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Abstract—When a single-phase to ground fault (SPGF) 

occurs near the main power source in an active distribu-

tion network, distance protection section II (DPS-II) lo-

cated at the distributed generator (DG) side operates with 

a delay. In gap-grounded transformers, this delay can 

lead to gap breakdown due to neutral-point overvoltage, 

which adversely affects the operation of DPS-II on the DG 

side. To address this issue, this paper proposes an im-

proved DPS designed for active distribution networks 

with gap-grounded transformers. First, the factors in-

fluencing the additional impedance are analyzed after gap 

breakdown. To mitigate the effects of the additional im-

pedance on DPS performance, an improved DPS based on 

real short-circuit impedances is introduced for active 

distribution networks. This scheme utilizes the nega-

tive-sequence current distribution factor on the DG side 

to accurately calculate the additional impedance angle, 

ensuring reliable protection. Simulation results demon-

strate that the proposed scheme effectively operates under 

forward faults across various DG capacities, fault loca-

tions, local loads, and fault transition resistances. In ad-

dition, it avoids tripping under reverse faults, thereby 

confirming its reliability and superiority. 

Index Terms—Distributed generator (DG), gap 

breakdown, distance protection section II (DPS-II), addi-

tional impedance, real short-circuit impedance. 
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Ⅰ.   INTRODUCTION 

istance protection is widely employed in 110 kV 

transmission lines due to its high sensitivity and 

low vulnerability to variations in grid operation condi-

tions. For single-phase to ground faults (SPGF) on the 

transmission lines, distributed generators (DGs) con-

nected to gap-grounded transformers can disrupt pro-

tection operation. If a SPGF occurs in proximity to the 

main power source, the distance protection section I 

(DPS-I) can promptly initiate a trip, whereas the opera-

tion of DPS-II at the DG side encounters a delay [1][3]. 

During the delay period, the neutral-point gap of the 

transformer is likely to collapse, altering the ze-

ro-sequence network of the system and generating ze-

ro-sequence current. Thus, the current measured by the 

impedance relay includes the zero-sequence component 

flowing through the protection point [4], [5]. As a result, 

the operational effectiveness of the DPS-II on the DG 

side is compromised by the gap breakdown. 

Currently, there are limited researches on the issue of 

gap breakdown in transformers. The neutral-point 

voltage after an SPGF when different types of DGs are 

connected to the distribution network in investigated in 

[6]. While the authors propose suggestions to prevent 

the gap breakdown issue, the analysis of the neu-

tral-point voltage after the tripping of the transmission 

line protection is not considered. In [7], the neu-

tral-point voltage after the tripping of the line protection 

is studied, which confirms that gap breakdown occurs in 

the event of imbalance between the DG capacity and 

local load. However, the influence of gap breakdown on 

the performance of the distance protection scheme (DPS) 

is ignored in the study.  

To improve DPS performance, some studies have 

proposed adaptive protection setting methods based on 

grid operation modes and fault information [8][10]. In 
[11], the simulation results in various grid operation 

modes are used as samples, and DPS performance is 

obtained through offline training using artificial intel-

ligence algorithms. The active components, reactive 
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components, and transition resistances are input into the 

deep learning model [12], and the protection action 

range is adjusted by utilizing the output values of the 

radial basis function neural network. A DPS using 

measured impedance trajectory as a weight coefficient 

is proposed in [13], where a current auxiliary criterion is 

introduced to improve the speed of DPS. However, the 

study based on intelligence algorithms requires sub-

stantial simulation experiments and calculations. In 

addition, the action performance is determined by the 

number of samples, whereas it is challenging to utilize 

all samples during the offline training to adapt to the 

complex grid operation modes and massive fault in-

formation in new power systems. 

Researchers have investigated DPS based on imped-

ance and voltage phasor planes, as the voltage phasor 

plane can effectively reflect the fault characteristics of 

the transmission lines. The voltage drops between the 

protection location and fault point are calculated based 

on the phasor relationship between the measured voltage 

and fault-point voltage to establish the distance protec-

tion criterion [14], [15]. In [16], the forward faults and 

reverse faults are distinguished based on the voltage 

distribution tendency in the transmission line. In [17] 

and [18], fault currents are estimated using the sequence 

currents at the fault locations, while bivariate linear 

equations of the fault locations and transition resistances 

are established based on measured impedance. Subse-

quently, DPS is realized to alleviate the effects of the 

transition resistances. Other studies have broadened DPS 

based on the plural impedance plane. Based on the load 

and short-circuit currents during the fault period, refer-

ence [19] solves the reactance between the fault point 

and protection location using a DPS-I scheme. Based on 

the geometric relationships in the plural impedance 

plane, the real short-circuit impedances between the 

fault point and protection locations are acquired 

[20][22]. Nevertheless, DPS at the DG sides in a 

gap-grounded system is inadequate in these studies. An 

improved DPS-II scheme based on the self-hold signal 

and zero-sequence current in a gap-grounded system is 

proposed in [23]. However, it simply attributes the fail-

ure of DPS-II to gap breakdown without analyzing the 

factors affecting the DPS performance. 

In a gap-grounded system, when an SPGF occurs on 

the transmission line, it is crucial for DPS-I at the main 
power source and on the DG side to respond rapidly, 

thereby removing the fault and preventing prevent gap 

breakdown. If the SPGF is located near the main power 

source side, DPS-II on the DG side operates with a 
delay. During this delay, the system grounding mode is 

altered by the gap breakdown, which degrades the re-
liability of DPS on the DG side. In the event of a gap 

breakdown, a zero-sequence circuit is established be-

tween the fault location and transformer neutral point, 
resulting in the generation of a zero-sequence current in 

the gap-grounded system. It is widely acknowledged 

that the measured current in grounding distance protec-
tion comprises both the fault-phase current and ze-

ro-sequence current. Therefore, DPS on the DG side 

may fail to operate in this scenario.  

To solve this issue, this study makes the following 

contributions. 
1) The grounding mode of the neutral point strongly 

affects the DPS performance. The DPS performance is 

first discussed for a gap-grounded system following a 

gap breakdown by referring to existing studies. 
2) The failure mechanism of DPS-II on the DG side is 

analyzed in the gap-grounded system. Following the 

gap breakdown, the measured impedance at the protec-

tion location on the DG side is confirmed to correlate 

with the DG capacity. 
3) For single-DG and multiple-DG networks, an im-

proved DPS is proposed based on the relationship be-

tween the impedance phasors in the directional imped-

ance circle. By employing the sine theorem of triangles, 
the real short-circuit impedance expression can be de-

rived using the measured impedance and distance pro-

tection parameters. 

4) To distinguish reverse and forward faults, a 

fault-phase current criterion based on the fault current at 
the protection location on the DG side is proposed for a 

single-DG network. In a multiple-DG network, the 

distance protection parameter is calculated to be nega-

tive in order to identify reverse faults. 
The remainder of this paper is organized as follows. The 

graded insulation level of the transformer and T-type net-
work are introduced in Section Ⅱ, while the derivation of 
the real short-circuit impedance is presented in Section Ⅲ. 
Simulation results and conclusion are presented in Sec-
tions Ⅳ and Ⅴ, respectively. 

Ⅱ.   SYSTEM MODEL AND THE MEASURED IMPEDANCE 

ANALYSIS 

The relay protection regulations stipulate that the 
neutral point of a 110 kV transformer should adopt a 
solid grounding mode. However, in the real-world op-
eration of power grids, some of the neutral points of 

110 kV transformers are ungrounded, whereas the oth-
ers are directly grounded. For ungrounded transformers, 
spark gaps and protection devices are usually installed 
at the neutral points. 

Gap-grounded transformers are frequently employed 
in the T-type wiring distribution networks of certain 
cities in China [24], [25]. With the integration of DGs, 
distance protection should be configured on the 
high-voltage side of 110/10 kV transformers, rather than 
solely on the main power source side [26], [27]. As 
stated in Section Ⅰ, the protection action at the main 
power source side affects the neutral-point voltage, po-
tentially leading to gap breakdown in severe instances. 
Hence, the fault characteristics of a T-type network with 
gap-grounded transformers requires urgent analysis. 



YUAN et al.: RESEARCH ON DISTANCE PROTECTION SCHEME FOR SINGLE-PHASE TO GROUND FAULTS… 125 

A. T-type Wiring Active Distribution Network 

The T-type wiring networks of a 110 kV transmission 

line with DGs are illustrated in Fig. 1. In traditional 

passive distribution networks, distance protection is 

implemented only on the system side. However, with 

the development of new power systems, distance pro-

tection on the DG side is gradually being introduced.  

 

 

Fig. 1.  110 kV transmission line of a T-type distribution net-

works with DGs. (a) Double main power sources. (b) Single main 

power source. 

Figure 1 shows two T-type wiring networks: single 

main power source and double main power sources. 

Gap-grounded transformers from two 110 kV substa-

tions are linked to the 110 kV transmission lines. DGs 

are connected to the low-voltage side of the transform-

ers, and distance protection is configured on both sides 

of the main power source and DGs. An SPGF 1f  occurs 

near the forward area of the protection at bus M in Fig. 1, 

i.e., the protection range of DPS-I on the side of bus M 

and that of DPS-Ⅱ on the side of bus N or D. Subse-

quently, DPS-I on the side of bus M promptly responds, 

whereas that on the side of bus N or D does not operate. 

Typically, the protection range of DPS-I is 80% of the 

transmission line, with the remaining 20% requiring 

DPS-Ⅱ intervention to clear the faults. To ensure relia-

bility and selectivity, DPS-Ⅱ on the DG side is set to 

operate after a delay (300500 ms).  

During the delay, if there are DGs on the low-voltage 
side, the neutral points of the 110 kV transformers may 

experience overvoltage owing to the power imbalance 

between the DG capacities and local loads [7]. When 

the neutral-point voltage exceeds the withstand voltage 

of the transformer insulation, neutral-point gap break-

down can occur. Typically, the graded insulation levels 

of 110 kV transformers are 35 kV, 44 kV, and 60 kV 

[28]. As shown in Table Ⅰ, the graded insulation levels 

have different power frequency withstand voltages. 

TABLE Ⅰ 

DIFFERENT GRADED INSULATION LEVELS 

Insulation level (kV) 

RMS values of withstand voltage (kV) 

Ignore safe parameter 
Consider safe  

parameter 

35 85 72.25 

44 95 80.75 

66 140 119 

Table Ⅰ indicates that as the insulation level increases, 

the withstand voltage value rises by a significant extent. 

A safety parameter of 0.85 is selected by considering 

factors such as the transformer’s age, temperature, hu-

midity, and environmental conditions. Under normal 

grid operation, the neutral-point voltage has no offset. 

However, following a fault 1f  in Fig. 1, the neu-

tral-point voltage is deviated due to the asymmetric 

three-phase voltage. Subsequently, the protection action 

of the main power source side causes the DGs to be 

disconnected from the grid. In this instance, the neu-

tral-point overvoltage probably stems from the power 

imbalance. If the neutral-point voltage exceeds its 

withstand voltage, neutral-point gap breakdown occurs 

instantaneously within microseconds. 

However, the neutral-point voltages are different 

between Figs. 1(a) and (b) during the delay. In Fig. 1(a), 

the DGs remain connected to the grid after the protec-

tion at bus M trips, so the neutral-point voltage is un-

related to the low-voltage side of the 110 kV trans-

former. Instead, it depends on the line impedance and 

rated phase voltage on the high-voltage side, which is 

lower than the gap breakdown voltage. This implies that 

gap breakdown issue does not occur in the double power 

source system. Therefore, the distance protection on the 

DG side will not be affected by the gap-grounded sys-

tem. In contrast, after the DGs are disconnected from 

the single power source system, gap breakdown issue 

may occur due to power imbalance between the local 

load and DGs [29]. When the gap is broken down, the 

neutral point is grounded, allowing a zero-sequence 

current to flow through the protection location. The 

measured current and impedance are subsequently al-

tered, and the reliability of DPS-Ⅱ is reduced. Therefore, 

this study aims to investigate the performance of DPS-Ⅱ 

in a single power source system under SPGFs. 

Based on Fig. 1(b), the rated capacity of the DG is set 

as 10 MW, and the local load varies between 1 MW, 

2 MW, 4 MW, and 5 MW to observe the neutral-point 

n0U . Figure 2 displays the n0U with different trans-
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former insulation levels. An SPGF occurs at 2 s, and the 

circuit breaker on the side of the system trips at 2.1 s. 

In Fig. 2, the gap breakdown times are all within 

13 ms. Specifically, the graded insulation level is 60 kV 

in Fig. 2(c) and its withstand voltage is 119 kV. The 

neutral-point gaps are safe for 
L 4 MWP   and 5 MW, 

showcasing a high tolerance for overvoltage at the 60 kV 

insulation level. Notably, the gap breakdown occurs 

prior to the operation of DPS-Ⅱ. 

 

Fig. 2.  Neutral-point voltage with different graded insulation levels of transformer. (a) Insulation level: 35 kV. (b) Insulation level: 44 kV. (c) 

Insulation level: 66 kV. 

Moreover, the measured current for the grounding 

distance protection comprises the fault-phase current 

and zero-sequence current. Because the neutral point is 

directly grounded after the gap breakdown, the ze-

ro-sequence current distribution and measured current 

are subsequently altered. Thus, gap breakdown clearly 

affects the reliability of DPS. 

B. Measured Impedance Analysis on the DG Side 

Based on electricity demands, DGs are randomly in-

tegrated into the low-voltage side of a 110/10 kV 

transformer. The objective of this study is to compre-

hensively evaluate the measured impedances on the DG 

side of T-type networks featuring both single and mul-

tiple DGs. 

1) Measured Impedance in a T-type network with Single 

DG 
Assume that the SPGF occurs at the beginning of line 

MN in Fig. 1(b) at phase A. The fault transition re-

sistance is fR , and the short-circuit current distribution 

is shown in Fig. 3, where sE  is the system source; DGI  

is the short-circuit current output by the DG, NI is the 

measured current at QF2; gapNI is the gap zero-sequence 

current on the reverse side of QF2; and 
fI  is the 

fault-point current. 

 

Fig. 3.  Short-circuit current distribution in a T-type network with 

a single DG. 

The SPGF in the forward region of line MN triggers 

the immediate tripping of QF1. Subsequently, the net-

work is transformed from double power sources to a 

single power source. Simultaneously, the fault persists 

in the transmission line, leading to an asymmetry in the 

three-phase voltages. Consistent offsets of the neu-

tral-point voltages are observed in all the gap-grounded 

transformers. After gap breakdown, the neutral points 

are grounded, forming a zero-sequence network be-

tween the fault point and neutral point. Because there is 

no DG on the Load 2 branch, distance protection is only 

set up at bus N. Therefore, the measured impedance at 

QF2 can be represented as [30]: 
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N MN(1) f fN f
N MN(1) f

N N N

f.A

MN(1) f

N.A MN N(0)
Real short-circuit impedance

Additional impedance

3

I Z I RU I
Z Z R

I I I

I
Z R

I k I


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


    (1) 

where MN MN(1) MN(0) MN(1)( ) 3k Z Z Z  is a zero-sequence 

current compensation parameter; while MN(1)Z and 

MN(0)Z  are the positive-sequence impedance and ze-

ro-sequence impedance of line MN, respectively; 
MNk  

can be considered as a constant, as the line impedance is 

relatively steady, and 
MNk  is set to 2/3 in this study; 

NU  

is the measured voltage at QF2; 
NZ  is the measured 

impedance at QF2; 
N.AI is the short-circuit current of 

phase A at QF2; and 
f.AI  is the fault point current of 

phase A. In (1), NZ comprises the real short-circuit 

impedance MN(1)Z and an additional impedance 

f N f( )I I R . It can be concluded that MN(1)Z  is stable for 

a known fault and 
f N f( )I I R  is dominated by 

N(0)I ,
N.AI , 

f.AI , and fR . Based on the boundary condi-

tions for SPGFs [31], there is: 

f.A N.A N(0)3I I I                           (2) 

For a single-DG network, the amplitudes and angles 

of 
f.AI , 

N.AI , and N(0)3I  in (2) are theoretically equiva-

lent. Hence, NZ  and 
f N f( )I I R  are mainly determined 

by fR . The additional impedance 
f N f( )I I R  is resistive, 

and QF2 is likely to fail to trip for a high transition 
resistance fault. 
2) Measured Impedance in a T-type Network with Mul-

tiple DGs 
In the scenario involving multiple DGs linked to the 

grid, the distribution of short-circuit currents is depicted 

in Fig. 4. 

 

Fig. 4.  Short-circuit current distribution for a T-type network 

with multiple DGs. 

In the multiple-DG network, distance protections are 

configured at the high-voltage sides of the two 

110/10 kV transformers. When the SPGF occurs in the 

forward region of QF1, it promptly trips. Then, 

three-phase asymmetrical voltages exist along the 

transmission line. The voltages at the neutral points are 

primarily influenced by the DGs and loads at the 

low-voltage sides of the 110 kV transformers, and gap 

breakdowns occur simultaneously. Subsequently, the 

neutral points are grounded, and zero-sequence currents 

flow through QF2 and QF3. In Fig. 4, 
DG1I  and 

DG2I  are 

the output short-circuit currents of DG1 and DG2, DI  is 

the measured current at QF3, and gapDI is the gap ze-

ro-sequence current on the reverse side of QF3. 

Similarly, the measured impedances at QF2 and QF3 

are expressed as: 

N MN(1) f fN f
N MN(1) f

N N N

f.A

MN(1) f

N.A MN N(0)

D DM(1) f fD f
D DM(1) f

D D D

f.A

DM(1) f

D.A DM D(0)

3

3

I Z I RU I
Z Z R

I I I

I
Z R

I k I

I Z I RU I
Z Z R

I I I

I
Z R

I k I

 
    



 





    







    (3) 

where 
DU  is the measured voltage at QF3; D(0)I  is the 

zero-sequence current at QF3; 
D.AI is the fault-phase 

current at QF3; DM(1)Z is the positive-sequence imped-

ance of line MD; and DMk is the zero-sequence current 

compensation parameter. Since the fault-point current 

f.AI consists of short-circuit currents at QF2 and QF3, the 

additional impedances ad1Z and ad2Z at QF2 and QF3 are: 

D.A N.A

ad1 f

N.A MN N(0)

D.A N.A

ad2 f

D.A DM D(0)

3

 
3

I I
Z R

I k I

I I
Z R

I k I

 





 
 

                     (4) 

Equation (4) shows that if the gaps are not broken 

down, the neutral points are ungrounded and 

N(0) D(0) 0I I  . DPS-II at QF2 and QF3 does not op-

erate. If the gaps are broken down, N(0)I  and D(0)I  cease 

to be 0. The additional impedance and measured im-

pedance are associated with the zero-sequence current 

at the protection location, fault-phase current, and tran-

sition resistance. Therefore, a thorough analysis of the 

failure mechanism of DPS-Ⅱ on the DG side is required. 

C. Analysis of Failure Mechanism of DPS-Ⅱ on the DG Side 

The fault-phase current ratio at QF2 and QF3 is defined 

as 
D.A N.Ax I I . Taking NZ  as an example, there is: 
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D.A N.A

N MN(1) f

N.A MN N(0)

MN(1) f

N(0)

N.A

3

1

2
1

I I
Z Z R

I k I

x
Z R

I

I


  








             (5) 

In (5), the measured impedance at QF2, NZ  is related 

to x  and N(0) N.AI I . The examination of the fault-phase 

sequence currents is crucial. After the neutral points are 

grounded, the composite sequence network diagram is 

depicted in Fig. 5, where WZ is the 10 kV line imped-

ance; TZ  is the transformer impedance; LZ  is the load 

impedance; and subscripts (1), (2), and (0) denote the 

positive-sequence, negative-sequence, and ze-

ro-sequence components, respectively. 

Figure 5 depicts the DGs as current sources em-

ploying positive-sequence control strategies. The 

grounded neutral points trigger the generation of ze-

ro-sequence currents at the high-voltage sides of the 

110/10 kV transformers. Thus, 
D.AI and 

N.AI can be 

represented as: 

D.A D(1) D(2) D(0)

N.A N(1) N(2) N(0)

I I I I

I I I I

   


  

                     (6) 

If the effects of 
DG1I  to 

D.AI  and 
DG2I  to 

N.AI are ne-

glected, the sequence currents of the fault phase at QF2 

and QF3 can be expressed as (7) and (8), respectively. 

L2(1)

1

L2(1) W2(1) T2(1) DM(1) MN(1) W1(1) T1(1) L1(1) (2) (0)

T1(0) MN(0)

2 1

T1(0) T2(0) DM(0) MN(0)

T1(2) W1(2) L1(2) MN(2)

3 2

T1(2) W1(2) L1(2) MN(2) T2(2)

( ) //( )

Z
Z

Z Z Z Z Z Z Z Z Z Z

Z Z
Z Z

Z Z Z Z

Z Z Z Z
Z Z

Z Z Z Z Z Z

 


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
 

  

  
 
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D(1) DG2(1) 1
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Z Z
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
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                   (7) 

L1(1)

4
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(2) MN(2) W1(2) T1(2) L1(2) DM(2) W2(2) T2(2) L2(2)

(0) T1(0) MN(0) T2(0) DM(0) f

( ) //( )

//( ) 3

Z Z Z Z Z Z Z Z Z
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


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

      

                          (9)

The comprehensive negative-sequence and ze-
ro-sequence impedances of the system are shown in (9). 
Concurrently, x  is expressed as: 

D(1) D(2) D(0)D.A

N.A N(1) N(2) N(0)

DG2(1) 1 2 3

DG1(1) 4 5 6

I I II
x

I I I I

I Z Z Z

I Z Z Z

 
  

 

 


 

          (10) 

where DG1(1)I and DG2(1)I  are the positive short-circuit 

currents output by DG1 and DG2, respectively; DG1P  

and DG2P  are the rated capacities of DG1 and DG2, 

respectively. Considering that the fault current 

characteristics of DG1 and DG2 are identical, 

equation (10) can be transformed into (11), as: 
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DG2.n 1 2 3

DG1.n 4 5 6

DG2 DG2.n 1 2 3

DG1 DG1.n 4 5 6

/

/

mI Z Z Z
x

mI Z Z Z

P U Z Z Z

P U Z Z Z

 
  

 

 


 

                 (11) 

where DG1.nI and DG2.nI are the DGs’ rated operation 

currents; 
DG1.nU  and 

DG2.nU  are the rated operating 

voltages of the DGs; and m  is the maximum 

short-circuit current parameter of the DGs.  

 

Fig. 5.  The composite sequence network diagram after a gap 

breakdown issue. 

Since the fault location is at the main power source 

side, the voltage drops and states of the DGs can be 

considered to be consistent. Thus, the DGs are consid-

ered to produce the maximum short-circuit currents (if 

the DGs are in different states, DG1.nI  and DG2.nI  can 

also be verified to be associated with DG1P  and DG2P , 

respectively, due to their identical fault characteristics). 

Then, there is:  

DG1 DG2U U                             (12) 

By combining (10) and (12), equation (10) is simpli-

fied as: 

DG2 1 2 3

DG1 4 5 6

P Z Z Z
x

P Z Z Z

 
 

 
                    (13) 

where 1 2 3 4 5 6( ) /( )Z Z Z Z Z Z    are commonly 

represented as the line impedances WZ , transformer 

impedances TZ ; and load impedances LZ  at the down-

stream of QF2 and QF3. Usually, they are complex 

numbers. The angle difference between 
D.AI  and 

N.AI  

for the case W1 W2Z Z  and T1 T2Z Z  is shown in Fig. 6. 

L1P  and L2P  are the loads at downstream of QF2 and 

QF3. fR  is set to 0100  , and the downstream im-

pedances of QF2 and QF3 are identical (as expected for 

L1Z  and L2Z ). In Fig. 6, when L1P  and L2P  change, the 

angle difference between 
D.AI  and 

N.AI  cannot be ig-

nored, which could lead to errors between 
farg( )I  and 

Narg( )I . For L2 L1P P＞ , 
f Narg( ) 0I I ＜  and the addi-

tional impedance is capacitive, whereas for 

L1 L2P P＞ ,
f Narg( ) 0I I ＞ and the additional impedance 

is inductive. Then, the DPS performance is substantially 

affected by 
f Narg( )I I . 

 

 

Fig. 6. Phase angle difference between D.AI and N.AI . (a) 

L1 L2P P＞ . (b) 
L2 L1P P＞ . 

Notably, NZ  is also subjected to 
D.A N.AI I  in (5), 

and can be written as: 

N(0) N(0)

N(1) N(2)N.A N(1) N(2) N(0)

N(0) N(0)

1

1

I I

I II I I I

I I

 
 

 

     (14) 

According to (8), N(0) N(1)I I  and N(0) N(2)I I  are 

specified in (15). 
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N(1) T1(0) T2(0) DM(0) MN(0)4

N(0) 5 T2(0) DM(0)

N(2) T2(2) W2(2) L2(2) DM(2)5

N(0) 6 T1(2) W1(2) L1(2) MN(2) T2(2) W2(2) L2(2) DM(2)

I Z Z Z ZZ

I Z Z Z

I Z Z Z ZZ

I Z Z Z Z Z Z Z Z Z

   
 




  
 

      

                        (15) 

Typically, the 110 kV line impedance is small, with 

W L T DM MN{ , , } { , }Z Z Z Z Z and L W T{ , }Z Z Z . Then, 

equation (15) is transformed into: 

N(1)

N(0)

N(2) L2

N(0) L1 L2

2
I

I

I Z

I Z Z











                         (16) 

Assuming the loads are mostly resistive, 

L2 L1 L2( )y Z Z Z   can be defined as a constant. Sub-

stituting (13) and (16) into (5) yields: 

N MN(1) f

MN(1) f

MN(1) f

3
( 1)

5

3
Re( ) [Re( ) 1]

5

3
Im( ) Im( )

5

y
Z Z x R

y

y
Z R x

y

y
Z R x

y


    




   




 



       (17) 

Equation (17) illustrates that 
NZ  is associated with 

DG2 DG1P P , y , fR , and the fault locations. With the 

increase in DG2 DG1P P  and fR , the real and imaginary 

parts of 
NZ  are simultaneously enlarged. To ensure the 

reliable action of QF2, 
NZ  should satisfy the action 

criterion of amplitude comparison in the directional 

impedance relay [22]: 

II II

N set.N set.N

1 1

2 2
Z Z Z ≤                      (18) 

where | |  represents the modulus value and II

set.NZ  is the 

setting value of DPS-II at QF2. The value of 
II

set.NZ  

depends on the 220/110 kV transformer impedance on 

the reverse side of QF1. When the real part of NZ  is 

raised, II
N set.N

1

2
Z Z  is augmented. If (18) is unsatis-

fied, QF2 will not trip. The same analysis method is also 

suitable for the measured impedance DZ .  

Next, based on (17) and (18), the relationship between 

II

N set.N

1

2
Z Z  and 

II
set.N

1

2
Z  is displayed in Fig. 7. For 

convenient calculation, L1(2) L2(2)Z Z and 1/ 2y  are 

pre-set. For f 0 10R    , equation (18) is likely to be 

satisfied for a large value of DG2 DG1P P . However, for 

f 20 100R    , equation (18) is theoretically not sat-

isfied with the increase in DG2 DG1P P , preventing the 

tripping of QF2. 

 

Fig. 7.  Relationship between II

N set.N

1

2
Z Z  and II

set.N

1

2
Z . 

Next, an SPGF at 2.0 s is considered to observe 

II

N set.N

1

2
Z Z . QF1 trips at 2.1 s, and the fault scenarios 

are assumed as follows. The local loads at downstream 

of QF2 and QF3 are both 2 MW; fR  is set as 20   and 

100  , respectively; DG1 2 MWP   and DG2 6 MWP  , 

8 MW, 10 MW, and 12 MW. Moreover, “1” implies that 

QF2 correctly trips, and “0” implies that QF2 does not 

trip. In Fig. 8(a), II II

N set.N set.N

1 1

2 2
Z Z Z ＞  is satisfied 

for f 20 100R    . Take the value of II

N set.N

1

2
Z Z  at 

2.135 s (nearly one cycle after gap breakdown) as an 

example. For f 20R   , with the increase in DG2P , 

II

N set.N

1

2
Z Z  is 35.28  , 36.67  , 37.63  , and 

38.23  . For f 100R   , with the increase in DG2P , 

II

N set.N

1

2
Z Z  is 113.09  , 121.40  , 127.47  , and 

132.14  . The value of 
II

N set.N

1

2
Z Z  increases with 

DG2P  in the gap-grounded system. In Figs. 8(b) and (c), 

because the action criterion is never satisfied, QF2 does 
not trip. Thus, the action performance of the DPS in the 

gap-grounded system is affected by the gap breakdown 

and fault transition resistance fR . 
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Fig. 8.  II

N set.N

1

2
Z Z  and action logic of QF2. (a) II

N set.N

1

2
Z Z  

and II

set.N

1

2
Z . (b) f 20R   . (c) f 100R   . 

The results of the above analysis can be briefly 

summarized as follows. For a multiple-DG network, the 

DG capacity affects the measured impedance and pro-

tection action performance. In addition, if the air gap is 

broken down, a zero-sequence network is created and 

the action criterion of DPS-Ⅱ may not be satisfied. 

Ⅲ.   RESEARCH ON DPS IN THE GAP-GROUNDED 

SYSTEM 

The analysis in Section Ⅱ reveals that the measured 

impedance consists of the real short-circuit imped-

ance and additional impedance [32]. The real 

short-circuit impedance serves as an indicator of the 

fault location, remaining relatively stable for a known 

fault. Nevertheless, the additional impedance is affected 

by fault currents and fault transition resistances. To 

eliminate the additional impedance, an improved DPS is 

proposed based on the real short-circuit impedance in 

T-type networks with a single DG and multiple DGs. 

A. DPS for the Forward Fault 

Given that the influencing factors in T-type networks 

with a single DG and multiple DGs are different, DPS 

can be categorized into two parts. 

1) T-type Network with Single DG  

When the single DG is connected to the T-type net-

work and an SPGF occurs in the forward region of QF2, 

the relationship between the impedance phasors in the 

directional impedance relay is shown in Fig. 9. 

 

Fig. 9.  Impedance relationship for a forward fault in the T-type 

network with a single DG. 

For the protection at bus N, the measured impedance 

mZ , real short-circuit impedance 
realZ , and additional 

impedance 
adZ  are written as: 

m real ad

real MN(1)

f.Af
ad f f

N N.A MN N(0)3

Z Z Z

Z Z

II
Z R R

I I k I

 




  
 

          (19) 

where  is the line impedance angle; and  is the 

measured impedance angle. After QF1 trips, 

f.A N.AI I and f.A N.A N(0)arg( ) arg( ) arg( ),I I I   as 

only one branch is connected with the DG. As a result, 

adZ  is fully resistive, indicating 
adZ  is parallel to the 

R-axis and the additional impedance angle is 0 . From 

(19) and Fig. 9, the value of 
mZ  mainly depends on fR . 

With an increase in fR , 
mZ  increases to beyond the 

action area of the impedance circle. During this process, 

the resistance part of 
mZ  is altered, while its reactance 

part remains constant. This implies that 

m realIm( ) Im( )Z Z  for all fR . When 
mIm( )Z is deter-

mined, the real short-circuit impedance realZ can be 

obtained. 
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Two right triangles OEH and OFG are estab-

lished in the impedance circle to solve realIm( )Z . In 

OEH  and OFG , there |EH||GF|. Then, realIm( )Z  

is calculated as: 

m real mIm( ) Im( ) | | sinZ Z Z                  (20) 

where both 
mZ  and   can be obtained at the local 

protection. Assuming that the unit line impedance of 

MN is 
MNz , then 

realZ  can be represented as: 

real MN

real MN real m

MN MN

real

Im( )
| |

Im( ) Im( )

 sin 0

Z z
Z z K Z

z z

K 


   


  ＞

   (21) 

where MNIm( )z  is the reactance part of 
MNz ; and realK  

is a distance protection parameter. Based on (21), the 

effect of fR  on 
mZ  can be alleviated in the single-DG 

network. Moreover,   is an inner angle in the triangle 

OFG . Thus, real 0K ＞  is theoretically satisfied in a 

forward fault. 

2) T-type Network with Multiple DGs  
When the multiple DGs are connected to a T-type 

network, 
f.A N.Aarg( ) arg( )I I , due to the angle differ-

ence. If this difference cannot be neglected, the value of 

realZ  cannot be solved by (21). Assuming the additional 

impedance angle ( / 2, / 2)    , the impedance re-

lationships with ( / 2, 0)   and (0, / 2)    are 

displayed in Fig. 10. 

 

Fig. 10.  Impedance relationships for forward faults in a T-type 

network with multiple DGs. (a) (0, / 2)   . (b) ( / 2, 0)   . 

Based on the sine theorem in Fig. 10(a), there are: 

realm

=180 +

=

| || |

sin( ) sin( )

OHG

HGO

ZZ

OHG HGO

 

 

 

 

 
  

                (22) 

Equation (22) can be transformed into (23) as fol-

lows: 

real m

sin( )
| | | |

sin( )
Z Z

 

 





                    (23) 

Similarly, equation (24) can be obtained from 

Fig. 10(b) as: 

real m m

m

sin( ) sin( )

sin( ) sin(180 + )

sin( )
       

sin( )

HGO
Z Z Z

OHG

Z

 

 

 

 

 
  

 





 (24) 

Equation (24) contains the same expression for 
realZ  

as in (23). To sum up, 
realZ  for a forward fault at QF2 

be denoted as follows: 

real m real m

real

sin( )
 

sin( )

sin( )
0

sin( )

Z Z K Z

K

 

 

 

 


   


   

 

      (25) 

Considering that OHG and HGO are inner an-

gles of the triangles, real 0K  ＞  is always satisfied for 

the forward faults. Then, realZ  is represented as: 

real m

real MN

MN

K Z
Z z

z


                       (26) 

In a T-type network with multiple DGs, realZ  can be 

calculated using (26). By substituting 
NZ  in (18) with 

realZ , there is: 

II II

real set.N set.N

1 1

2 2
Z Z Z ≤                  (27) 

Thus, equation (27) can be considered a new protec-
tion action criterion for the forward faults. However, 

adIm( )Z is capacitive, and transient overreach may oc-

cur. Thus, DPS-I at QF2 will incorrectly operate. 

In Fig. 11, 
I

set.NZ  is the setting value of DPS-Ⅰ at QF2. 

For ( / 2, 0)   , DPS-Ⅰ at QF2 possibly incorrectly 

operates due to transient overreach. Further, the maxi-

mum  corresponds to 
adZ being tangent to the im-

pedance circle, and the minimum   is / 2 . Thus, the 

additional impedance angle meets the condition 
( / 2, / 2)     . Given that   is influenced by 

the downstream impedances of QF2 and QF3, DPS-Ⅰ at 
QF2 may incorrectly operate before DPS-Ⅱ operates. 

 

Fig. 11.  Impedance relationship for transient overreach. 

However, realZ  in Fig. 11 can be solved by (26). 

Then, there is: 
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I

real set.NZ Z≥                              (28) 

Based on (28), overreach issues can be effectively 

addressed to avoid incorrect operation of DPS-Ⅰ. 

B. DPS for the Reverse Fault 

To prevent the protection from incorrectly operating 

for reverse faults, it is necessary to analyze the protec-

tion criterion. 

1) T-type Network with Single DG  

Assume that an SPGF occurs on the reverse side of 

bus N and only one branch is connected with the DG in 

the T-type network after QF1 trips. This implies that no 

fault current flows through QF2, and the fault-phase 

current at the protection location is N.A 0I  . Therefore, 

the reverse fault in the T-type network with a single DG 

can be recognized using 
N.AI . 

2) T-type Network with Multiple DGs  
In the T-type network with multiple DGs, all 

branches are connected with the DGs and N.A 0I  . 

The phasor relationship in the impedance circle when 

QF2 incorrectly operates under a reverse fault is dis-

played in Fig. 12. 

 

Fig. 12.  Impedance relationship for reverse faults in a T-type 

network with multiple DGs. 

In Fig. 12, there are: 

OHG

HGO

 

 

  

  

                            (29) 

Then, realK  can be further derived as: 

real

sin( ) sin( )
0

sin( ) sin( )

OHG
K

HGO

 

 

 
   

 
＜        (30) 

Similarly, realK   is always satisfied for reverse faults. 

By combining (25) and (30), the relationship between 

realK   and fault direction based on the directional im-

pedance circle is derived as: 

real

real

0, Forward fault

0, Reverse fault

K

K






＞

＜
                  (31) 

Notably, the line impedance angle   and measured 

impedance angle   can be obtained based on the local 

information, but the direct solution of the additional 
impedance angle  is difficult. 

C. Analysis of Additional Impedance Angle 

Based on the analysis in Section Ⅲ.A, f.Aarg( )I   

N.Aarg( )I  is assured for a single-DG network, and the 

additional impedance angle   is considered to be 0 .  

In a multiple-DG network, N.A D.Aarg( )I I     

N.A MN N(0)arg( 3 )I k I . However, because no communi-

cation channel exists between QF2 and QF3, the direct 
derivation of  is difficult to obtain. Then, the local 

electrical quantities of QF2 need to be inevitably used to 
express .  When an SPGF occurs, according to the 

boundary condition and Fig. 5, there are [33]: 

N(2) N(1)

f.A f.A(2) f.A(1)

N(2) N(1)

3 3 3 3
I I

I I I
C C

             (32) 

where N(1)C and N(2)C are the positive and nega-

tive-sequence current distribution coefficients, respec-

tively. Considering (8) and Fig. 5, N(1)C can be repre-

sented as: 

DG1(1) 4

N(1)

DG1(1) 4 DG2(1) 1

I Z
C

I Z I Z



                   (33) 

The traditional schemes [33] and [34] utilize the 
positive-sequence current distribution factor to repre-
sent the fault current to solve the additional impedance 

angle  . However, N(1)C  in (33) cannot be calculated 

using the local electrical quantities and is regarded as a 

constant. Consequently, N(2)C is recommended for 

solving  , as: 

T2(2) W2(2) L2(2) DM(2)

N(2)

T1(2) W1(2) L1(2) MN(2) T2(2) W2(2) L2(2) DM(2)

Z Z Z Z
C

Z Z Z Z Z Z Z Z

  


      
                               (34) 

Because L W T DM MN{ , , , }Z Z Z Z Z , N(2)C can be re-

written as: 

L2(2)

N(2)

L1(2) L2(2)

Z
C y

Z Z
 


                     (35) 

Based on the analysis in Section II, N(2)C can be 

considered a constant. Then,  is transformed into: 
   

N(2)f.A

N.A MN N(0) N(2) N.A MN N(0)

N(2)

N.A MN N(0)

N(2) N.A MN N(0)

3
arg arg

3 ( 3 )

arg
3

arg arg 3

II

I k I C I k I

I

I k I

I I k I


   

           

 
 

  

 

 (36) 
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In (36),  can be solved by exploiting the local elec-

trical quantities. Overall, an improved DPS for the 

power system with gap-grounded transformers can be 

established, and the corresponding flowchart is depicted 

in Fig. 13. 

 

Fig. 13.  Flowchart of improved DPS for a system with 

gap-grounded transformers. 

The main steps of Fig. 13 are listed as follows. 

Step 1: Collect the zero-sequence voltage at the 

protection locations. Typically, when an SPGF occurs, 

the zero-sequence voltage at the bus is more than 15% 

of the rated phase voltage, which can be used as a 

start-up criterion for the protection. 

Step 2: If the zero-sequence voltage at the bus satis-

fies the start-up criterion, DPS-Ⅰ rapidly operates, and 

QF1 trips after 100 ms. Otherwise, perform step 1. 
Step 3: Observe the neutral-point voltage (equal to 

the zero-sequence voltage at bus N or D) for 15 ms after 

QF1 trips. If the neutral-point voltage is less than the 

gap breakdown voltage, QF2 and QF3 do not trip. 

Otherwise, perform step 4. 
Step 4: For the T-type network with a single DG, if 

the fault-phase current at the protection location is 0, 

QF2 and QF3 do not trip. Otherwise, 
realZ  can be ob-

tained from (21) and then perform step 6. For a T-type 

network with multiple DGs, if real 0K  ＜ , QF2 and QF3 

do not trip. Otherwise, 
realZ can be obtained from (26) 

and step 5 is performed. 

Step 5: If 
I

real set.NZ Z＜ , QF2 and QF3 do not op-

erate. Otherwise, perform step 6. 

Step 6: If 
realZ continuously satisfies the action criterion 

(27) for 300500 ms, QF2 and QF3 are allowed to trip. 

The probability of an SPGF in the distribution net-

work is approximately 60%80%, while two-phase to 

ground faults can be attributed to SPGFs. In addition, 

the neutral-point voltage of an SPGF is much higher 

than that of a two-phase to ground fault owing to the 

parallel connection of the composite sequence network 

[7]. Therefore, the fault analysis and simulations of the 

two-phase-to-ground faults a omitted in this study. 

Ⅳ.   SIMULATION RESULTS 

To assess the effectiveness of the improved DPS, a 

simulation platform is constructed using MATLAB @ 

2018b and PSCAD/EMTDC-V46 with Windows 11, 

Intel i7-12700H, 2.70 GHz processor, and 16 GB RAM. 

The main simulation parameters are shown in Table Ⅱ. 

Moreover, all simulation results match the measured 

impedance and protection action performance at QF2. 

The simulation results at QF3 can be obtained similarly 

and are therefore omitted here. 

TABLE Ⅱ 

MAIN SIMULATION PARAMETERS 

Parameter Value 

Length of MN (km) 10 

Length of ND (km) 10 

Fault phase A 

Positive-sequence impedance of 110 kV line (Ω) 0.13+j0.39 

Zero-sequence impedance of 110 kV line (Ω) 0.39+j1.17 

110 kV line impedance angle (  ) 71.57 

System capacity of 220 /110 kV transformer 

(MVA) 
100 

System capacity of 110 /10 kV transformer 

(MVA) 
50 

Leakage reactance (p.u.) 0.1 

Rated capacity of DG (MW) 5-20 

Transition resistance (Ω) 0.01-100 

Gap breakdown voltage (kV) 72.25 

Setting value of DPS-I at QF2 (Ω) 1.04+j3.12 

Setting value of DPS-II at QF2 (Ω) 0.73+j36.07 

Sampling frequency (Hz) 10 000 

Unless otherwise stated, the fault occurs at 2.0 s and 

QF1 trips at 2.1 s in the simulation. The simulation 

models for different scenarios are shown in Fig. 14. For 

a T-type network with a single DG, the DG is connected 

only at line MN. The neutral points of the 110/10 kV 

transformers are all grounded by air gaps. Moreover, the 

neutral points adopt the element “Spark Gap” in the 

PSCAD. It can effectively suppress the neutral-point 
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voltage, and the breakdown voltage can be pre-set. The 

breakdown voltage is usually greater than the rated 

phase voltage of the transformer (110 / 3 63.5 kV ). 

Considering extreme cases, this study set the breakdown 

voltage as 72.25 kV based on Table I. 

The proposed scheme aims to eliminate the effect of 

the additional impedance angle  on the protection 

action performance. Hence,  is analyzed under dif-

ferent SPGF scenarios.  

 

 

 

Fig. 14. Simulation models for different scenarios. (a) T-type network with single DG. (b) T-type network with multiple DGs. 

In Figs. 15(a)(c), forward faults are applied with 

various L1P and L2P . When L1 L2P P ,  is approxi-

mately 0 , which implies that 
adZ  is close to being 

resistive. However, as the relationship between L1P  and 

L2P  changes, 
adZ  varies between inductive and capaci-

tive. In Fig. 15(d), ( / 2, / 2)     also conforms to 

the theoretical analysis. 
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Fig. 15.    in different fault scenarios. (a) Forward fault 1. (b) 

Forward fault 2. (c) Forward fault 3. (d) Reverse fault. 

A. Validation for a T-type Network with Single DG 

First of all, the effectiveness of the improved DPS 

should be verified. 

1) Forward Faults  

In the single-DG network, the SPGF occurs at the 

beginning of the line MD. The local loads L1P  and L2P  

are set as 2 MW, and the DG is connected to the 

downstream of QF2. The fault distance parameter is 

defined as: 

Nf

MN

100%
l

l
                               (37) 

where Nfl  is the length from QF1 to the fault point and 

MNl  is the length of line MN. 

Cases 13 in Table Ⅲ are used to validate the effec-

tiveness of the proposed scheme with different fault 

transition resistances fR , rated capacities DGP , and fault 

locations  . 

In Figs. 1618, realZ is the modulus value of 

realZ solved by (21) and NfZ  is the modulus value of 

the line impedance from the fault point to QF2. 

TABLE Ⅲ   

SIMULATION PARAMETERS FOR CASES 13 

Variable fR  (Ω) 
DGP  (MW)   (%) 

Case 1 20, 40, 80, 100 10 100 

Case 2 100 12, 16, 18, 20 100 

Case 3 50 10 100, 95, 90, 85 

As shown in Figs. 1618, the values of realZ are 

close to those of NfZ  for all scenarios when utilizing 

(21), which validates the effectiveness of the proposed 

scheme. In addition, 
II II

real set.N set.N

1 1

2 2
Z Z Z ≤  (18.035 Ω) 

is satisfied by replacing 
NZ  with 

realZ . The action logic 

of QF2 is clearly maintained at “1” after 2.135 s, and 
DPS-Ⅱ can reliably trip. In Fig. 19, the distance protec-

tion parameter 
real 0K ＞  in all cases indicates that the 

faults are in the forward region of QF2, which verifies 

the theoretical analysis. Thus, the reliability of the pro-

tection action is realized in the single-DG network for 

forward faults. 

 

 

Fig. 16.  Case 1: action performance of QF2 with different 
fR . (a) 

Measured impedances. (b) Action logic of QF2. 

 

 

Fig. 17.  Case 2: Action performance of QF2 with different DGP .  
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Fig. 18.  Case 3: Action performance of QF2 with different .  

 

 

 

Fig. 19.  realK  for cases 1-3. (a) Case 1. (b) Case 2. (c) Case 3. 

2) Reverse Faults 
Assume that a metallic SPGF occurs at bus N. The 

fault-phase current is shown in Fig. 20. 

 

Fig. 20.  N.AI  with the reverse fault. 

In Fig. 20, the transient value of 
N.AI  reaches 10 kA 

during the fault stage. After QF1 trips, N.A 0 AI  , as 

there is no DG downstream of QF3, which concurs with 

the theoretical analysis in Section Ⅲ. Then, the reverse 

fault can be effectively identified in the single-DG 

network. The following simulations in this section are 

all conducted in the multiple-DG network, as the fault 

characteristics in the single-DG network are relatively 

simple. 

B. Validation for a T-type Network with Multiple DGs 

In this sub-section, the effectiveness of the proposed 

scheme is validated for a multiple-DG network. The 

simulation parameters for cases 47 with different fault 

scenarios are listed in Table Ⅳ. 

TABLE Ⅳ   

SIMULATION PARAMETERS FOR CASES 47 

Variable fR  (Ω) L2P  

(MW) 

DG2P  

(MW) 
  (%) 

Case 4 0.01,20,50,100 2 10 100 

Case 5 10 2, 3, 4, 5 10 100 

Case 6 100 2 
12, 14, 

16, 18 
100 

Case 7 50 2 10 100,95,90,85 
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Unlike the single-DG network, the DG is also con-

nected to the downstream part of QF3 in this case. DG1P  

is uniformly set as 4 MW, and L1P  is set as 4 MW in 

cases 47. In Tables VVIII, the effectiveness of the 

proposed scheme is verified in the multiple-DG network 

in cases 47. Because the gap breakdown time is ap-

proximately 15 ms, the value of realZ  after QF1 tripped 

is adopted as 35 ms in this study. 

TABLE Ⅴ   

ACTION PERFORMANCE FOR CASE 4 

fR  (Ω) 
Eq. 

(28) 
(Ω) 

DPS-I? 
Eq. 

(27) 
(Ω) 

DPS-Ⅱ? realK  

0.01 4.54 × 17.61 √ 0.918 

20 4.50 × 17.58 √ 0.156 

50 4.58 × 17.59 √ 0.065 

100 4.54 × 17.63 √ 0.030 

Note: √ means the DPS operates and × means the DPS does not 

to operate. 

TABLE VI   

ACTION PERFORMANCE FOR CASE 5 

L2P  

(MW) 

Eq. 

(28) 
(Ω) 

DPS-I? 
Eq. 

(27) 
(Ω) 

DPS-Ⅱ? realK  

2 4.31 × 17.59 √ 0.273 

3 4.75 × 17.54 √ 0.303 

4 4.56 × 17.55 √ 0.296 

5 4.42 × 17.57 √ 0.282 

TABLE Ⅶ  

ACTION PERFORMANCE FOR CASE 6 

DG2P  

(MW) 

Eq. 
(28) 

(Ω) 

DPS-I? 
Eq. 
(27) 

(Ω) 

DPS-Ⅱ? realK  

12 4.54 × 17.60 √ 0.031 

14 4.51 × 17.61 √ 0.030 

16 4.76 × 17.53 √ 0.034 

18 4.70 × 17.57 √ 0.032 

TABLE Ⅷ   

ACTION PERFORMANCE FOR CASE 7 

  (%) 
Eq. (28) 

(Ω) 
DPS-I? 

Eq. (27) 

(Ω) 
DPS-Ⅱ? realK  

85 4.13 × 17.65 √ 0.026 

90 4.25 × 17.60 √ 0.029 

95 4.17 × 17.66 √ 0.026 

100 4.36 × 17.59 √ 0.030 

1) Forward Faults 

After using (26), realZ  becomes close to NfZ  in all 

scenarios. 
I

real set.NZ Z＞  is satisfied in cases 47, and 

DPS-I at QF2 correctly remains inoperative. 

II II

real set.N set.N

1 1

2 2
Z Z Z ≤  is satisfied in all scenarios by 

substituting realZ with NZ . The protection logic is al-

tered from “0” to “1” within 15 ms after QF1 trips. The 

distance protection parameters real 0K  ＞ is obtained for 

all scenarios, and the results validate the theoretical 

analysis. Thus, DPS-II at QF2 in the multiple-DG net-

work can reliably operate. 

2) Reverse Faults 

To further verify the reliability of the proposed 

scheme in the multiple-DG network, the DPS perfor-

mance is observed for revere faults. Assuming that 

SPGFs with different fR  occur at bus N, 
realZ and 

realK  for this scenario are displayed in Table Ⅸ. 

TABLE Ⅸ 

ACTION PERFORMANCE FOR REVERSE FAULTS 

fR  (Ω) 
realZ  (Ω) realK  DPS-Ⅱ? 

0.01 0.01-j0.03 0.029 × 

20 0.09-j0.07 0.041 × 

50 0.13-j0.11 0.066 × 

100 0.33-j0.14 0.098 × 

In Table IX, realK   is always less than 0 and 
realZ is 

located in the fourth quadrant of the impedance circle, 

which implies that the fault direction is reverse. Thus, 

QF2 does not trip for reverse faults, verifying that the 

proposed scheme is capable of identifying fault di-

rection. 

C. Comparison of Action Performance for Different 
Protection Schemes 

Considering an SPGF near QF1, the action perfor-

mances of different protection schemes are observed. In 

Table X, fR  is set as 100 Ω;    85%, 90%, 95%, and 

100%; DGP   10 MW, 15 MW, and 20 MW; and LP   5 

MW. Unlike in the traditional schemes in [33] and [34], 

the positive-sequence current distribution factor is re-

placed with the negative-sequence current distribution 

factor to express the fault information. This approach is 

unrelated to the fault characteristics of the DGs, ex-

tending its applicability to different networks. 

As shown in Table X, schemes in [33] and [34] fail to 

satisfy the action criterion for some scenarios because 

II II

real set.N set.N

1 1

2 2
Z Z Z ＞ . However, for the proposed 

scheme, QF2 can trip correctly because (27) is satisfied 

in all scenarios, thereby validating the superiority of the 

proposed scheme. 



YUAN et al.: RESEARCH ON DISTANCE PROTECTION SCHEME FOR SINGLE-PHASE TO GROUND FAULTS… 139 

TABLE Ⅹ   

ACTION PERFORMANCE COMPARISON 

Scheme   (%) DGP  (MW) 
Eq. (27) 

(Ω) 
DPS-II? QF2 trips? 

Scheme 
[33] 

85% 

10 18.92 × No 

15 17.88 √ Yes 

20 19.21 × No 

90% 

10 17.71 √ Yes 

15 17.53 √ Yes 

20 19.76 × No 

95% 

10 17.87 √ Yes 

15 18.94 × No 

20 19.73 × No 

100% 

10 17.91 √ Yes 

15 19.45 × No 

20 20.52 × No 

Scheme 
[34] 

85% 

10 17.69 √ Yes 

15 17.67 √ Yes 

20 18.75 × No 

90% 

10 17.73 √ Yes 

15 17.86 √ Yes 

20 19.05 × No 

95% 

10 17.73 √ Yes 

15 17.89 √ Yes 

20 19.14 × No 

100% 

10 17.95 √ Yes 

15 19.21 × No 

20 19.77 × No 

This paper 

85% 

10 17.55 √ Yes 

15 17.69 √ Yes 

20 17.78 √ Yes 

90% 

10 17.49 √ Yes 

15 17.57 √ Yes 

20 17.66 √ Yes 

95% 

10 17.51 √ Yes 

15 17.59 √ Yes 

20 17.67 √ Yes 

100% 

10 17.45 √ Yes 

15 17.49 √ Yes 

20 17.68 √ Yes 

Ⅴ.   CONCLUSION 

This paper investigates the effect of gap breakdown 

issues on DG side DPS in a gap-grounded system. First, 

the influencing factors of the measured impedance 

within T-type networks with gap-grounded systems are 

analyzed. Then, it delved into the theoretical implica-

tions of gap breakdown issues on the measured im-

pedance. To assess the trend of the measured impedance, 

the ratio of the short-circuit currents at the protection 

locations of the DGs is defined. The theoretical analysis 

demonstrates that the traditional protection action cri-

terion is difficult to satisfy, and DPS-II at the DG side 

may not operate. Therefore, this study proposes an en-

hanced DPS designed to mitigate the effect of gap 

breakdown. This scheme improves the traditional pro-

tection approach in T-type networks with a single DG 

and multiple DGs. The real short-circuit impedance is 

addressed to comply with the protection action criterion 

by utilizing the relationship between the phasors in the 

impedance circle.  

To overcome the limitations of the traditional 

schemes, the positive-sequence distribution factor is 

replaced by the negative-sequence distribution factor to 

characterize the fault information. A simulation model 

of a T-type active distribution network with 

gap-grounded transformers is developed in PSCAD 

/EMTDC. The simulation results revealed that the cal-

culated real short-circuit impedances across various 

fault scenarios align closely with the theoretical values, 

ensuring the protection action criterion is met. The ef-

fectiveness of the protection scheme is also confirmed. 

Moreover, the improved scheme accurately avoided 

tripping for reverse faults, thereby enhancing the pro-

tection reliability. 
However, several areas require further research. For 

example, the coordination between the DG islanding 

protection and transmission line protection significantly 

influences the reliable and safe operation of the grid and 

DGs connected to distribution networks. 
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