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Abstract—The setting work of backup protection using steady-
state current is tedious, and mismatches occasionally occur due
to the increased proportion of distributed generations (DGs)
connected to the power grid. Thus, there is a practical need to
study a backup protection technology that does not require step-
by-step setting and can be adaptively coordinated. This paper
proposes an action sequence adaptive to fault positions that us-
es only positive sequence fault component (PSFC) voltage. Con-
sidering the influence of DGs, the unified time dial setting can
be obtained by selecting specific points. The protection perfor-
mance is improved by using the adjacent upstream and down-
stream protections to meet the coordination time interval in the
case of metallic faults at the near- and far-ends of the line. Fi-
nally, the expression and implementation scheme for inverse-
time backup protection (ITBP) based on the unified characteris-
tic equation is given. Simulation results show that this scheme
can adapt to DG penetration scenarios and can realize the adap-
tive coordination of multi-level relays.

Index Terms—Inverse-time backup protection (ITBP), distrib-
uted generation (DG), positive sequence fault component (PS-
FC) voltage, unified characteristic equation, adaptive coordina-
tion.

1. INTRODUCTION

S the grid structure becomes more complex and vari-
able, the setting work of conventional non-unit backup
protection based on delayed coordination is very tedious [1].
The increase of DG penetration and the flexible operation
mode often lead to protection failures and malfunctions [2],
[3]. At present, most wide-area backup protections (WABPs)
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require communication, and the cost and reliability of com-
munication technology limit the application of WABPs [4].
Thus, there is a practical need to study backup protection
technology that does not rely on communication.

Inverse-time overcurrent (ITOC) protections adjust the
tripping time based on current measurement and can adapt
to the fault severity [5]. Compared with traditional definite-
time overcurrent protection, it can quickly eliminate faults
near the power supply side [6]. ITOC protections are used in
medium- and low-voltage distribution networks because of
their economy and simplicity [7].

With a high proportion of DGs connected to the power
grid, the traditional single-terminal radial distribution net-
work becomes a complex multi-terminal power system.
ITOC protection based on steady-state fault currents can
hardly meet the requirements of selectivity and rapidity [8],
[9]. Many methods to improve the coordination of ITOC pro-
tections have been proposed in the existing literature.

In [10]-[15], optimization algorithms such as genetic algo-
rithms [10], particle swarm optimization algorithms [11],
seeker optimization algorithms [12], linear programming
[13], [14], and quadratic programming [15] were used to
solve the coordination problem of protections. These algo-
rithms optimized the inverse-time parameters and reduced
the workload of step-by-step setting. They can greatly im-
prove the selectivity and rapidity of protections, but so far
there is no unified expression for the selection of the objec-
tive function.

In [16] and [17], the fault voltage was directly introduced
as the third dimension of the traditional ITOC characteristic
equation. Both [18] and [19] formed a new inverse-time
characteristic equation directly using the fault voltage. The
use of the fault voltage allows protections to satisfy the coor-
dination relation, but the problem of heavy setting workload
is not mentioned. Adaptive ITOC protections update relay
settings online and can be used to solve the problem of diffi-
culty in setting the relay values after DG penetration. How-
ever, there are problems with insufficient response time or
dependence on communication [20].

The advantage of digital overcurrent relays (DORs) is pro-
grammable, so user-defined equations are widely used [21],
[22]. The piece-wise linear characteristic was used in [22] to
realize the coordination of DORs, thus maintaining a con-
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stant time interval between the main/backup protection pairs.
Furthermore, the fault component voltage was only present
during the fault state and its distribution was characterized
by the opposite of the fault voltage [23]. Therefore, it is of
research value to use the fault component voltage to obtain a
user-defined unified characteristic equation to implement the
ITBP function.

The authors have proposed a fault identification method in
[24], in which all protections used user-defined inverse-time
equations, but the faulty line with the help of protection ac-
tion signal (PAS) was needed to be identified. This paper
aims to propose an ITBP scheme for distribution networks
with high proportion of DGs. All protections adopt unified
pickup value and time dial settings (TDSs), so the inverse-
time characteristic parameters do not need to be set step-by-
step. It uses only the PSFC voltages to realize the action se-
quence adaptive to fault positions. The tripping time is set
adaptively according to current fault conditions.

The remainder of this paper is organized as follows. The
distribution pattern of the PSFC voltage and the effect of the
DG penetration on its amplitude are analyzed in Section II.
Section III gives the ITBP scheme based on unified charac-
teristic equations. The implementation of the ITBP scheme
is given in Section IV. Section V carries out simulations in
different scenarios for validation. Finally, conclusions are
given in Section VI.

II. DISTRIBUTION PATTERN OF PSFC VOLTAGE AND EFFECT
OF DG PENETRATION ON ITS AMPLITUDE

A. Equivalent Circuit of DGs

DGs are divided into rotating-type distributed generations
(RTDGs) and inverter-interfaced distributed generations
(IIDGs) according to different grid connection modes.

RTDGs are similar to conventional generators and are ana-
lyzed using the Thevenin equivalent model [25]. They can
provide short-circuit currents to the network after a fault.

IIDGs include permanent-magnet synchronous generator
(PMSG) based wind turbines, photovoltaic (PV) generators,
etc. They must have low voltage ride-through (LVRT) capa-
bility, giving priority to reactive power delivery to the grid
in the event of a system fault. Referring to GB_T 19963.1-
2021 [26], the control strategy used by PMSGs in this paper
is shown as:

. P
idref: min { et ’ Iriax - i;ref } (1)
PCC.f
_ 1.5(0.9—y)I, 0.2<y<0.9
foet = 1,051, y<0.2 2)

where i, and i ., are the active and the reactive current ref-
erences, respectively; P, is the active power reference;
Upcc is the grid voltage at the point of common coupling
(PCC); y= Upcc /Uy, and Uy is the rated voltage; Iy is the
rated current; and 7,
of the DG.

The control strategy used by PV generators is shown in
(1) and (3) [27].

is the maximum fault current output

X
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. 21 -yl 05<9<0.9
lqref: [N V<05 (3)
The fault current i, of IIDGs is:
]
inG= /et i;ref / arctan -2 4)

Larer
Thus, from (4), the maximum angle ¢, of iy, lagging
Upcc s occurs at y=0.2, which is:

arctan 1051y PMSGs
L —(LOSLy )
go max = I (5)
arctan N PV generators

NIERK

max

For the PMSG, ¢,.,=31.67° when [ =2I and ¢, =
61.05° when 7, =1.2/. Considering the current limit of the
PV inverter, taking /7, =1.1/, we can obtain ¢, =78.14°.

The fault current of the IIDG is mainly determined by the
control strategy. However, its transient process is very short
and does not affect the fault steady-state output current [28],
[29]. So, the IIDG can be equivalent to a constant current
source at the corresponding voltage Uy, in the case of grid
faults [29].

This paper mainly focuses on the influence of DG output
characteristics on the additional network of PSFC. There-
fore, the dashed box in Fig. 1 is used to represent the equiva-
lent circuit of IIDGs in the additional network of PSFC.
When the green dashed line in the dashed box is deleted, it
represents the equivalent circuit of RTDGs.

Fig. 1. Equivalent circuit of DGs in additional network of PSFC.

In Fig. 1, Z, is the equivalent impedance; Al is the PS-
FC current without a current limiting strategy; A/, is the PS-
FC current supplied to the grid by DG; and AU, is the PS-
FC voltage at PCC.

B. Distribution Pattern of PSFC Voltages

Figure 2 shows a single-ended radial network containing
grid-connected PQ controlled DGs. S represents the system
source; R-R; represent the relays; Ld,-Ld, represent the
loads; f,-f; represent the fault points at the near-end of Linel-
Line3, respectively; A,B,C, and D represent bus numbers;
and f represents a fault point on Line3.

DGI B DG2 ¢
A
R, Linel R, Line2 R, Line3 Il)
gl il
< 71 ljfz 7 f T L,
Ld, Ld, Ld
Fig. 2. Single-ended radial network containing grid-connected PQ con-
trolled DGs.



204

Figure 3 gives the additional network of PSFC when a
three-phase short-circuit fault occurs at f. A/, and Z, are the
PSFC current and equivalent positive sequence impedance
(PSI) of S, respectively; Al,, and Al,, are the PSFC currents
supplied by DG, and DG,, respectively; Z,;, and Zq, are
the equivalent PSI of DG, and DG,, respectively; Al and
Al, are the PSFC currents supplied by DG, and DG, with-
out a current limiting strategy, respectively; z, is the PSI per
unit length; L, and L, are the lengths of Linel and Line2, re-
spectively; x is the length from bus C; A}, and AU,; are the
PSFC current and voltage of R, respectively; Al -Al;
and Z,,, - Z, ,, are the PSFC currents and PSI for Ld,-Ld,, re-
spectively; Z, is the equivalent PSI to the right of f; and
—U,o 1s the pre-fault voltage of f. The reference direction is

X

from the bus to the line.

AUy, AUy, AU,
A A{,” 2L, B AILZ 2L, ¢ 132
+
ALy +A[L11 A[ng ’Algl AYSH fé{g?
4 4 -U
ZaT T2 Zin ZDG?AIDGl 21137 Zon Mpea ol Y Z

Fig. 3. Additional network of PSFC.

When a fault occurs, the voltage on each bus decreases
while the equivalent impedance of the load remains constant.
This results in a reduction in the fault current flowing
through the load, which causes its PSFC current to flow
from the line to the bus [30]. From (5) and Fig. 1, it can be
observed that A/, lags AU,, and A/, lags AU,, at an angle
of [0°, 180°] in the reference direction, so the PSFC current
of IIDG flows from line to bus. Therefore, the PSFC current
directions of DG,, DG,, and the loads are in the opposite di-
rection to that specified.

According to Kirchhoff’s current law, the PSFC currents
flowing through the relays are in the specified direction. Ac-

cording to circuit theory, the PSFC voltage of each relay is:
AU ==U,  +z,xAl,;

AU, =AUy +z,L,Al,
AU, =AU ,+z,L,Al,,

(6)

Al,5, Al,,, and Al,, are all in the same direction as the ref-
erence, so z,xAl;, z,L,Al,, and z,L Al,, are all positive
values, while U, is negative. Therefore, the voltage drop
on each line makes the PSFC voltage satisfy the relationship
of (7).

|AU,| > AU, | > AU, | (7

Figure 4 shows the distribution patterns of PSFC voltages
for R;-R;, whose amplitudes are inversely proportional to the
fault position. The closer to the fault point, the greater the
PSFC voltage value.

C. Effect of DG Penetration on PSFC Voltage Amplitude

The PSFC voltage is obtained by subtracting the pre-fault
voltage from the fault voltage, and its amplitude is deter-
mined by the pre-fault voltage and the fault position when a
fault occurs. DG penetration will support the grid voltage,
the strength of which is related to DG connection location
and capacity [31]. The larger the DG connection capacity is,
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the stronger the support and the larger the pre-fault voltage
are.

|AUy|

A B C D
Bus
Fig. 4. Distribution patterns of PSFC voltages for R -R,.

The change in DG connection capacity is achieved by
changing the number of DGs in Fig. 2. Let the number of
DG, connected to bus B be m and the number of DG, con-
nected to bus C be n. Formula (6) shows that the PSFC volt-
ages of R-R, still satisfy the relationship of (7) when the
DG connection capacity is changed.

To achieve a unified characteristic equation, the adjacent
protections should meet the selectivity requirement for any
fault position. Combined with Fig. 4, it can be observed that
f; is the most severe fault position when a metallic fault oc-
curs. At this point, the PSFC voltages of R, and R, and the

difference AU,,, between R, and R, are:
AU, :_U.qo\

AU12:_Uac|o\+zle (AI11+AIL12+mAIgl)
AUryy =z, LAl =2, Ly (Al + Al +mAly, )

®)

Figure 5 shows the PSFC voltage amplitude distribution
after DG penetration when the fault occurs at f;.

s
=2
=
<
S
&
<
0 o -
3 a (m=0, n=0) 3 4
2 2
pe 1 0 1 m
(b)

Fig. 5. PSFC voltage amplitude distribution after DG penetration. (a) PS-
FC voltage of R, and R,. (b) AUxg,;.
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It can be observed from Fig. 5(a) that DG penetration
does not change the distribution pattern of the PSFC volt-
age, but its connection location and capacity affect the PSFC
voltage amplitude. The amplitude of AU}; depends on U,
which is mainly supported by DG and increases with m and
n. The amplitude of AU, is determined by both U, and

mAl,,. Figure 5(b) shows that AUy,, is jointly determined by
m and n. a, b, ¢, and d indicate the different states of DG,
and DG,, where a (m=0, n=0) indicates that both DG, and
DG, are out of operation; b (m=0, n=3) indicates that DG,
is out of operation and DG, is operating at the maximum ca-
pacity; ¢ (m=4, n=3) indicates that both DG, and DG, are
operating at the maximum capacity; and d (m=4, n=0) indi-
cates that DG, is operating at the maximum capacity and
DG, is out of operation.

To sum up, the PSFC voltage still has a natural distribu-
tion pattern after the DG is connected to the grid. The PSFC
voltage of different relays is different, and its natural distri-
bution pattern can reflect the fault severity detected by each
relay, which provides a theoretical basis for implementing
the ITBP scheme based on unified inverse-time equation.

III. ITBP SCHEME BASED ON UNIFIED CHARACTERISTIC
EQUATION

A. Characteristic Equation and Parameter Selection Princi-
ple
1) Characteristic Equation

The ITOC characteristic equation specified by the Interna-

tional Electrotechnical Commission (IEC) is shown in
(9) [32].
, A4-TDS,
= 9
- )

where ¢, TDS,, I, and I are the tripping time, time dial set-
ting, measured current, and pickup current of R, respective-
ly; and 4 and a are the characteristic parameters, which are
set to be 0.14 and 0.02, respectively, when using the stan-
dard inverse (SI) curve.

To ensure adaptive coordination of multi-level relays, the
relay action time needs to be determined according to the
ladder-type principle. Therefore, the characteristic parameters
TDS; and I, in (9) need to be set step-by-step starting from
the relay farthest from the power source [22].

Compared with the conventional ITOC characteristic equa-
tion, the ITBP scheme uses the PSFC voltage instead of the
fault current. The unified characteristic equation for the
whole network when using SI curve is:

0.14-7DS
(AU, /AU, -1

1=

(10)

where AU, is the pickup value of the PSFC voltage; and
TDS is the unified time dial setting.

When ’AU 1./‘ >AU,, (10) starts and calculates ¢. When
‘AUU‘ <AU,, (10) does not start.

2) Selection Principle of TDS
The ITBP scheme that has not been set step-by-step uses

a unified 7DS. For any fixed topology network, to realize
the absolute selectivity between adjacent upstream and down-
stream protections, the value of 7DS shall meet the follow-
ing two conditions.

1) When used as the local backup protection of the line,
the tripping time should be greater than that of time-limited
instantaneous overcurrent protection, which is taken as 0.5 s
in this paper. Therefore, there exists:

0.14-TDS

05 ————7
(AU == 1 (
where AU, = | AU, /AU,
Formula (12) can be obtained by transforming (11).
0.5(AU )™ -1
TDS> 0@Y, )7 -b (12)

0.14

2) The tripping time difference between adjacent protec-
tions must be greater than the coordination time interval
(CTD). For R, and adjacent upstream R, _, there exists:

0.14-7DS  0.14-7TDS
(Al]j*_l)O.OZ_l (AU/_*)OA02_1
Formula (14) can be obtained by transforming (13).
CT1I
DSZ * 0.02 *40.02 (14)
0.14-[I/((AU;_, )" = D=1/(AU; )" - 1)]

In summary, to ensure both selectivity and rapidity, the
TDS should take the larger one of (12) and (14) when both
of them are equations. Therefore, the selection principle of
TDS can be expressed as:

0.5((A U/ )2 -1)
0.14 ’

>CTI

(13)

TDS =max

CTI
0.14-[L(AU," )*2 = )~ 1/(AU; )"~ 1)]

For the first part of (15), the value of 7DS is directly pro-
portional to the PSFC voltage. When there is no DG connec-
tion, it only needs to ensure that this part is satisfied when a
metallic short-circuit fault occurs at f,. When the capacities
of DG, and DG, are the largest, affected by their supporting
effect, it is necessary to ensure that this part is satisfied
when a metallic short-circuit fault occurs at f;. The TDS ob-
tained in this case is recorded as 7DS,.

For the second part of (15), the value of 7DS is deter-
mined by the PSFC voltage amplitude of adjacent protec-
tions and their difference. The time difference of adjacent
protections in the case of near-end faults is smaller than that
of far-end faults. Therefore, this part should consider a three-
phase fault occurring at £, and f,. With faults occurring at f;,
the time-PSFC voltage curves obtained at a-d are shown in
Fig. 6.

As shown in Fig. 6, the maximum 7DS (7DS_,) is taken
at b (m=0, n=3). According to Fig. 5, at b, the PSFC volt-
ages of R, and R, are larger, but the voltage difference is
smaller, which leads to the maximum 7DS in the four scenar-
i0s. Therefore, when DG, connected to the downstream bus
operates at the maximum capacity and DG, connected to the
adjacent upstream bus exits, the 7DS value satisfying the sec-
ond part of (15) is calculated.

(15)
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0.8 S
45 50 55 60 65 70 75 80

[AU| (kV)

Fig. 6. Time-PSFC voltage curves obtained at a-d.

Calculate all 7DS values when the fault occurs at f, £,
and f;, and take 7DS  _ as the unified 7DS of the whole net-
work.

3) Selection Principle of AU,

The ITBP scheme that has not been set step-by-step uses
a unified pickup setting. The voltage deviation for three-
phase supplies up to 20 kV is £7% of Uy [24]. To avoid
voltage fluctuations caused by system disturbances and load
switching that may lead to false activation of the protection,
AU, is taken as:

(16)

B. Improved Scheme Based on Unified Characteristic Equa-
tion

DS, ensures that all protections meet selectivity, but the
rapidity, especially that of remote backup protections, is chal-
lenging to meet. Therefore, this paper intends to improve the
ITBP performance through the ideal tripping time when all
protections meet CTI requirements in the case of three-phase
metallic faults at the near- and far-ends of the line.

With faults occurring at the near- or far-end of the line,
the tripping time of all relays before and after performance
improvement are shown in Table I.

AU,=1.1-0.07Uy

TABLE 1
TRIPPING TIME OF ALL RELAYS BEFORE AND AFTER PERFORMANCE
IMPROVEMENT
. PSFC Tripping time Ideal tripping
Fault position  Relay voltage calculated by (10) time
R3 | AUUn t}n t3n
At near-end of
Line3 Rz | AUlZn | t2n t2n
R, |AU,, in 1y +CTI
R, | AU 5, ‘ by t3
At far-end of
Line3 R, | AUy, by t5,+CTI
R, |AU,, f, ty,+2-CTI
At near-end of R, |AUI'2n| 13 L3
Line2 R1 | AUl'ln | tl'n tl’n
At far-end of R, |AU1’2, L3 by
Line2 R, |aUy), i, 14, +CTI

Considering the programmability of DORs, y=kx+b is
used to accelerate the remote backup protection. The func-
tion of backup relay i corresponding to main relay j is #;. Its
parameters k; and b, are obtained from PSFC voltage and
ideal tripping time in the cases of near- and far-ends faults,
as shown in Table II.

TABLE II
PARAMETER VALUES OF y=kx+b

Parameter value

Function
ki/ bv
by (t5,+ CTI-t,, )/(‘AUIZr - |AU12n ) t2n7k23‘AU12n
ts (t5,+ CTI-t,, )/(‘AUW - |AUlln ) 12n+CT]7kl3|AUlln

(th+CTI-1],)/| AU},

-|auy,

) t]'niklz‘AUlrln

When the fault point moves from the near-end to the far-
end, the farther the line is from the fault point, the smaller
the variation range of the PSFC voltages. Thus, the PSFC
voltage variation range of ¢, is smaller than that of ¢,; and
t,,. It can be inferred from Table I that ¢, <z, =¢, <t/ and
ty,—t,, <0<t/ —t;. Then, the tripping time variation range
ty,+CTI—t,, of t,; and ¢, is greater than the tripping time
variation range ¢, +CTI—t| of t,. Therefore, the absolute
value |k13‘ is greater than |k23‘ or ‘klz , and ¢,; is used to ob-

tain the ITBP scheme with improved protection performance.

Figure 7 shows the implementation process of the unified
characteristic equation. The black dotted line is the ITBP
tripping curve obtained by 7DS_ , and the blue dotted line
is the tripping curve obtained by 7DS,. The green and ma-
genta dotted lines are the tripping curves of R, and R,, re-
spectively, after performance improvement. The red solid
line is the proposed ITBP tripping curve based on nonstan-
dard inverse-time characteristics. Point 4 is the intersection
of the extension line of ¢,; and the blue dotted line, and its
corresponding PSFC voltage is ‘AU B ‘

25¢

0.5} i

L auy,|

I 2 3 4 5 6 1 8
A (k)

Fig. 7. Implementation process of unified characteristic equation.

When ¢,; is used as the ITBP tripping curve for all relays,
due to the increase in the curve slope at the most serious
fault, the time difference of adjacent protections will be
greater than that of the original tripping curve, which im-
proves the protection selectivity. Since ¢, is below the black
dotted line, the tripping time of all relays will be reduced,
which improves the protection rapidity. When ¢,; is under
the blue dotted line, the blue dotted line is used to realize
the backup protection function.
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The tripping time of relay depends on the PSFC voltage
amplitude, and its values are different under different fault
types. When a phase-to-phase fault (PPF) or a phase-to-
phase-to-ground fault (PPGF) occurs at point f, the sum of
the PSFC voltage and the negative sequence fault compo-
nent (NSFC) voltage at point f is known from the composite
sequence network to be equal to the PSFC voltage of the
three-phase fault [33]. From the boundary conditions at the
fault point, there exists:

AUy |+ AUy | =0, (17)
where AU, and AU, are the PSFC voltage and NSFC volt-
age, respectively.

The additional network of the PSFC to the left of the fault
point is similar for different fault types. Therefore, a fault
type factor 4, is introduced in this paper, which is used to re-
duce the effect of the fault type on the PSFC voltage ampli-

tude [24], which can be expressed as:
AU, |+ |auy|
== 18
J ‘ AUU‘ (18)

Therefore, the following PSFC voltages are revised by 4,
The final characteristic equation is:
k| AU+, |AUY
;=13 0.14-TDS,
(Al]jr* )0,02_ 1

<|Av,,|

au (19)

>|AU1h|

where |AU/ | =4[AU, |

The parameters in (19) are obtained offline by setting DG
state and selecting specific fault points when a three-phase
metallic fault occurs. The tripping time automatically obtains
the coordination relationships of all protections, so the ITBP
scheme is adaptive.

IV. IMPLEMENTATION OF ITBP SCHEME

The ITBP scheme is positioned as a local backup of the
time-limited current protection for that line and a remote
backup for the adjacent downstream line [34]. As it imple-
ments the backup protection function, the set value 7, of the
existing adaptive definite-time overcurrent protection is used
as an auxiliary criterion to determine whether a fault exists
within its corresponding delay time ¢, 4, [34]. The flowchart
of the proposed scheme is shown in Fig. 8.

The proposed scheme can protect the whole line and auto-
matically identify the faults at the far-end of this line and
the near-end of adjacent lines. It has the advantages of not
setting the inverse-time characteristic parameters step-by-
step and adaptively setting the tripping time.

V. SIMULATION RESULTS

A. Simulation Model

Numerous simulation tests have been carried out to verify
the correctness of ITBP in action sequence. The simulation
model of a radial network shown in Fig. 9 is established in
PSCAD/EMTDC.

207

Input #; and i;

Calculate the fault type factor 4;
from (18) and obtain [AUY;|

|AU;|>AU,?
Y

| Calculate the tripping time 7; from (19) |

t

. delay >y and £;> Ly ?

set *

Y
ITBP acts

ITBP returns

Flowchart of proposed scheme.

Fig. 8.

DG,

A E F
R, Line4 fs Lines [ Lds
Feederl

. .
Ld, Ld; S,
R;  Linel |l_?z Line2 |l_]}3 Line3?
I I eeder2
S o, o
B

Ld,
Ld,
DG,

Ld, D
DG, C

Fig. 9. Simulation model of radial network.

The active distribution network contains two feeders and
three DGs, and the rated voltage of the system is 10 kV. S,
is a tie switch, which is open during normal operation. The
lumped parameter model is adopted and the length of all
lines is 5 km. The positive sequence resistance and reactance
of the line are 0.27 Q/km and 0.352 Q/km, respectively. The
capacity of Ld-Ld, is (1+j0.1)MVA, and the capacity of Ld,
and Ld is (2+j0.5)MVA. DG, and DG, are PV generators
with a rated capacity of 4 MVA and /. p,=1.1/y, Where
lwpy and I, are the maximum fault current output and
rated current of the PV generator, respectively. DG, is
PMSG with a rated capacity of 3 MVA and [ . pvsg™
151 pusg» Where 1 pysg and Iy pysg are the maximum fault
current output and rated current of the PMSG, respectively.
The sampling frequency and CTI are taken to be 2 kHz and
0.2 s, respectively.

B. Simulation Verification of ITBP Scheme

Table III lists the 7DS and TDS, values in the case of the
near-end fault of each line when DGs are connected. Table
IV lists the 7DS values with faults under different fault posi-
tions and DG statuses. DG connection represents that DG op-
erates at the maximum capacity.

When the minimum accuracy of 7DS is set to be 0.01,
TDS,=0.18 and TDS,,=0.36. Comparing the TDS values
obtained at the near-end of Line2 and Line5, it can be ob-
served that the supporting effect of DG significantly increas-
es the TDS value.
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TABLE III
TDS AND TDS, VALUES IN CASE OF NEAR-END FAULT OF EACH LINE
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According to the comparison between Fig. 11(a) and (b),
due to the influence of DG penetration, the supporting effect
of the proposed scheme on Feederl is much less than that

Fault position PSFC voltage (V) DS DS, on Feeder2. However, the proposed scheme still has the fea-
Near-end of Linel/Line4 |AUll | =8.338 0.174 ture of adaptive to fault positions.
Near- f Line2 AU,,|=8.789 0.178
ear-end of Line | 12 | 7 018 TABLE V
Near-end of Line3 |AU 13 | =8.969 0.180 ITBP OPERATION BEHAVIORS OF FEEDER2 AT DIFFERENT FAULT POSITIONS
Near-end of Line5 |AU 5| =8.365 0.175
Faulty Fault PSFC voltage (kV) Tripping time (s)
TABLE IV line position | AU/, ‘ ‘ AU, | | AU/, ‘ f ‘) ‘
TDS VALUES UNDER DIFFERENT FAULT POSITIONS AND DG STATUSES x=0km 8.814 5770  3.226 0.504 1.000 1424
x=1km 8.143 5326 2974 0.603 1.074 1.466
. DG status . x=2 km 7.533 4906 2740 0.705 1.144 1.505
Fault position DS Line3
DG, DG, DG, x=3 km 6.996 4554 2549 0.795 1203 1.537
Connection . . 0.218 x=4km 6.545 4254 2378 0.870 1.253 1.566
. Connection Exit
. Exit 0.209 x=5km 6.117 3985 2227 0941 1297 1.591
Near-end of Line2 -
Connection . . 0.211 Near-end 8.646  4.828 0.519 1.157
. Connection  Connection . L
Exit 0.199 Line2 Midpoint 6.926 3.867 0.806 1.317
. Connection 0.331 Far-end 5.775  3.224 0.999 1425
Connection .
Exit Exit 0.301 Near-end 8.183 0.596
X1
Exit Connection 0.355 Linel Midpoint 6.062 0.951
X1
. Exit 0.318 Far-end 4.827 1.157
Near-end of Line3 -
. Connection 0.308
Connection . 16+
Exit . 0.275 .
- Connection ————
. Connection 0.332 1.4
Exit . AT
Exit 0.292
} ] ) Connection  0.184 127
Near-end of Line5 Connection  Connection .
Exit 0.171 210
. . . 0.8
With faults occurring at the near- and far-ends of Line2
and Line3, the first-order function after performance im- 0.6
provement can be expressed as: 8451
t1,=—0.049| AU, | +1.505 £ am)
tl3=—0.167| AU, | +1.963 (20) Fig. 10. Time-position coordination relationship of all relays obtained
from Table V.
t,,==0.092| AU, | +1.758
The characteristic equation of the ITBP scheme is: Ler 16y
1.4} 1.4 /
’ ’
-0.167|AU/| +1.963  |AU/| <8.721 1,2// !
t=4 0.14-0.18 21 ? 1.0 Z10lk /«

AU -] |AU/|>8.721

Table V shows the ITBP operation behaviors of the Feed-
er2 at different fault positions when DG, and DG, are con-
nected and DG, exits.

Figure 10 shows the time-position coordination relation-
ship of all relays obtained from Table V, where L is the total
length of Linel-Line3. The tripping curves illustrate that the
proposed scheme automatically reflects the correlation be-
tween each relay and fault position.

The adaptation of the proposed scheme to different fault
types and feeders when DG, and DG, are connected and
DG, exits is shown in Fig. 11. As can be observed from Fig.
11, the tripping time of R, and R, is basically the same for
different fault types, as is the tripping time for R, and R..

0.8 F o 08F

0.6 067

04 I I I I 4 04 I I I I 4
0 1 2 3 4 5 0 1 2 3 4 5

Fault position (km) Fault position (km)
(@) (b)
—— Tripping time of R, at PPF; —- Tripping time of R, at PPF
-«- Tripping time of R, at PPGF; Tripping time of R; at PPGF

Fig. 11. Adaptation of proposed scheme to different fault types and feed-
ers. (a) Fault occurs on Line3. (b) Fault occurs on LineS5.

C. Simulation Verification with Fault Resistance

Figure 12 shows the effect of fault resistance R, on protec-
tion performance, where Aty,, is the tripping time difference
between R, and R, in the case of a metallic fault. Compared
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with a metallic fault, the PSFC voltage of each relay decreas-
es when a fault via R, and the PSFC voltage difference be-
tween adjacent upstream and downstream protections de-
creases. The tripping time of all relays increases and the
time interval between adjacent protections decreases.

1(s)
* o > Metallic fault
xR, * o> A fault via R,
xR,
<Atpyy
Atgos W

T AU, | (V)
<AUrys AUyyy

Fig. 12.  Effect of fault resistance R, on protection performance.

The “constraint value” in [3] can be used to evaluate the
ability of ITBP to withstand the fault resistance. Assuming
Cy,, Tepresents the constraint value for R, and R;, and ¢,

represents the constraint value for R, and R,, we can obtain:
Cp, =t —1;=CTI

22
Cp, =t —1,—CTI (22)

When ¢, or ¢, is 0, it indicates that the adjacent up-

stream and downstream protections just meet the selectivity
requirements. It corresponds to the minimum value of the
PSFC voltage difference and the maximum value of R,. The
minimum of the PSFC voltage difference obtained by (19) is
O.ZA ki | The value of k,, varies in different topologies and

its corresponding maximum fault resistance is also different.

Table VI shows the ITBP operation behaviors when Line3
has a three-phase short-circuit fault via different fault resis-
tance. Figure 13 shows the constraint values corresponding
to Table VI.

TABLE VI
ITBP OPERATION BEHAVIORS WHEN LINE3 HAS A THREE-PHASE
SHORT-CIRCUIT FAULT VIA DIFFERENT FAULT RESISTANCE

PSFC voltage (kV) Tripping time (s)

R, (Q) Fault position ‘AU1'3| |AU,'2| |AU,’, ‘ ‘ ‘) '
Near-end 8.091 5325 2978 0.612 1.074 1.466
1 Midpoint 6.738 4413 2468 0.838 1.226 1.551
Far-end 5726 3746 2.097 1.007 1.337 1.613
Near-end 7.435 4927 2749 0.721 1.140 1.504
2 Midpoint 6.265 4.121 2304 0917 1275 1.578
Far-end 5358 3.520 1974 1.068 1.375 1.633
Near-end 5.667 3.775 2.108 1.017 1.333 1.611
5 Midpoint 4913 3258 1.822 1.143 1419 1.659
Far-end 4280 2832 1.587 1.248 1.490 1.698
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Fig. 13.  Constraint values corresponding to Table VI. (a) ¢, (b) c,, -

It is known from (21) that the minimum PSFC voltage dif-
ference at the maximum fault resistance is 1.198 kV. As the
fault resistance increases, the constraint value of adjacent
protections decreases gradually, and its influence on the far-
end fault is greater than that of the near-end fault. When the
fault occurs at the far-end of Line3 and R,=5Q, ¢, and

¢y, are greater than 0. Therefore, for multi-level coordinated
relays, the proposed scheme has certain fault tolerant ability.

D. Adaptability Analysis for Different Line Lengths

When the line lengths in the network are different, espe-
cially when the lengths of two adjacent lines differ signifi-
cantly, the range of upstream zone II distance protection will
overlap with that of zone II distance protection of adjacent
downstream, resulting in the loss of selectivity of backup
protection [6]. The proposed ITBP scheme uses the near-
and far-end faults of multiple specified points to calculate
TDS, which considers the influence of line length on protec-
tion performance. However, when one of the two adjacent
lines is much longer than the other, the PSFC voltage differ-
ence between adjacent protections will be significantly re-
duced. TDS,_ . increases significantly, resulting in a signifi-
cant increase in the tripping time of all relays.

When the length of Line2 is 1 km, the corresponding trip-
ping time curves are shown in Fig. 14. It can be observed
that the tripping time of the ITBP tripping curve is much
shorter than that of 7DS, , but much longer than that of
TDS,. The right side of y= ‘AU1211 is the protection range

when ITBP is used as a near backup, which is not limited
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by mutual coordination. Point ¢ is the intersection of
y=0.14:TDS /(AU )"~ 1) and y=|AU,,,| Therefore, the

rapidity of protection is improved by translating the ITBP
tripping curve down to the point g. It can be observed that
the final tripping curve greatly reduces the tripping time of
all relays. The translation method does not change the slope
of the curve and therefore does not affect the coordination re-
lationship between adjacent upstream and downstream protec-
tions.

14
————— Curve at 7DS, .
T Curve at 7DS,
AN - — - ITBP tripping curve
10k ‘\\ **’y:‘AUIZH‘
. —— Final tripping curve
8t
Z 6,\\\‘\\\\ _________________ QAU|2n’t2n)
_ .
41 Tt~ - :
~~_4_
2r T
................................... qi
0 T,

2 3 4 5 6 71 8 9
|AU| (kV)

Fig. 14. Tripping time curves when length of Line2 is 1 km.

E. Adaptability Analysis of System Reconfiguration

Load transfer after a failure belongs to system reconfigura-
tion [35]. The adaptability of the proposed scheme is ana-
lyzed when the left side of Linel is disconnected from the
system source S and the tie switch S, is closed. Compared
with the original network, R, becomes a backup of R,. Table
VII shows the PSFC voltage and tripping time of three-level
coordinated relays when DGs are connected and different
fault types occur at the midpoint of Linel.

TABLE VII
PSFC VOLTAGE AND TRIPPING TIME OF THREE-LEVEL COORDINATED
RELAYS

PSFC voltage (kV) Tripping time (s)

Fault type

[auy|  |AUL| AU 1 1 15
Three-phase  8.190 5974 2629 0595 0965 1266
PPF 8341 6206 2911 0570 0927 1230
PPGF 8327 6198 2916 0572 0928 1230

As shown in Table VII, the distribution pattern of the PS-
FC voltage still has the characteristic of being closer to the
fault point and having a larger value. The tripping time cal-
culated from (21) reflects the relative position of the relay in
relation to the fault point. Thus, the proposed scheme can
adapt to topology changes without the need for switching set-
tings.

F. Performance Comparison of Different Protection Princi-
ples

For a high percentage of DGs connected to the grid, the
ITBP and ITOC protection are used as backup protections,
and their performance in realizing action sequence is com-
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pared. The parameter settings of the two protections are
shown in Table VIII. The pickup current /, is predetermined
based on the maximum load current.

TABLE VIII
PARAMETER SETTINGS OF ITBP AND ITOC PROTECTION

ITOC protection ITBP
Relay
I, (kA) DS, AU, (kV) ki, b, TDS,
R, 0.12 0.20
R, 0.23 0.23 0.77 -0.167 1.963 0.18
R 0.35 0.29

1

Different cases of DG penetration are tested. The state
without DG is called case 1, the state with DG connected to
bus B is called case 2, and the state with DGs connected to
buses B and C is called case 3. Figure 15 shows the fault
current and PSFC voltage for each relay in the event of a
three-phase metallic fault at the midpoint of Line3. Figure
16 shows the constraint values for the corresponding cases.

——Case 1, R,=0 Q; —=—Case 2, R,=0 Q; —— Case 3, Rg=0 Q
-*-Case l,Rg:S Q; -e-Case 2, R, =5 Q; >~ Case 3,Rg:5 Q

Fig. 15. Fault current and PSFC voltage for each relay in event of a three-
phase metallic fault at midpoint of Line3. (a) Fault current. (b) PSFC volt-
age.

From Fig. 15, it can be observed that the distribution pat-
tern of the fault current in the three cases is different and
does not always satisfy the natural distribution rule, while
the PSFC voltage always has a natural distribution pattern.
Therefore, DG penetration has impact on the distribution pat-
tern of the fault current, but not on that of the PSFC voltage.

As can be observed from Fig. 16, for a fault with
R,=04Q, the constraint value c,, calculated by the proposed

ITBP scheme for the three cases is smaller than that of the
ITOC protection; for a fault with R,=5 Q, ¢, and ¢, cal-

culated by the ITBP scheme for the three cases are smaller
than those of the ITOC protection (especially c,, ). These in-
dicate that the proposed ITBP scheme has better rapidity

when realizing the coordination of multi-level relays.
Although c,, calculated by the proposed ITBP scheme is

greater than that of the ITOC protection for case 2 with R, =
0 Q, a comparison in case 1 shows that the proposed ITBP
scheme is more adaptive to different DG connection loca-
tions and capacities. Therefore, the action performance of
the proposed ITBP scheme is better than that of the ITOC
protection when realizing adaptive coordination of multi-lev-
el relays.
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be studied to realize the adaptive setting of inverse-time pa-
rameters.

ITBP ITOC
Protection
(a)
10
8
z 6f
S 4
2
0
3
%
ITBP ITOC
Protection
(b)

Fig. 16. Constraint values for different cases. (a) c,, . (b) ¢y, -

Table IX shows their comparative analysis in four aspects,
including electrical quantity, distribution pattern, tripping
time, and setting.

TABLE IX
COMPARATIVE ANALYSIS OF TWO PROTECTIONS

Electrical Distribution Tripping

Protection quantity pattern time Setting
Affected by With step-by-step
ITOC Current number and Long setting whether
location of DGs there is DG or not
Not affected by .
ITBP Voltage number and Short Without step-by-

location of DGs step setting

VI. CONCLUSION

The ITBP scheme based on the unified characteristic equa-
tion does not need to be set step-by-step. Adaptive coordina-
tion of adjacent upstream and downstream relays can be
achieved without communication and using only PSFC volt-
age whose distribution pattern is not affected by DGs. Com-
pared with the conventional scheme, the proposed ITBP
scheme can be applied to distribution networks with high
proportion of DGs. In addition, the proposed scheme is appli-
cable to other network topologies where the PSFC voltage
satisfies the natural distribution pattern. However, though
combining the offline states of DGs to obtain a unified 7DS
for the whole network is easy to implement in radial net-
works, there are so many combined states of DGs in com-
plex networks that 7DS cannot be easily obtained. Therefore,
in the following research, the key factors affecting the pro-
tection selectivity and sensitivity in complex topologies will
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