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ABSTRACT Nowadays, distributed generation (DG) has made it possible to generate electricity close to the
consumption site, resulting in improved efficiency, less environmental pollution, and higher economic profit.
These advantages have led to increased penetration of DGs in the distribution system. Protective devices in
a distribution system are set by considering the main substation as the only source for feeding short circuit
current. However, with the increased influence of DGs as the second main source of short circuit current
in distribution systems the short circuit level changes, which leads to false tripping of protective devices,
including overcurrent relays. A sympathetic trip, occurring due to a fault in the adjacent feeder, is one of the
most serious challenges. This paper analyzes the sympathetic trip in the presence of synchronous based DGs.
The equations related to the participation of DGs and upstream network in feeding the short circuit current
are obtained. The effect of different parameters on the probability of occurrence of a sympathetic trip is also
investigated. Moreover, a novel fast solution is presented for overcoming the sympathetic trip of synchronous
based DGs. The proposed method is introduced using the positive-sequence currents of the DGs and main
substation. The sympathetic trip is predicted by adopting this prediction index and its occurrence is avoided.
The proposed methodology is independent of telecommunication platforms and additional protective devices
and can be applied to various short circuits. The method is tested on a network by simulating in DIgSILENT
PowerFactory software. Simulation results show the effectiveness of the proposed methodology in predicting
and preventing sympathetic trips.

INDEX TERMS Distributed generation, distribution network, false tripping, overcurrent relay, positive
sequence network, sympathetic tripping, short circuit current.

1. INTRODUCTION feeder, which occurs for reasons such as no-load transformer

Distribution systems, as part of the power system, play a key
role in power distribution, and the occurrence of any problems
in the protection systems and equipments of this part of the
power system, disrupts the process of power transmission to
customers. For this reason, the factors that cause failures in
protective devices must be identified and eliminated. One of
these factors is the phenomenon of the sympathetic trip. The
sympathetic trip is an incorrect disconnection of a healthy
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energizing, presence of Distributed Generations (DGs), and
delay in voltage recovery [1]-[3]. Other factors such as volt-
age dip imbalance, capacitor discharge current, and magnetic
coupling between conductors of a cavity due to asymmetric
fault have also been mentioned in the literature as causes of
the sympathetic trip [4]. This study aims to investigate the
sympathetic trip phenomenon in the distribution system with
the presence of DGs.

Protection systems are designed based on radial current
and line short circuit current for the normal operation of
the distribution system. When a fault occurs in the network,

28411


https://orcid.org/0000-0002-0096-3371
https://orcid.org/0000-0002-9335-7978
https://orcid.org/0000-0001-7076-8558
https://orcid.org/0000-0003-0947-3616

IEEE Access

T. Dehghani Firouzabadi et al.: Overarching Preventive Sympathetic Tripping Approach in Active Distribution Networks

in addition to the upstream network, the fault current is
also fed by DGs and therefore, the short circuit current of
upstream network is reduced, the short circuit level of the
network is increased, and changes the direction of the cur-
rent of feeders [5]. Protection problems such as blinding
protection, sympathetic trip, loss of fuse-recloser coordina-
tion, unintentional islanding, and under-reach of protective
devices occur due to changes in the short circuit level of the
network [4]-[6], [8]-[10]. It should be mentioned that type,
size, and location of DGs determine their contribution in short
circuit current [6].

Following a fault in a distribution network in the presence
of DGs, the relay associated with the fault is expected to trip.
If the related relay does not trip and DG feeder protection
relay that is not associated with the fault operates, this causes
unwanted loss of an unfaulted line which is not desirable. This
phenomenon of incorrect relay operation is named sympa-
thetic tripping in the presence of DGs. Various methods have
been proposed to prevent sympathetic trips in the presence of
DG. Most solutions are based on changing the overcurrent
relay settings; that is, the pickup current and time dial or
the use of equipment to increase the short circuit impedance
and thus reduce the short circuit current of the network and
DG. Reference [11] provides a smart protection network that
detects the fault location by using overhead and directional
overcurrent relays and sends the settings to the nearest relay
to disconnect the smallest part of the network. To prevent
sympathetic trip, a method is proposed by calculating the
root mean square (RMS) value of discrete wavelet energy
gradient using current and voltage signals of the DG. In this
method, using the simulation results, the threshold value for
the rms value of the discrete wavelet gradient is determined,
which detects whether a fault has occurred on the DG feeder
or in the adjacent feeder. Accordingly, the sympathetic trip
is prevented [12]. The adoption of equipment such as a 1:1
transformer to connect large DGs to the grid, fault current
limiting reactors, and fault current limiters (FCL) increases
the network impedance and thus reduces the short circuit
current. Fault current limiting reactor during normal network
operation increases network losses; however, the FCL has
no additional losses. Using inverter-based DG is another
solution as it has the least contribution to the fault current
feeding. Installation of series fault current limiting reactor
with DG to increase short circuit impedance and thus reduce
DG short circuit current is also one of the ways to prevent
sympathetic trip [8]. Adaptive protective methods are pre-
sented according to the network configuration to reduce the
operating time of protective devices for fault clearance rea-
sons [13]-[15]. In the adaptive protection method, with any
changes in the network configuration, the relay settings are
calculated and sent through the telecommunication platform
using the proposed algorithms to minimize the fault clear-
ance time. In [13], the objective function for optimization is
to minimize the total operating time of the primary relays.
However, the objective function in [14] is to minimize the
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operating times of the primary and backup relay pairs, and
the problem deals with the number of primary-backup relay
pairs as the objective function. In [15], the optimal settings
of overcurrent relays are calculated by considering faults in
different locations using the downstream-upstream method.
A method using positive and negative sequence currents is
also presented [16]. In fact, the proposed algorithm for detect-
ing sympathetic trips in the presence of DG has only been
investigated to detect line-to-line (LL) short circuits. In this
method, positive and negative sequence currents of the DG
and changes of both are measured. Considering the values of
the positive to negative sequence current ratio and the ratio
of positive sequence current changes to negative sequence
current changes, it detects experimentally whether the fault
has occurred in the DG adjacent feeder or downstream of
DG. Another solution is to increase the pickup current of
the overcurrent relay. A sympathetic trip may be avoided by
increasing the pickup current; nonetheless, the sensitivity of
the protective device decreases and some faults cannot be
detected. Another and better solution would be to increase the
fault clearance time [13]. In this case, first, the faulty feeder
is disconnected and the healthy feeder is prevented from
disconnection. Directional relays can also be used without
changing the relay settings. The overcurrent relay measures
the short-circuit current and the direction of the power flow
and operates if the current is greater than the pickup current
and the power flow is in a certain direction. Nevertheless,
these relays are expensive and relatively slow [2]. Refer-
ence [17] presents adaptive protection using fast recursive
discrete Fourier transform and fuzzy-logic decision module.
In [5], the sympathetic tripping of DG and retrieved the for-
mulations for sinusoidal steady state. However, formulation
for the sympathetic tripping of DG should be developed in
transient condition. Reference [18] proposed a method for
sympathetic tripping in distribution networks with Photo-
voltaic DGs based on the IEC 61850 standard. This method
requires to exchange massage between agents which limits
its application in real application. In [19], different types of
faults, fault locations and loads were compared and studied.
The results showed that the delayed voltage recovery fol-
lowing a phase-to-phase or three-phase fault can lead to the
sympathetic trip of an adjacent feeder with high percentage
of motor loads. In [20], application of machine learning
based method was studied to prevent sympathetic tripping in
distribution networks. In [4], a blocking logic scheme was
proposed to detect the sympathetic tripping phenomena using
the existing features of relays. Similarly, in [21], a blocking
logic scheme is investigated to prevent sympathetic tripping
of overcurrent relays during the fault induced delayed voltage
recovery condition. Reference [22], an adaptive protection
scheme was proposed to prevent sympathetic tripping in dis-
tribution networks.

Table 1 compares the proposed method in this paper with
other methods and shows the superiority of the proposed
method over them.

VOLUME 10, 2022
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TABLE 1. Comparison of the proposed method with other methods in terms of prevention of sympathetic trip.

Setting changes Need for a Additional Applicable for Dependence on
Methods of protective telecommunication protective various short network
devices platform devices circuits configuration
Proposed method * *
Ref. [7] % * * % *
Refs. [13-15] * * * *
Ref. [16] *
Ref. [2] * * *
Ref, [22] * x * *
The main contributions of this study are as follows: I InG
e Based of our knowledge, a novel formulation is obtained — Ri Linel | -—
in this paper for the DG current and the main substation ( : ) 3
current in the case of the sympathetic trip.
Ti T2

e A new methodology is proposed to prevent sympathetic
trips in the presence of DG, which can detect the fault location
in the DG feeder or the adjacent feeder. This method has
advantages as follows: it is used for four different types of
faults including single-line to ground (LG), line-to-line (LL),
line-to-line to ground (LLG), and three-phase (LLL) faults
with a high presence of DG. By Simulating the considered
network and the application of the proposed method, the
sympathetic trip is predicted in all cases and its occurrence
is prevented.

e In this methodology, no additional telecommunication
platform and protective devices is needed; only the current
of the DG units and the main substation is required and the
settings of the protective devices are not changed.

In Section 2, a formulation for the phenomenon of the
sympathetic trip is presented simultaneously with the sim-
plified network. Also, the effect of different parameters on
the probability of occurrence of this phenomenon has been
investigated. The theory and mathematical relations of the
proposed algorithm are presented in Section 3. Section 4
analyzes the simulation results by applying the proposed
method to a test network using DIgSILENT PowerFactory
software. Section 5 provides the conclusions of this study.

Il. IMPACT OF DIFFERENT PARAMETERS ON THE
PROBABILITY OF OCCURRENCE OF

SYMPATHETIC TRIPPING

A sympathetic trip is the incorrect disconnection of one part
of the network due to a fault occurring in another part of the
network. With the presence of DG in the distribution system,
in the event of a fault in adjacent feeders, the DGs feed part
of the fault current through a common bus. As shown in
Fig. 1, if the current of the DG-connected feeder exceeds the
regulating current of the feeder relay, the overcurrent relay R

VOLUME 10, 2022
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FIGURE 2. Equivalent circuit of Fig. 1.

may operate faster than the relay R, and the DG-connected
feeder may be disconnected incorrectly.

As shown in Fig. 1, when a fault occurs in Line 2, part of
the fault current is supplied by the DG and the other part by
the external network. Depending on the different parameters
of the system, each provides some amount of fault current.
To investigate the effect of different parameters on the prob-
ability of sympathetic trip, the relationship between the fault
currents of the DG and the external network is calculated by
considering the network in Fig. 1.

Fig. 2. Shows the equivalent circuit of the network, where
the DG and the main substation are assumed as sinusoidal
sources. Using Kirchhoff’s voltage and current laws (KVL
and KCL), Egs. (1)-(3) are expressed.

ug (1) = ugsin(wt) and upg (t) = upgsin(wt)

Zs; = Rs+jwL; is the equivalent impedance of the upstream
network and transformer Tj.
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Z1 = Ry + jwL; is the equivalent impedance of the DG
unit, the transformer T», and Line 1.

Z» = Ry + jwL; is the equivalent impedance of Line 2 and
the short circuit.

Ri~R,=Rand L) ~ L, =L.

, dis . di
" :RszS+Lsd—; +sz+Ld—f (1)
di di
upngiDG+L% +Rif+Ld—{ )
if = ipG + is (3)

Taking the Laplace transform of Egs. (1)-(3), Equations
(4)-(6) are obtained by solving the equations in the Laplace
and inverse Laplace domains.

Equations (4)-(6) represent short circuit currents of
DG, fault location, and upstream network considering a
three-phase fault in the symmetric network. The currents
comprise three components; one sinusoidal component
related to the DG and main substation and two decaying DC
components with time constants of (L + 2Ly) / (R + 2Ry) and
L / R respectively. The decaying rate of the first component is
faster than that of the second component. As per Eq. (4), if the
DC component of the DG’s short-circuit current is signifi-
cant, this circuit surpasses the threshold value of overcurrent
protection. If the DC protection device trips faster than the
protection device of faulty feeder, a sympathetic trip will
occur.

ipG (1)
R+2Rsg
(wcos wt — fiiﬁ“ sinwt — we™ L+2le)
: ) (upG — 2145)
2 R+2Rg
2(L +2L) (a) + (L+2L:) )

R —&
(wcoswt — T sinwt — we™ L")
2L (w2 + (8)°)
1 —Et . . 1 7R+72R’Yt . .
+§e L' (ipg (0) +if (0)) + € L+2Ls (ipg (0) — ir(0))
4)

UpG

if (1)
R+2Rg
_ RE2R; Tt
_ (w cos wt oL, Sinwt — we )

5 (upG — 2uy)
2 (L +2Ly) <w2 + (R“RS) )

L+2L,
(wcos wt — ’L—? sin wt — we‘gt)
UpG
R\2
2L (02 + (§)%)
] ,IS[ . . 1 7M[ . .
+§€ L(ipg (0) + zf(O))—Ee L+2Ls " (ipg (0) — i5(0))
5

is (1)

R+2Rs
(wcoswt — RA2R, !

sinwt — we  L+2Ls")
bt ~—— (upG — 2uy)
(L +2Ly) (w2 + (ﬁiﬁfgj) >

_R42Rs ;
—e L+s (ipg (0) — ir(0)) ©
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FIGURE 3. Maximum short-circuit current in terms of the distance
between the DG and fault location from the common bus.

5 T : T : : ;
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1
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FIGURE 4. Maximum short-circuit current in terms of source impedance.

To analyze the impact of different parameters on the prob-
ability of occurrence of a sympathetic trip, the maximum
short-circuit current, given in Eqs. (4)-(6), is depicted in
Figs. 3 and 4 by changing the impedance of the upstream net-
work and the distance between the fault location and the DG.

Additionally, short-circuit currents in the phasor domain
are expressed in Egs. (7)-(9) assuming Uy = Upg = E.
According to Figs. (3)-(4) and Egs. (7)-(9), increasing the
distance between the DG or the fault location and the com-
mon bus increases the impedance z, while currents ipg, if,
and iy are reduced and the probability of occurrence of a
sympathetic trip is reduced as well. Increasing the source
impedance (zs) leads to a reduction in currents iy and an
increase in current ipg, while the sympathetic trip becomes
more probable.

2U, — U, E
= K DG _ (7)
74 2z 7+ 2z
Upc U E
Ipg = ——F— — ——— = — ®)
s it WX 4D
U U
=2 ‘* ©
Wz +2z,) 7+ 2z

Other parameters such as size and type of DG and external
network short-circuit ratio also affect on the probability of
occurrence of a sympathetic trip [15], [16]. With increasing
the external short-circuit ratio, the fault current fed by the
network increases; thus, the protection device of the faulty
feeder acts faster and prevents the sympathetic trip. Likewise,
with increasing the size of DG, its participation in feeding
the fault current rises and therefore, the probability of a
sympathetic trip increases [23]. Reference [24] addresses the
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impact of DG type on the fault current. Participation of a
synchronous generator in fault current is greater than that
of an induction generator. Inverter-based DGs have the least
possible involvement in feeding fault current and most of
the short-circuit current are supplied by the network; thus, a
sympathetic trip is avoided under such conditions.

Ill. THE PROPOSED ALGORITHM FOR DETECTION AND
PREVENTION OF SYMPATHETIC TRIPPING

Considering the circuit in Fig. 5, three cases are taken into
account for a fault in the network: 1) Fault on the adjacent
feeder downstream of the DG (Line 1), 2) Fault on the adja-
cent feeder upstream of the DG (Line 3), and 3) Fault on
the DG-connected feeder (Line 2). In case a fault occurs on
Line 1, the protection device of DG may act faster than the
near-end relay of the line (R;) due to the participation of DG
in feeding the short-circuit current, and the DG unit may be
disconnected mistakenly. Furthermore, when a fault occurs
on Line 3, the DG unit feeds part of the short-circuit current
through the common bus. In this case, the DG protection
device or the relay at the near-end of the DG-connected feeder
may trip faster than the faulty relay and a sympathetic trip
would occur.

Is |

g R2  Line2 I—il Linel
O=3H" o ]

T2 <—

IpG

FIGURE 5. A distribution system in the presence of a DG.

Short circuits in the distribution system are generally
divided into four categories: single-line to ground (LG),
double-line (LL), double-line to ground (LLG), and three-
phase (LLL) faults [10]. The proposed method in this study is
applied to all four types. Positive-sequence currents of the DG
unit and main substation are used in this method. Each of the
positive-sequence currents can be calculated using positive-
sequence circuits [25].

Considering the positive-sequence equivalent circuit of the
network for each of the three cases abovementioned, positive-
sequence currents of the DG and the upstream network
together with the index K £ I} /I! are calculated. Using
the index K, one can detect the type of fault. In case the fault
is identified in the adjacent feeders, the protection function of
the DG or the relay of the DG-connected feeder can be locked
for a given interval so that the occurrence of a sympathetic trip
is prevented. Noted that the DGs and feeders are modeled as
synchronous generator and short distance line, resoectuvely.

A. A FAULT IN THE ADJACENT FEEDER

DOWNSTREAM OF THE DG

Assume that a short circuit occurs on Line 1. Fig. 6 shows
the positive-sequence equivalent circuit of the network.

VOLUME 10, 2022

Positive-sequence currents of the DG and the external net-
work are obtained by dividing current Iy, Egs. (10)-(11) [26].
An auxiliary index K = I [I)G / 1/ is defined, which is a suitable
criterion for detecting the fault location and for preventing
the sympathetic trip. In Fig. 6, Z; is the fault impedance. The
positive sequence current (/1) is related to Z; in location of
fault. However, as indicated in (12), (15), and (18) K has been
defined as the ratio of positive sequence currents which leads
to removing /| in numerator and denominator. Therefore, the
fault resistance does not have any effect on the results.

(Zsl Z£3)+Z£2
I)e = I x — 1 (10)
(z} Z1)+Z, +Zpg
1 1
I = x ZpG x IZ“ - (1)
2+ 2}, + 2 s
1 1 z!
I VA +ZL2(1+ZL13)
KED0 = (12)
s ZpG

Zle: Positive-sequence impedance of line L2

Z ng: Positive-sequence impedance of line L3

ZSI‘: Sum of positive-sequence impedances of the external
network and the substation transformer

ZLI)G: Sum of impedances of the DG and the connecting
transformer

I1: Positive-sequence current of a short circuit at the fault
location

1 [I)G: Positive-sequence current of a short circuit at the DG
location

I} Positive-sequence current of a short circuit at the
upstream network.

N1
1< L 1 i
Zz 3 713 . 3Zng
I Ipg
——A\MW MV AT
1 1
Z Z, Z, ZIn
I 1
Zy
Pi

FIGURE 6. Positive-sequence equivalent circuit 1 of Fig. 5 considering a
fault on Line 1.

B. A FAULT ON THE ADJACENT FEEDER

UPSTREAM OF THE DG

Fig. 7 illustrates the positive-sequence equivalent circuit of
Fig. 5 by considering a short circuit fault on the upstream
adjacent feeder (Line 3). The contributions of the DG and
the external network to feeding the positive-sequence cur-
rent are calculated using Eqs. (13) and (14), respectively.
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Equation (15) gives the calculation of index K. In this case,
again the value of K is independent of fault location.

A z}
I =1 x s X (13)
@ HZLII) +2) +2z) 7+ 7
1 1 1
1 (ZDG HZLl) + ZLZ
1= hx—— 1 (14)
Zpg HZLI) +7;, +2)
Ihg & z

2 ~
S Zpg +ZL‘2(1+#G
1

Z,}l : Positive-sequence impedance of line L1.

;

1< 12 1
ng I1 ZL]; 1 ZDG
Zr ZlL Z, Zy
7 Il

Pi

FIGURE 7. Positive-sequence equivalent circuit of Fig. 5 considering a
fault on Line 3.

C. A FAULT ON THE DG-CONNECTED FEEDER

Assume a short circuit fault on the DG-connected feeder
(Line 2). In this case, similar to the previous case and by
depicting the positive-sequence equivalent circuit (Fig. 8),
positive-sequence currents of DG and external network are
obtained by current division (Egs. (16)-(17)). Index K is
found from Eq. (18).

1 (AR VAREDVAR 7}
Ipg = L x - X ———— (16)
Zpe 2L + 2, +@Z) |2 Zutpe
1 1 1
Il = 1 x oo HZLI) tu-va, x Z, (17)
- 1 1
Zh |2+ 2}, +@Z)} |Z)) Zit e
1
i Z} + 32}, (14 70)
K & DG _ L3 (18)
[1

= ~
s Zhs+ —k)Z£2(1+%IG
1

A: the distance between the fault location and main
substation (%)

Based on Eq. (18), in this case, index K changes by varying
the fault location. The values of this index for A = O(fault on
the main substation) and A = 1(fault on the far-end of Line 2)
are presented in Egs. (19) and (20), respectively. These values
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p

1< > 1 1
ng II éZL3 ledl‘é 1 ZDG
L, b

’V\/iv ’\Niv M \
Zr, VAP 7! I-MZy, Z;Z

Ili f

P1

FIGURE 8. Positive-sequence equivalent circuit of Fig. 5 considering a
fault on line L,.

are used for depicting the curve of K vs fault location.

Zl
£}
ko = K (A=0) = 1 (19)
Zpg + 2,1+
Ly
Zl
Zl +7},0+ 2
hh=KO=D)=— "5 (20)

Zpg

The values of index K for three short circuits at the down-
stream and upstream adjacent feeders and the DG-connected
feeder are depicted in Fig. 9. By investigating Fig. 9 and Egs.
(12), (15), and (18), the following conclusions are notable.
The proposed method is based on these conclusions:

1. If the fault is on the upstream adjacent feeder (Line 3),
K = ko (Eq. (19)), and its value is independent of fault
location.

2. If the fault is on the downstream adjacent feeder (Line 1),
K = ki (Eq. (20)), and its value is independent of fault
location.

3. If the fault is on the DG-connected feeder (Line 2), kg <
K < ki, and its value depends on the fault location ().

The comparison of these three cases can be adopted for
the prevention of a sympathetic trip. Fig. 10 shows the pro-
posed method algorithm for sympathetic trip prevention in the
presence of DG. The proposed method is adaptively adopted
on the distribution network. Regarding the number and size
of DGs and the short circuit impedances are measured and
ko (DG;) and ki (DG;) are calculated using (21) and (22).
In 1) and (22), Z!, Z}\;,. Z}\,. Z],;, and Z]5; are the
positive sequence impedance of downstream network, DG,
the feeder which the DG is connected, downstream feeder of
DG, upstream, feeder of DG, respectively. With occuring a
short circuit, the current increases from the threshold of DGs’
over current protection, and the algorithm is started. Accord-
ingly, the positive sequence current of each DG and external
grid are measured and K (DG;) = ILI)G,- / 1} is calculated.
If, |ko(DGi)| < |K(DG;)| < |ki(DGj)|, then the fault has
occurred on the DG-connected feeder; otherwise, the fault
is on adjacent feeders and the function of DGi protection
device or DGi-connected feeder needs to be locked to prevent
sympathetic trip. As per Egs. (12), (15), and (18), index
K is independent of fault type. The proposed method is
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/]\
k] — }\_:1—% ====
K]
a
=0 ceeeee b
ko seeesee”  m=== C
—>
Line3I Line 2 ! Line 1

Fault location

FIGURE 9. Changes of K vs fault location (a: Fault on DG feeder, b: Fault
on adjacent feeder upstream of the DG, c: Fault on downstream feeder of
the DG).

applicable for various types of short circuits. As mentioned,
the impedance fault doesn’t any affect on the results.

VA

ko (DG;) = : 71 , i=1,2,...,npg
1 1 DG;
Zpgi T 25, <1 + ?)
]l
2n
1 1 z)
2+ (1+7)
kl (DGI): Z] 3 , i=l,2,...,nDG
DG;
(22)

IV. SIMULATIONS AND RESULTS ANALYSIS
A 25 kV distribution system is simulated in DIgSILENT to
analyze the sympathetic trip in the presence of DGs and to
demonstrate the efficiency of the proposed method in prevent-
ing this phenomenon (Fig. 11) [27]. The upstream network
with a short circuit level of 637 MVA and X/R = 8 is modeled
at a 69 kV bus. The main substation contains a 69/25 kV
transform with a capacity of 15 MVA and an equivalent
series impedance of 7.8%. The distribution system consists
of three load feeders, namely, LF;, LF;, and LF3, with an
equal impedance of 0.21384j0.2880 €2/km and lengths of
respectively 20, 10, and 10 km. DG; and DG, units are
modeled as synchronous generators and are connected to the
distribution system via connecting transformers T, and T3
with specifications of 0.66/25 kV, 18 MVA, and impedance of
8%. Each of the synchronous generators has a sub-transient
reactance of 18.6%, 0.66 kV, and 18 MVA, with a power
factor of 0.85.

Specifications of overcurrent relays used in the lines and
DG units are as follows [28]:

Overcurrent relay LF;: SEL751-1A (51P1, C1 standard
inverse), TD = 0.33 sec, Ipu = 1.02 sec.A, and CT 300/1A

Overcurrent relay LF,: SEL751-1A (51P1, C1 standard
inverse), TD = 0.28 sec, Ipu = 0.5 sec.A, and CT 300/1A
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IDGi > IPickup

Calculate I, and I}

i=1,2, .,

\7

Calculate K (DGi) = Ipg, /13

i=1,2..,np

Calculates k,(DG;) No
and k, (DG;) from

The fault is on DG;-
connected feeder and

equations 20 and 21 A fault on the tripping of DG; and
adjacent DG; DGi-connected
feeder relays

)

Probability of
occurrence of a
sympathetic tripping

\:

Lock the functions of
DG; protection or DG;-
connected feeder

FIGURE 10. The proposed method algorithm for solving the sympathetic
trip issue.

Overcurrent relay LF3: SEL751-1A(51P1, C1 standard
inverse), TD = 0.19 sec, Ipu = 0.96 sec.A, and CT 300/1A

Overcurrent relay CFp: SEL751-1A(51P1, C2 very
inverse), TD = 0.1 sec, Ipu = 4.9 sec.A, and CT 300/5A

Overcurrent relay CF,: SEL751-1A(51P1, C2 very
inverse), TD = 0.1 sec, Ipu = 5 sec.A, and CT 300/5A

Various types of short circuits are applied at different
distances of lines LF;, LF,, and LF3. Values of index K
for individual DGs are tabulated in Tables 2 and 3. The
information provided in these tables are adapted with the
theory:

For the DG1 unit, when a fault occurs on adjacent feeders
LF, LF,, and LF3, the value of K for DG1 is independent of
fault location and type of short circuit, according to Eq. (15)
and Table 2, and is constant; |ko(DG1)| = 0.7085.
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FIGURE 11. Simulated model in DIGSILENT to evaluate the efficiency of
the suggested method.

For the DG2 unit, when a fault occurs on adjacent feeders
LF; and LF3, the value of K is constant as per Eqgs. (12)-(13)
and Table 3, and is independent of the location and type
of short circuit. However, when a fault occurs on LF>
(DG2-connected feeder), K varies and relies on fault location,
where 0.5450 < |K(DG>)| < 1.2364, |ko(DG2)| = 0.5450,
and |k (DG2)| = 1.2364.

By applying short circuits to different distances on the
lines, the cases resulting in a sympathetic trip along with
the values of index K are listed in Tables 4-6. For instance,
based on Table 4, when an LL short circuit occurs on LF; at
a distance of 40% from Bus 4, overcurrent protection of DG1
acts faster than that of LFy, and a sympathetic trip occurs.

To prevent a sympathetic trip in the aforementioned six
cases, the proposed algorithm using the coding in DIgSI-
LENT software is applied to the network. Positive-sequence
currents of DG units and the external network in each of the
measurement cases and K (DG;) = 1 561, / IS1 are calculated.
For the DG1 unit, in case |K(DG1)| > |ko(DG1)| = 0.7085,
the fault has occurred on the DG-connected feeder; otherwise,
the fault is on the adjacent feeder to DG1. To avoid the
sympathetic trip, the function of the overcurrent relay for
the CF1 feeder is locked for some interval. Additionally, for
DG2 unit, in case |kg(DGy)| = 0.5450 < |K(DGy)| <
|k1(DG>)| = 1.2364 the fault is on the DG-connected feeder;
otherwise, the fault is on feeders adjacent to the DG. Again,
the function of overcurrent relays for LF2 and CF2 is locked
for a specific period to prevent a sympathetic trip.

For instance, Fig. 12 shows three-phase currents for DGs
(CF1 and CF2), LF1, and protection device operating time.
An LL fault at time t = 0.1 sec is applied to LF1 at a
distance of 20% from the common bus. At t = 0.840 sec,
the protective relay of the DG1 feeder (CF1) operates, and
unnecessary DG1 is disconnected from the network (a sympa-
thetic trip). Att= 1.093 sec, the DG2 feeder protection device
(CF2) operates and the unnecessary DG2 is disconnected.
Ultimately, at t = 1.252 sec, the protective device of LF1
(the faulty feeder) operates. In this case, a sympathetic trip
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TABLE 2. Value of K for DG1.

I Fault feeder

DG,
K(DG,) =
‘ P60 =7 LF1 LF2 LF3
£ 5 80 0.7085 0.7085 0.7085
5§ 8 2
z & B 60 0.7085 | 0.7085 0.7085
2 5 2
8 2 E 40 0.7085 | 0.7085 0.7085
a8 ° 20 0.7085 | 0.7085 0.7085

TABLE 3. Value of K for DG 2.

It Fault feeder
DG
’K(DGZ): T

s LF1 LF2 LF3
g 80 0.5450 1.0659 1.2364
5§ & g
z B Bl 60 05450 | 0.9135 1.2364
0 = =}
8 = E| 40 0.5450 | 0.7770 1.2364
a 20 05450 | 0.6546 1.2364

TABLE 4. Sympathetic tripping due to a fault on LF1.

Fault Distance Fault on LF1
type from Bus 4
%) trary  trery  trerzy  K(DGL) K(DG2)
0
LL 40 1.345 1.124 - 0.7085  0.5450
20 1.252 0.840 1.093 0.7085  0.5450
LLG 20 1.121 0.950 - 0.7085  0.5450

TABLE 5. Sympathetic tripping due to a fault on LF2.

Fault Distance Fault on LF2
type  from Bus 4
%) trarz)y  trery  trery  K(DG1)  K(DG2)
LL 40 0.843 0.786 0.719  0.7085  0.7770
20 0.823 0.692 0.754 0.7085  0.6546

has occurred. To avoid such an event, the proposed method
is applied to a test network. In this case, for DG1, we have
|K(DG1)| = |ko(DG1)| = 0.7085, as per Table 2; hence, the
fault is detected on DG1 adjacent feeder and the function of
the DG1 feeder overcurrent protection is locked. Moreover,
for DG2, we have |K(DG2)| = |ko(DG2)| = 0.5450; so,
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TABLE 6. Sympathetic tripping due to a fault on LF3. 12
09 Tripping Time: 1.324s _—
Fault Distance Fault on LF3 6
03
type from Bus 6
%) trars)  trerny  trerzy K(DGL) K(DG2) 00
0.3
00 Single Busba!??)\A\R((:Fl)'Tnpping()'() 0.9 12 5] 15
LL 20 0.744 - 0.698 0.7085 1.2364 : Single Busbar(5)\2\R(CF2): Tripping

Single Busbar(2)\2\R(LF1): Tripping

FIGURE 14. Tripping time of the overcurrent protections when an LL fault
occurs at 40% distance on feeder LF1.

3 L .
2 Tripping Time: 0.840s
1 " N
0 AR AAR A A 12
R WV !
-2 -
0.0 3 0 0.9 1.2 s 09 -
— CFl:PhasecgurrenlA/Termmallm?og sl Tripping Time: 1.108s
——— CF1: Phase Current B/Terminal i in kA 0.6
—— CF1: Phase Current C/Terminal i in kA
———- Single Busbar(2)\4\R(CF1): Tripping 03
3
2 0.0
1
0%
1 — Single Busbar%)4\R(CF1): Tripping"° 09 12 5] 13
2 - Single Busbar(5)2\R(CF2): Tripping
X . . X . . Single Busbar(2)\2\R(LF1): Trippi
00 ¢p2. phase Cidrent A/Terminal i in %R 09 12 sl 13 ingle Busbar(2) 2WR(LF1): Tripping

——— CF2: Phase Current B/Terminal i in kKA
——— CF2: Phase C it C/Ti inal i in kA . . . .
ZZ Single Busbar(5) 2\R(CF2): Tripping FIGURE 15. Tripping time of the overcurrent protection when an LLG fault

occurs at 20% distance on feeder LF1.

12
03 R a_g 09 12 [s] 15 0.9 Tripping Time: 0.758s

——— LF1: Phase Current A/Terminal i in kA
——— LF1: Phase Current B/Terminal i in kA 0.6
—— LF1: Phase Current C/Terminal i in kA :
———- Single Busbar(2)\2\R(LF1): Tripping 03 Tripping Time: 0.806s

- P - 0.0

FIGURE 12. Sympathetic tripping when an LL fault occurs at 20% distance

on feeder LF1. 03
00 Single Busbarl)AR(CF1): Tripping ° 09 12 [s] 15
: Single Busbar(5)2\R(CF2): Tripping
Single Busbar(2)\3\R(LF2): Tripping

3 FIGURE 16. Tripping time of the overcurrent protection when an LL fault
1 occurs at 20% distance on feeder LF2.
0
-1
%o 03 0.6 0.9 12 s
S CF1: Phase Cuitent A/Terminal i in KA - - il : 12
——— CFI: Phase Current B/Terminal i in kA
——— CF1: Phase Current C/Terminal i in kA 09 o
———-Single Busbar(2)\4\R(CF1): Tripping Tripping Time: 0.719s
3 0.6
5 Tripping Time: 0.838s
1 03
03
; 0.0
00 Cra: Phase Clitent ArTerminal i in A 09 12 ke 1 03
———— CF2: Phase Current B/Terminal i in kA 0.0 03 06 09 12 Is] s
——— CF2: Phase Current C/Terminal i in kA ~ Single Busbarl ) 4R(CFL): Tripping

- Single Busbar(5)\2\R(CF2): Tripping
Single Busbar(2)\3\R(LF2): Tripping

——— Single Busbar(5)\2\R(CF2): Tripping

FIGURE 17. Tripping time of the overcurrent protection when an LL fault
occurs at 40% distance on feeder LF2.

X 0.3 06 0.9 12 [s] 1.5
——— LF1: Phase Current A/Terminal i in kKA
——— LFI: Phase Current B/Terminal i in kKA 12
——— LFI: Phase Current C/Terminal i in kA
——— Single Busbar(2)\2\R(LF1): Tripping 09
' Tripping Time: 0.739s
. P 06
FIGURE 13. Preventing sympathetic tripping when an LL fault occurs at
20% distance on feeder LF1. 03
0.0
%0 0.9 12 [s] 15

03 0.6
——— Single Busbar(2)WR(CF1): Tripping
wwweenss Single Busbar(5)\2\R(CF2): Tripping
Single Busbar(5)@\R(LF3): Tripping

the fault is identified on DG2 adjacent feeder and the pro-
tective operation of DG2 overcurrent relay is locked. Fig. 13

FIGURE 18. Tripping time of the overcurrent protection when an LL fault

illustrates the current and protective operating times of DG, occurs at 20% distance on feeder LF3.
DG2, and LF1. With a fault occurrence on LF1 and locking
the operation of overcurrent relays of CF1, CF2, and LF2, Figs. 14-18 show the protection operating time of DG,

DG1 and DG2 units are still present in the distribution system. DG2, and faulty feeder in the other five cases when the
Finally, at t = 1.108 sec, the protective relay of the LF1 feeder proposed method is applied to prevent sympathetic trip.
operates and the faulty feeder is disconnected from the rest of In all cases, the unnecessary disconnection of DG units and
the network. DG-connected feeders is avoided. The suggested method
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shows satisfactory performance for various short circuits and
the presence of any number of DGs and perfectly avoids
sympathetic trips.

The methods introduced in [13]-[15] require a smart
protection network for the prevention of sympathetic trips,
and protection settings vary when the network configuration
changes. Reference [11] proposes a method that needs many
protective devices in addition to requiring a smart protection
network. These methods are costly. The method presented
in [16] can be applied to only LL faults and has no use
for other types of short circuits. Nonetheless, the method
described in this paper can be incorporated for various fault
types and does not rely on telecommunication platforms or
additional protective equipment. In fact, the method is com-
prehensive and less costly.

V. CONCLUSION

The paper presents current equations for DG, external net-
work, and fault location upon a short circuit so that the
effect of different parameters of the network on short circuit
currents is investigated. Moreover, the method adopts novel
sympathetic trip prevention in the presence of DGs, which can
be applied to various types of faults and DG-rich networks.
The proposed methodology works based on measuring
positive-sequence currents of DG units and the external net-
work. Index K that represents the ratio between the positive-
sequence currents of DG and external fault, is calculated
for each DG by measuring positive-sequence currents. Fault
location is identified according to the value of K. In case
the fault is detected on DG adjacent feeder, the function of
the protective device of DG or its related feeder is locked to
prevent sympathetic trip. The proposed method is applied to a
test network, and the obtained results demonstrate its efficient
performance, where the method prevents sympathetic trips in
all cases. By doing this, incorrect disconnection of DG units
or their feeders is avoided; thus, the number of interrupted
customers, the amount of energy not-supplied, the number
of common interruptions, etc. are reduced and power quality
indices are improved.
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