the system voltage, [ ]i  is the three-phase current of the 

upstream line of the transformer, [ ]1i  is the three-phase current 

of the energized transformer, [ ]2i  is the three-phase current of 

the operating transformer, and [ ]1e and [ ]2e are the  
electromotive forces generated by the three-phase core 
magnetic flux of T1 and T2 respectively, i.e.: 

[ ] [ ] [ ] [ ] [ ] [ ]
A A A1 A2 1A 2A

1 1 2 2 1 1 2 2

1 2 1 2

B B B B B B

C C C C C C

u i i i e e
u u i i i i i i e e e e

u i i i e e

           
           = = = = = =           
                      

 

To analyze the characteristics of ZMIC, it is necessary to 
obtain the ZMIC. The equations corresponding to each row in 
the matrix equation are summed to obtain the equation (4) of 
the ZMIC. 

s0 0 0 10 10 13 3 3 3 0
C

s
A

L i r i L i r i eσ σ′ ′+ + + + =∑  (4) 

Where 10 A1 1 13 B Ci i i i= + + , 0 A3 B Ci i i i= + + , and 103i  03i  
are the ZMIC of energized transformer and the ZMIC of upper 
line respectively. As mentioned earlier, it is called the supply 
ZMIC, which has a direct impact on the protection of the 
upstream line of the transformer. s0L  is the zero-sequence 
inductance of the system, and then s0 ss sm2L L L= + . 

We need to construct an equation that can reflect the ZMIC 
of the secondary side of the transformer. Due to the asymmetry 
of the three-phase magnetic flux of the transformer, an 
equivalent potential with a zero-mode property is induced in 
the secondary winding of the T1 transformer, and a ZMIC is 
generated in the delta winding.  

 According to Lenz's law, this current is a demagnetizing 
current, which directly affects the magnitude of the primary 
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ZMIC and is denoted as 1Di . According to the principle of 
electromagnetic induction of transformer, the electromagnetic 
equation of the secondary delta winding is written, and the 
equation(5) is established. 

 ( )1 1 1=-3
C

D D D D
A

e L i r iσ σ′ +∑   (5) 

From (4)(5), equation (6) can be deduced. 
( )s0 0 0 10 10 1 13 3 3 3 -3 =0s D D D DL i r i L i r i L i r iσ σ σ σ′ ′ ′+ + + +   (6) 

Similarly, there is the equation for T2. 
( )s0 0 0 20 20 2 23 3 3 3 -3 =0s D D D DL i r i L i r i L i r iσ σ σ σ′ ′ ′+ + + +       (7) 

Where 203i  is the ZMIC of the operating transformer, 

20 A2 2 23 B Ci i i i= + + . 
The sum of the two equations (6)(7), the equation (8) can be 

obtained.       
 ( )s0 0 0 0 06 6 3 3 3 =0s D D D DL i r i L i r i L i r iσ σ σ σ′ ′ ′+ + + − +   (8) 

Where 1 2= +D D Di i i , 0 10 20= +i i i . 
Using the T-shaped equivalent circuit constructed in the 

previous section, the circuit equations can be written as follows. 
[ ] [ ][ ] [ ] [ ] [ ] [ ] [ ]( ) [ ]1 1 air 1 1 0 1s Du L i r i L i r i M i i u WS Jσ σ′ ′ ′ ′ ′= + + + + + +     

(9) 
[ ] [ ][ ] [ ] [ ] [ ] [ ] [ ]( ) [ ]2 2 air 2 2 0 2s Du L i r i L i r i M i i u WS Jσ σ′ ′ ′ ′ ′= + + + + + +

(10) 
Since the magnetic flux density is a more commonly used 

variable for analysis, the magnetization is converted to 
magnetic flux density. The relationship between them is: 

 0
m

J
m

U
B u WSJ

wB
=    (11) 

Where mU  is the voltage amplitude of the system, mB  is 
the steady-state magnetic flux amplitude corresponding to it. 

JB  is the magnetic density produced by the magnetization of 
the iron core. When the core is not saturated, the current 
flowing through the leakage inductance is very small. So the 
leakage flux is very small compared to the magnetic flux of the 
iron core. So, JB is equal to the system magnetic density. 
When the core is saturated, it is equal to the saturation 
magnetic density. 

All equations in the matrix equation (9)(10) are summed to 
obtain the equation of supply ZMIC, as follows. 

( ) ( ) ( ) ( )

( ) ( ) ( )

s0 0 0 0 0

air 0 air 1 2

2 3 2 3 3 3 +

3 3 =

s

C C
m

D J J
A Am

L i r i L i r i

UM i M i B B t
wB

σ σ′ ′× + × + × + ×

 ′ ′ ′ ′× + × − + 
 
∑ ∑

 

                                                                                 (12) 

The integral of the equation(12) is as follows: 
( ) ( )

( ) ( ) ( )
s0 0 0 0

0 air 0 air 0

2 3 2 3 3

3 + 3 3

s

D eq eq

L i r i dt L i

r i dt M i M i t

σ

σ ϕ ϕ

× + × + × +

× × + × = +

∫
∫

        (13) 

Where ( )eq 1 2( )
C C

m
J J

A Am

Ut B B t
wB

ϕ  
= − + 

 
∑ ∑ . JiB (i=1,2) can be 

obtained through the external circuit of the transformer, which 

will be further explained below. 0 1 2

C C
m

eq r r
A Am

U B B
wB

ϕ  
= + 

 
∑ ∑ , 

1rB and 2rB  are the residual flux density of T1 and T2 before 
closing, respectively. Obviously, the equation (13) is a second-
order differential equation of 0i , which is theoretically solvable. 
Then, according to equations (6)(9),(7)(10), the ZMIC 103i  
and 203i of the two transformers can be solved respectively. 
But due to the nonlinearity of the core, the analytical solution 
will be very complicated. 

If the magnetic flux ( ) 0eq eqtϕ ϕ+  is regarded as an 
equivalent voltage source and 03i  is regarded as equivalent 
current, the element with resistance characteristic can be used 
to simulate the actual inductance and the element with 
capacitance characteristic can be used to simulate the actual 
resistance. And then, combining equations(8)and(13)，  the 
supply ZMIC T-shaped equivalent circuit considering 
sympathetic interaction can be obtained, as shown in Fig.7. 
The analysis of the mechanism and characteristics of ZMIC 
can be more clearly and intuitively through the equivalent 
circuit model. 
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Fig.7 The equivalent magnetic circuit of the supply ZMIC   

Through the equivalent circuit, it can be intuitively found 
that the sum of core magnetic flux linkage and residual flux 
linkage of each phase of energized and operating transformer 
constitutes the “source” of supply ZMIC, which is formally 
expressed as equivalent potential. It is called the supply zero-
mode equivalent potential, which is located on the excitation 
branch of the T-shaped equivalent circuit. Therefore, when the 
three-phase core magnetic flux linkage of a transformer is 
unbalanced, the equivalent potential is not zero, and the supply 
ZMIC is generated. The difference of equivalent potential, the 
inductance, and resistance caused by different winding 
arrangement structures of the transformer directly affect the 
ZMIC characteristics. It will be analyzed in the following. This 
zero-sequence current generation mechanism is quite different 
from that mechanism of zero-sequence current produced by a 
ground fault.  The equivalent potential of the latter is located 
at the fault position, and the zero-sequence current is not 
affected by the mutual leakage inductance of the transformer. 



3. Characteristics analysis of the ZMIC under sympathetic 
interaction  

To reveal the reason for the slow attenuation velocity of the 
inrush current, the influence of the above-mentioned different 
factors on the attenuation characteristics and amplitude 
characteristics of the transformer and supply ZMIC will be 
analyzed following. 

3.1 Analysis of the slow attenuation velocity mechanism of 
ZMIC 

1) Transformer ZMIC 

 The following will analyze the attenuation characteristics 
of the ZMIC through the analysis of the zero-mode equivalent 
potential. The flux linkage analysis will be more intuitive by 
using equivalent circuit analysis. Therefore, the equivalent 
circuit that can reflect the ZMIC of the transformer and the 
power supply under sympathetic interaction is obtained by 
combining equations (6)(7)(9)(10),  as shown in the figure 
below : 
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Fig.8 The ZMIC T-shaped equivalent circuit 

According to equations (9)and(10), the zero-mode inrush, 
the current process under sympathetic interaction is described 
as follows.  

1eq air 10 1 10 10 0 0 0

2eq air 20 2 20 20 0 0 0

- (3 3 ) 3 3 + 3 + 3

=- (3 3 ) 3 3 + 3 + 3

D s s

D s s

M i i r i dt L i r i dt L i

M i i r i dt L i r i dt L i

σ σ

σ σ

ϕ

ϕ

= + + + × ×

+ + + × ×

∫ ∫
∫ ∫

 (14) 

Where, ( ) ( )1eq 1 2eq 2( ) ( )
C C

m m
J J

A Am m

U Ut B t t B t
wB wB

ϕ ϕ= =∑ ∑，  

Before the sympathetic inrush is generated, there is 20 =0i ,

0 10=i i , 2eq 0ϕ = . In the actual power grid, the resistance 
parameters will be very small relative to the inductance 
parameters, so the inductance is the main factor affecting the 
current distribution in Fig.8, and the resistance mainly affects 
the attenuation characteristics of the current. Usually, the 
transformer leakage inductance will be much larger than the 
system inductance, so when calculating the ZMIC of the 

transformer, the influence of the resistance and the inductance 
of the system can be ignored. Therefore, there is:  

 0=Di ii ki   (15) 

Where i=1,2 , 
+D

L
k

L L
σ

σ σ

=  

At this stage, it is easy to know that the change in zero-mode 
equivalent potential of the two transformers in one cycle is as 
follows through the equation(14) .  
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3( + )
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s f
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σϕ
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∆ = −

∆ −
  (16) 

Among them, 10 fi  is the aperiodic component of i10 , and 
T is the power frequency period.  

From equation (16), the zero-mode equivalent potential of 
the T2 transformer will generate gradually due to the system 
resistance, leading to the saturation of the T2 transformer core 
eventually. Then the ZMIC will generate in the transformer T2. 

After T1 is energized, the iron core will be saturated for the 
biased flux leading to the generation of the phase inrush current. 
Similarly, the accumulated biased flux will lead to the 
generation of the phase inrush current of T2. When the T2 
transformer produces, the attenuation speed of zero-mode 
equivalent potential will change. According to (16), the 
amount of change in the aperiodic component of the flux 
linkage corresponding phases of T1 and T2 have the same sign 
during the phase inrush current period. The initial flux linkage 
aperiodic component of T2 is zero and the polarity flux linkage 
aperiodic component of the corresponding phases of T1 and T2 
have the opposite sign. So that the polarity of the phase inrush 
current aperiodic component generated by T2 is opposite to 
that of the phase inrush current aperiodic component of T1[27]. 
Since the ZMIC is the sum of the three-phase inrush current, 
the polarities of the aperiodic components of the T1 and T2 
ZMIC will also be reversed. Then there is 0 10 20f f fi i i= − . 
Therefore, the change of the zero-mode equivalent potential of 
the two transformers in one cycle is as follows: 
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  (17) 

As the saturation of T2 deepens, When 20 10f fi i= , then the 
equation (17) changes to that as follows. 
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  (18) 

From (18) , the absolute value of 1eqϕ∆ is smaller relating to 
equation(16). As the ZMIC of the T2 transformer increases, 
the decay speed of the T1 zero-mode equivalent potential 1eqϕ  

will become slower. When , only rσ affects the 

ZMIC attenuation. In fact, sr is larger than rσ . So the 
attenuation speed of will be very slow in the later stage 
compared to the attenuation speed of  in the initial 

20 10f fi i=

1eqϕ

1eqϕ



moment. The attenuation rate of  generated by the 
energization of a single transformer is the same as the initial 
attenuation rate of when there are two transformers. 
Therefore, when there are two transformers, sympathetic 
interaction will make the  of T1 attenuate more slowly 
compared to the single transformer. The ZMIC generated by 
the zero-mode equivalent potential also has this characteristic. 
This means that the T1 ZMIC decay will be very slow after the 
generation of sympathetic interaction. This is the reason that 
the ZMIC flowing through the energized transformer hardly 
decays for a long time at the scene. 

For different winding arrangement structures of the 
transformer, it is pointed out that the average winding 
resistance rσ of the T-Hin is 0.1784Ω, while the T-Ord 
transformer is 0.2685Ω[9]. The ZMIC generated by the T-Hin 
will decay more slowly according to equations (16) and (18). 

2) Supply ZMIC   

According to the equivalent circuit in Fig.7, with or without 
the sympathetic interaction, the structure of the circuit hardly 
changes, but the equivalent potentials of them are greatly 
different. If there is sympathetic interaction, the equivalent 
potential is composed of the equivalent potentials of the 
energized and the operating transformer. If there is no 
sympathetic interaction, the equivalent potential is only 
composed of the energized transformer potential. Therefore, 
the key to analyzing the characteristics of the supply ZMIC is 
to analyze the characteristics of the supply zero-mode 
equivalent potential. The equivalent potential is composed of 
the flux linkage of the transformer, so it is necessary to analyze 
the characteristics of the flux linkage first. The analytical 
solution of the equation (13) is very complicated because it is 
a nonlinear non-homogeneous differential equation. Hence, 
from the perspective of magnetic flux, an intuitive analysis is 
conducted based on the supply ZMIC T-shaped equivalent 
circuit in the following. 

From the recorded waveform, the supply ZMIC attenuation 
is slow when there is a transformer in parallel operation. It is 
assumed that the aperiodic component of the magnetic flux 
linkage of the transformer's excitation branch does not decay 
during the short period. The system inductance and leakage 
inductance is small relative to the excitation inductance 
magnetic flux linkage (excitation magnetic flux linkage for 
short), So they can be ignored. Then the excitation magnetic 
flux linkage of the energized transformer and the operating 
transformer can be expressed as follows.  

  1 1 1

2 2 2

( ) cos( 120 )+ cos( 120 )
( ) cos( 120 )+ cos( 120 )

i

i

t a t n b n
t a t n b n

ψ ω α θ
ψ ω α θ

= + − ° − °
 = + − ° − °

 (19) 

Where i  is A, B, C, n=0,1,2 respectively. 1a  and 2a  are 
amplitude of the periodic component of the excitation 
magnetic flux linkage. There is 1 2a a=  . Because two 
transformers are connected in parallel on the same bus, 
voltages of them are equal.  The polarity of these two 

excitations magnetic flux linkage aperiodic component is 
opposite which is demonstrated above, i.e.  1 2 0b b < . The 
amplitude of the sympathetic inrush is not greater than that of 
the phase inrush current in general, indicating that the 
maximum amplitude of magnetic flux linkage of the operating 
transformer is not greater than that of the energized 
transformer, hence, 1 2b b≥ [27].  

It can be concluded that the magnetic flux linkage on the 
core generated by the T1 transformer can be expressed as an 
equation (20). 
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= >
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(20) 

This means, when the iron core is not saturated, the iron 
core flux linkage is equal to the excitation magnetic flux 
linkage. When the iron core is saturated, the iron core flux 
linkage is equal to the saturated flux linkage. The flux linkage 
in the transformer T2 core is similar. According to core 
characteristics, the zero-mode equivalent potential generated 
by the T1 transformer can be expressed as: 
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In the same way, the equivalent potential of the T2 
transformer can be expressed as: 
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In the equation above, the equivalent potential is equal to 
zero when the three-phase iron core is not saturated. When the 
one-phase magnetic core is saturated, the three-phase 
symmetry relationship of the magnetic core flux linkage is 
broken, and the equivalent potential is not equal to zero. 
According to the equation (21)(22), the zero-mode equivalent 
potential waveform is obtained, as shown in Fig.9. In the figure, 
the waveform of the thick solid line corresponds to the flux 
linkage of the energized transformer, and the waveform of the 
thin dashed line corresponds to the flux linkage of the 
operating transformer. 
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Fig.9 The supply zero-mode equivalent potential characteristic under 
sympathetic interaction  

A period from time T1 to T5 is selected for analysis. The 
energized transformer is saturated at times T1, T2, T3, T4, and T5 
in Fig.9. For the energized transformer, 1eq ( )tϕ  is 0 during the 
period T3-T5 according to the equation (21)(22). However, for 
the operating transformer, 2eq ( )tϕ  is not 0 during t1-t4. 
Obviously, the period t1-t4 is included in the period T3-T5. 
According to the symmetry of excitation magnetic flux linkage, 
when 1 2b b≥ , 1t∆  and 2t∆  are always both greater than or 
equal to 0. Especially, when 1 2=b b , 1t∆  and 2t∆  are equal 
to 0. Therefore, after the sympathetic inrush is generated, the 
zero-mode equivalent potential of the energized transformer 
and the zero-mode equivalent potential of the operating 
transformer are alternately generated. This is means when the 
zero-mode equivalent potential of the energized transformer is 
zero, the operating transformer’s will not be non-zero in 
general. And when the zero-mode equivalent potential of the 
operating transformer is zero, the energized transformer’s will 
not be non-zero in general too. From equation(16)-(18), the 
equivalent potential of the energized transformer and the 
equivalent potential of the operating transformer affects each 
other. So, Combining the characteristics of the two equivalent 
potentials, we define this effect as a “complementary effect”. 

So, the period of zero-state supply zero-mode equivalent 
potential under the sympathetic interaction is shorter than that 
if there is no sympathetic interaction. 

The energized transformer T1 and the operating transformer 
T2 have the same ZMIC T-shaped equivalent circuit structure. 
Therefore, it can be inferred that 10i  and 20i  will have the 
“complementary effect” too, which makes the effective value 
of the supply ZMIC  I0 become larger and decay more slowly 
than that if there is only the ZMIC 10i of a single energized 
transformer. The conclusion will be verified by the simulation 
below. 

The above analysis shows that sympathetic interaction will 
affect the characteristics of ZMIC obviously, and cause 
attenuation of ZMIC of energized transformer and power 
supply. 

3.2 Analysis of the amplitude of ZMIC 

For the system and the transformer, the reactance is much 
greater than the resistance, so in the early stage of the inrush 
current, the influence of the resistance can be ignored when the 
magnitude of the current is analyzed. Solve the equation (14), 
the supply ZMIC is obtained as follows. 
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From the above equation, in the initial stage of inrush 
current,  the magnitude of the ZMIC of the power supply and 
the transformer is approximately equal. It shows that the 
sympathetic interaction is not obvious And, the magnitude of 
inrush current is mainly affected by the inductance parameters 
that are determined by the transformer structure and the 
equivalent potential. It will be further analyzed. 
A. Residual flux and closing angle  

In the actual operation of the power system, there are three 
types of residual flux in the transformer core. The first type is 
that there is no residual flux in three phases when the 
transformer is just put into operation. The second type of 
residual flux is mainly generated after the circuit breaker 
breaks the circuit. In this case, the sum of the three-phase 
residual flux of iron core is zero, which is called “three-phase 

balance residual flux”, i.e. 1 0
C

r i
A

B =∑ . The third residual flux 

type is the caused by DC resistance test or other reasons.  The 
three-phase residual flux of this type is in the same direction, 
which is called “three-phase unbalanced residual flux”, i.e. 

1 0
C

r i
A

B ≠∑ . 

For the first and second types of residual flux, it seems that 
03i is not related to the core residual flux according to the 

equation(23), but it is not true. In fact, based on the core 
saturation characteristic, the core magnetization magnetic flux 
density can be expressed as: 
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When the core is not saturated, the core magnetic flux 
density is equal to the excitation magnetic flux density. When 
the core is saturated, the core magnetic flux density is the 
saturated magnetic flux density. Leti represents A, B, C three-
phase, When 0,1,2n = . α is the closing angle. In the second 
type of residual flux, it is assumed that the opening angle of 
the A-phase circuit breaker is θ  , the three-phase residual flux 
can be expressed as 1 m=- cos( 120 )r i rB k B nθ − ° , where rk  is the 



core residual flux coefficient, and it is not over 0.85 in 
general[28].  

Through numerical calculation, the relationship between 
the amplitude of the power supply ZMIC and the closing angle 
and opening angle (corresponding residual flux) in the first and 
second types of residual flux states can be obtained, as shown 
in Fig.10. 
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(a) The first type of residual flux 

 
(b) The second type of residual flux (front view) 

 
(c) The second type of residual flux (top view) 

Fig.10 Relation between the fundamental amplitude of inrush current and 
residual flux and closing angle 

It can be seen that the closing angle has little effect on the 
magnitude of the supply ZMIC in the first type of residual flux. 
However, in the second type of residual flux state, the 
magnitude of ZMIC at the initial stage of inrush is obviously 
related to the opening angle (residual flux) and closing angle. 
When | |=θ α π− i.e. the closing angle leads or lags behind the 
opening angle by 180°, the supply ZMIC is almost the largest. 
When =θ α , i.e. the closing angle and opening angle are equal, 
the supply ZMIC is almost zero. 
B. Different winding arrangement structures of transformer  

From Equation (23), it can be seen that the difference in the 
supply ZMIC of different type transformers depends on the 
inductance difference which is caused by the transformer 
structure. In the case of a transformer with a capacity (MVA) 

of 240/240/80 and a rated voltage (kV) transformation ratio of 
220/115/10.5, the differences in inductance parameters of 
different types of three-winding transformers are analyzed.  
The short-circuit impedance of different winding arrangement 
structures of the transformer is shown in Table 1. 
Table 1 Short-circuit impedance of different winding arrangement structures 

of transformer 

Short-circuit 
impedance H-M H-L M-L 

T-Ord 8% 23% 13% 
T-Hin 14% 36% 21% 
T-Lse 14% 36% 21% 

In the table, H represents high-voltage winding, M 
represents medium-voltage winding, L represents low-voltage 
winding. 

The self-leakage inductance of the different winding 
arrangement structures of the transformer is obtained by the 
standard calculation method of the three-winding transformer 
T-equivalent circuit, which is shown in Table 2. It can be seen 
that the self-leakage inductance Lσ  of the high-voltage side of 
different winding arrangement structures of transformer is 
basically equal, about 14%, i.e. ( ) ( ) ( )T-HiT- nOrd σ T-LseL L Lσ σ= = . 
The self-leakage inductance of the low-voltage side of the T-
Hin and the T-Lse both are 21.5%, and the T-Lse is 9%, then 

( ) ( ) ( )T-Hin T-LT-Ord seD DDL L Lσ σσ < = . 
Table 2 Comparison of the equivalent self-leakage inductance of different 

winding arrangement structures of transformer 

Self-leakage 
inductance  H M L 

T-Ord 14% -1% 9% 
T-Hin 14.5% -0.5% 21.5% 
T-Lse 14.5% -0.5% 21.5% 

 According to equation (2), the air-core inductance of the T-
Hin is the smallest, while the T-Lse is equal to the T-Ord. 
According to the solution equation(23), it is easy to know that 
the supply ZMIC amplitude of the T-Hin is the largest, the T-
Lse is the second, and the T-Ord is the smallest. 

When other parameters are the same except for the 
transformer winding arrangement structure, the difference of 
inrush current amplitude is compared. From the ZMIC T-
shaped equivalent circuit in Fig.2, it is easy to know that when 
a single transformer is energized, s02L on the analytic 
denominator of ZMIC will be replaced to s0L , and the rest are 
the same as the ZMIC expression under parallel operation 
transformers. In fact, s0L  is relatively small compared to Lσ

and other parameters, so it has little effect on the amplitude of 
inrush current. Based on the above analysis of the attenuation 
characteristics, it can be concluded that the T-Hin ZMIC 
amplitude is large, and the attenuation in the late stage is very 
slow due to the generation of sympathetic interaction. It may 
cause the malfunction of the zero-sequence protection.  



4. Simulation analysis of ZMIC characteristics and its 
influence on zero-sequence protection 

According to the theoretical analysis above, it is concluded 
that the ZMIC amplitude of T-Hin is relatively large. And the 
attenuation of the ZMIC under the sympathetic interaction will 
become slower. Both of them have an adverse effect on zero-
sequence protection. It is necessary to analyze which one is the 
main cause that leads to the malfunction of the long delay 
backup protection of the T-Hin. The simulation model that is 
the same as the on-site system shown in Fig.1. is taken as an 
example, and the improved transformer simulation model is 
used to mainly analyze the characteristics of ZMIC and its 
impact on the zero-sequence protection of the line under the 
sympathetic interaction[29].  

Take the practical engineering project shown in Fig.1 as an 
example. The characteristic of the ZMIC of the energized 
transformer and supply ZMIC and its impact on the zero-
sequence zone Ⅲ protection of the line (240A,3s) is analyzed 
in this section below. The project circuit diagram is built in 
PSCAD, as shown in Fig.11. Where T1 and T2 both are the 
actual T-Hins in the project, and the system parameters are 
shown in TableA1  in Appendix. 
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Fig.11 Inrush current simulation circuit diagram  

4.1 Influence of sympathetic interaction 

The influence of sympathetic interaction on the ZMIC 
characteristics is simulated as follows. And the residual 
magnetism is -0.4, -0.4, 0.8pu. The figure below shows the 
ZMIC of the transformer. 
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Fig.12 ZMIC waveform of energized transformer 

The ZMIC attenuation speed of the energized transformer 
will be slower after the sympathetic inrush is generated.  

1) Aperiodic component  

The aperiodic component of the ZMIC at different positions 
under sympathetic interaction or not is simulated as shown 
below. 
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Fig.13  Aperiodic components of ZMIC at different positions 

It can be seen that when there is sympathetic interaction, the 
operating transformer, and the energized transformer ZMIC 
have opposite polarities. And the time for the aperiodic 
component of the supply ZMIC attenuates to zero is shorter 
than that in the absence of sympathetic interaction. Thus, the 
correctness of the theoretical analysis is verified by the 
simulation result.  

2) Zero-sequence protection 

The simulation scenes that the transformer T1 is not put into 
operation, the transformer T4 is in operating without load, and 
the transformer T2 is energized is set, which is the same as the 
on-site malfunction accident. This scene is called the first 
scene. The sympathetic interaction on the zero-sequence zone 
Ⅲ protection of the line is simulated when the transformers are 
of different types. The result is shown in Fig.14. The red line 
corresponds to that there is sympathetic interaction, and the 
blue line corresponds to that there isn’t sympathetic interaction. 
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      (a)The T-Hin                                (b) The T-Lse 

Fig.14 Simulation of the impact of sympathetic interaction 

From Fig.14, when there isn’t sympathetic interaction, the 
effective value of the ZMIC after a 3S delay at all closing 
angles is less than 240A for different winding arrangement 
structures of the transformer, so the zero-sequence zone Ⅲ 
protection of the line can avoid malfunction. When the 
transformer is energized under the sympathetic interaction, the 
line zero-sequence zone Ⅲ protection may malfunction for the 
T-Hin and T-Lse. For different residual flux modes, the 
phenomenon is the same as the phenomenon above. Thus, it is 



can be inferred that the main cause of the malfunction of the 
zero-sequence zone Ⅲ long-delay protection of the 
transmission line is the generation of sympathetic interaction, 
not the transformer type. 

When the transformer T4 is not put into operation, the T2 
transformer is in operating without load, and the transformer 
T1 is energized. This scene is called the second scene. The 
sympathetic interaction on the zero-sequence zone Ⅲ 
protection of the line is simulated. At this time, the ZMIC 
flowing through the line is the supply ZMIC. The result is as 
follows: 
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Fig.15 The influence of the sympathetic interaction on the supply ZMIC 

The result shows that when there is no sympathetic 
interaction, even the ZMIC generated by the energized T-Hins 
is not enough to cause long-delay zero-sequence backup 
protection of the upstream line of the operating transformer to 
malfunction. However, when there is sympathetic interaction, 
the protection may malfunction. Once the protection 
malfunction, it will lead to a serious accident that the operating 
transformer is removed. 

3) Zero-mode equivalent potential 

The zero-mode equivalent potential and the ZMIC 
waveform under sympathetic interaction or not are shown in 
Fig.16.  
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Fig.16 Comparison of zero-mode equivalent potential and supply ZMIC 
under sympathetic interaction or not 

Fig.16 shows that there is a “complementary effect” of the 
zero-mode equivalent potential between the operating 
transformer and the energized transformer under the 
sympathetic interaction, which leads to the “complementary 
effect” of ZMIC between them. So, the supply ZMIC 
attenuates more slowly.  The analysis above reveals that the 
sympathetic interaction is the cause of the slow attenuation of 
the supply ZMIC. The correctness of theoretical analysis is 
verified. 

4) Second and third harmonic content 

The literature[12] shows that the second harmonic ratio (the 
ratio between the second harmonic and first harmonic of the 
ZMIC is over 25%. Thus, to prevent the protection malfunction 
caused by the ZMIC, the braking method using the second 
harmonic ratio of different is proposed when there is no 
sympathetic interaction. However, whether the method is 
suitable to supply ZMIC should be studied further. 

Simulate the second harmonic ratio of the ZMIC of different 
winding arrangement structures of the transformer under the 
first scene. At this time, the current flowing through the line1 is 
the ZMIC of the transformer T2. The result is shown in 
Fig.16(a). Similarly, simulate the second harmonic ratio of the 
phase inrush current under the second scene. At this time, the 
ZMIC flowing through the line is the source-side ZMIC. The 
result is shown in Fig.16(b). The red, blue, and green lines 
represent T-Hin, T-Lse, and T-Ord respectively. 
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Fig.17 The second harmonic ratio of the ZMIC under sympathetic interaction 

From Fig.17(a), on the first scene, the second harmonic ratio 
of the energized transformer is over than the general setting 
value of 25% under sympathetic interaction, and it has been on 
an upward trend.  

From Fig.17(b), for various transformers, as the ZMIC 
attenuates, the second harmonic ratio of the supply ZMIC 
gradually increases then finally attenuates to zero on the 
second scene. After closing for 3s, the second harmonic ratio 
is less than 4% under some conditions. Therefore, the 
traditional inrush current restraint principle may fail in these 
situations. In this condition, the changing trend of the third 
harmonic ratio of the supply ZMIC is shown in Fig.18. 
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Fig.18 The third harmonic ratio of the supply ZMIC  under sympathetic 
interaction 

As observed in the figure, the initial values of the third 
harmonic may be very small. However, it exceeds 40% after 
1s. Under normal circumstances, the third harmonics of all 
types of transformers increase in the initial period, then slightly 
decrease and tend to be stable state of high level finally.  

The dynamic physical model test is performed to verify the 
analysis of the harmonic characteristics of the ZMIC. The 
second harmonic ratio is always attenuated in the later stage. 
In contrast, the third harmonic ratio also increases first and 
then decreases, and stabilizes at a higher value finally. The 
trend is consistent with the simulation. Consequently, the 
dynamic model test verifies the correctness of the simulation 
analysis.  
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  Fig.19 Dynamic model test verification 

4.2 Residual flux and closing angle  

The first residual flux mode that three-phase residual flux is 
0 and the typical worse mode that three-phase residual flux is 
-0.4, -0.4, 0.8pu are selected for simulation. The fundamental 
current (RMS) of the ZMIC is simulated under different 
closing angles and at different setting times of zero-sequence 
protection. The results are shown in Fig.20. 
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Fig.20 RMS of ZMIC of the energized transformer with residual flux and 
closing angle  

From Fig.20, when the three-phase-residual flux is 0, the 
ZMIC of the energized transformer is hardly affected by the 
closing angle. When 0.2st∆ = , the ZMIC RMS is 500A, and 
the zero-sequence first section protection of bus-connection 
will not malfunction. At the time of 0.5st∆ = the phase inrush 
current RMS is 370A.  The malfunction probability of the zero-
sequence second section protection is 100%. However, when 
the residual flux is -0.4, -0.4, 0.8pu, the supply ZMIC is related 
to the closing angle obviously. When the closing angle is about 
60°, the ZMIC is almost 0. But, when the closing angle is about 
240°, the ZMIC is maximum which agrees with theoretical 
analysis.  

5. Protection countermeasures recommendation   

The analysis shows that the ZMIC attenuates slowly in the 
later period flowing through the line may cause the protection 
to malfunction under the above two scenes. There are some 
common strategies such as increasing the setting value of 
current and increasing the setting time. However, increasing 
the setting value of current will lower the sensitivity, and 
increasing the setting time will lower the action speed of the 
protection. And it will increase the difficulty that cooperation 
with other lines’ protections. Thus, some simple and effective 
measures should be proposed. Some improved 
countermeasures are proposed based on the theoretical and 
simulation analysis of ZMIC harmonic characteristics above.  

(1) The inrush current restraint principle of comprehensive 
secondary and third harmonic ratio can be added to the long-
delay zero-sequence backup protection of the line.  

The second harmonic of the supply ZMIC gradually reduces 
to 0. If it is only considering the second harmonic ratio, the 
brake may fail. In some closing angles, the third harmonic ratio 
is very small at the initial stage of closing, while the second 
harmonic ratio is relatively high. In the later stage, when the 
second harmonic ratio is low, the third harmonic ratio can be 
stable at a higher level. Therefore, the inrush current restraint 
principle considering the ratio of the second and third 
harmonic can be designed for protection. It means that as long 
as the second harmonic or the third harmonic is greater than a 
certain threshold, the inrush is considered has occurred, and 
the protection is braked. Because the second harmonic ratio of 



the ZMIC flowing through the line is always large on the first 
scene, so the line protection adopting this inrush current 
restraint principle can also effectively restraint malfunction for 
the inrush current. In addition, other factors such as closing 
angle and the faults during the closing period also need to be 
considered when the inrush current restraint principle value is 
set. For detailed protection strategies against inrush current 
malfunction, we will write a special article for discussion. 

(2) Controlled switching method can be used to suppress 
inrush current. A controlled switching method has been 
applied to inrush current suppression[28, 30-32]. The ZMIC 
generated by the phase inrush current is the main cause of 
protection malfunction. Especially in some cases, the phase 
inrush current amplitude can be as high as 10IN. Under the 
sympathetic interaction, the phase inrush current will attenuate 
for a long time, which may have a very negative impact on the 
protection and the safety of the transformer itself. Through the 
analysis of the influence of residual flux and closing angle on 
inrush current characteristics above, we can know that the 
supply ZMIC can be effectively suppressed if the closing angle 
and the opening angle are set to equal. So, the widely used 
controlled switching technology is suitable to apply.  However, 
accurate control of the circuit breaker is required in the 
practical implementation, and the influence of the dispersion 
of the closing time of the circuit breaker should be considered 
too.   

6. Conclusion 

In this paper, the generation mechanism of the ZMIC with 
large amplitude and slow attenuation is investigated based on 
the ZMIC T-shaped equivalent circuit. Then the main cause of 
the malfunction of the protection on-site is revealed. Moreover, 
the ZMIC characteristics under sympathetic interaction and its 
influence on related zero-sequence protection have been 
analyzed through comprehensive simulation. Finally, the 
method that prevents the malfunction of the long-delay zero-
sequence backup protection of the line has been proposed. 
Some useful conclusions are summarized as follows:  

(1) The ZMIC of the energized transformer will attenuate 
very slowly under the sympathetic interaction, which is the 
main cause of the protection malfunction on-site not the special 
winding arrangement structure of the T-Hin. Moreover, it’s 
revealed that the sympathetic interaction may lead to the long-
delay zero-sequence backup protection malfunction of the 
upstream line of the operating transformer. 

(2) The generation of the “complementary effect” of zero-
mode equivalent potential between the operating transformer 
and the energized transformer is the mechanism that leads to 
attenuation of the supply ZMIC. 

(3) Under the sympathetic interaction, the second harmonic 
ratio of the supply ZMIC gradually decays to 0, while the third 
harmonic ratio is smaller in the early stage of the closing 
process and then increases to a high level. Therefore, the 
combination of the second and third harmonic ratio can be 
added in the inrush current restraint principle to prevent the 
malfunction of the zero-sequence protection. 
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APPENDIX 
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FigA1. The on-site waveform record of zero-sequence zone Ⅲ protection malfunction of the line 

 

FigA2.  Schematic diagram of three transformer winding arrangement structures 

TableA1.  Line parameters 

Line length (km) Line positive sequence 
 impedance (Ω/km) 

Line zero-sequence  
impedance (Ω/km) 

8.225 0.0186+j0.004 0.0336+j0.0274 

 

TableA2.  Inductance test results of T-Hin physical model 

M H RL H M R L

core

T-Ord T-Hin

T-Lse
D

D D
corecore

R
eactor

M H RL



Experiment type Applied voltage Test current Corresponding inductance 
Air core inductance measurement 

of high voltage windings U1=50V I1=1.1A Lair1=0.0143H 

Air core inductance measurement 
of low voltage winding U2=6.7V I2=100A Lair2=0.214mH 

Short-circuit leakage inductance 
measurement Uk=170.5V Ik=14.4A Lk=0.0378H 

 

TableA3. Transformer basic parameters 

Types Capacity（MVA） 

Short circuit loss（kW） Short-circuit impedance parameter 

H-L H-M M-L High-low impedance 
(%) 

High-voltage 
winding air-core 
inductance（H） 

Low-voltage air 
core inductance 

(mH) 
T-Hin 240/240/80 191 637 184 37.6 0.14 0. 13 
T-Lse 240/240/80 190 635 180 36 0.22 0. 18 
T-Ord 240/240/80 217 598 178 25 0.22 0. 14 
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