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Abstract — This paper presents an adaptive overcurrent relay
based on the principle of phase-to-phase differential currents,
denominated as |'AB, |'BC and |'CA, to detect phase fault of
transmission and distribution line. The characteristics of
phase-to-phase differential currents under phase fault condi-
tion are analyzed. Thetrip criterion and coordination princi-
ple are described. Thisrelay is adaptive to the type of phase
fault, the operating conditions of power system and the dis-
connection of PT. It can also provide an adaptive backup
protection for the secondary-side overcurrent relay of a delta-
wye transformer. Comparing with conventional overcurrent
relays, this relay has a larger zone of protection and higher
sensitivity. Transient simulation results ar e presented, too.

Keywords — overcurrent relay, adaptive protection, phase-to-
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|. INTRODUCTION

By far, the most commonly used protective relays are
the overcurrent relays (OCR). They could be classified by
operating quantities including individual phase, residual,
and negative-sequence current. They are used as both pri-
mary and backup protective devices and are applied in
every protective zone in the system [1,2].

Phase overcurrent protection is widely applied as line
protection for the purpose of saving fuse, minimizing
equipment damage, enhancing coordination, limiting out-
age time and voltage dip duration, et al [3]. To coordinate
with downstream protections, it must be set to a magnitude
greater than the full-load current [4]. This may decrease
the sensitivity of overcurrent relays.

Unlike phase overcurrent relays, negative sequence
overcurrent elements do not respond to balanced load cur-
rent. So, it can be set below load current levels [5]. There
is adrawback that it can’t respond to balanced three-phase
fault.

Using the adaptive setting capabilities, many microproc-
essor-based devices can optimize settings of overcurrent
relays. With this feature, settings can be changed to com-
ply with actual system operating conditions rather than
being set on the worst-case condition [6]. But the above
problems are still unresolved.

In this paper, an adaptive overcurrent relay is designed
to detect phase faults by measuring the phase-to-phase

differential currents (PDC), denominated as | 55, | gc and
I ca - Analysis shows that the maximal magnitude of the
three PDC can indicate fault condition and it will not be
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influenced by the type of short-circuit fault. So it’s unnec-
essary to calculate settings on the worst-case condition. It
does not respond to normal load current so it can be set
below load current levels. Moreover, when phase fault
occurs in the secondary side of a deltawye transformer,
the PDC in the primary side are in direct ratio to those in
the secondary side. Thus the coordination can be simpli-
fied. The sensitivity can be improved, too.

[1. CHARACTERISTICS OF THE PDC AND THE
OPERATION CRITERION OF OVERCURRENT RELAY
BASED ON PDC

The three phase currents flow through the protective de-
viceare | 5,15 and | . Then the PDC can be defined as:
I:AB = I._A - IiB
lgc =lg—1lc D
lea=lc—1Ia
Their amplitudes can be defined as:

|AB=||AB|

l'ec :|I'BC| 2
ICA:|I'CA|

A. Characteristics of the PDC In Sngle-source Power
System

1) Single-source Power System with Load

To analyze the characteristics of the PDC, atypical sin-
gle-source power system is shown in Fig. 1. It is an inef-
fectively grounded system so that only phase fault is con-
sidered. The protection device is installed at bus M. The
system parameters are labeled in Fig. 1. It's assumed that
the positive-sequence impedance of electrical apparatus is
equal to their negative-sequence impedances. That isto say
that the equivalent source impedance on the left side of bus
Misrepresented as z oy = Z gy, = Zgy , - Thethree phase

potentials of bus M are represented by E,,, E,s and
Enc - The sequence impedances of the line under protec-
tion are represented by z, =z, =z, . The sequence
impedances of line segment from bus M to the fault loca-
tion is z, =2,,=2,,. Z, =Z, —Z, . The balanced load
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impedance is ZI'oad = leoadl = leoadz :
When a phase-B-to-phase-C fault occurs on F, the se-
guence network is shown in Fig. 2. It can be derived that:

(10 = 5[+ £ ) -2 Zioe
zSM zI 2 7,
lec = \/_EMA 3
ZSM +Z
[ :ﬂ[( 3. \/_ i)+ 3 Zload]
ATz +z L2 2 VTS Zs

Where Zy = Zgy +Z; +Zigad » Zicad = Zi + Zioad -
Suppose that Zg, = jXqy , Z, =R +jX, , and
10ad = 1 Xioag . Equation (4) can be deduced as below:

g <31
lge =3I 4
lca <3l O

Z

When three-phase fault occurs on F, thereis
lag =lca =1lgc :\/§|»(<3)'

That is to say that (5) exists when phase fault occurs in
single-source system with load.

max(l aa I ac [l ca < V31 &2 (5)

2) Single-source no Load Power System
Assumes that the single-source power system (Fig. 1)

operates in no load condition (Fig. 3) and fault occurson F.

Then Z|I0ad =0 .

When a phase-B-to-phase-C fault occurs on F, the se-
guence network is shown in Fig. 4. It can be derived from
(3) that:

I :E—[(E £ )__]7£JE¢,
Bz +2Z Zaw +2

lge =lg—lc=—] ‘EEMA

BC B C ZSM+Z|

: Ew V3. 3 3. Ewm .
D s G R B N b e
So, thereis

|AB=|I.AB|=(\/§/2)|I(<3)

lBC :|IBC|:\/§| |((3) (6)

I ca :|I'CA|: (\/§/Z)| |(<3)

When a three-phase fault occurs on F, it can be derived
that | g = lca = lge =31 .

Also, (5) exists when phase fault occurs in single-source
no load system.

B. Operation Criterion of Overcurrent Relay Based on
PDC

When phase fault occurs in single-source power systems,
the fault currents flowing through the protective relay have
following characteristics:

1) The magnitude of the PDC between two faulted

phases is as /3 times as the magnitude of the phase
current under three-phase short-circuit fault condition.
2) Among the three PDC, the magnitude of PDC be-
tween faulted phases has the maximum value.
3) Above relations will not be influenced by the type of
phase fault.

In a word, (5) always exists. So, an overcurrent relay
can be designed to detect phase fault by measuring the
maximum of PDC. When the maximum exceeds the set-
ting, the relay will operate. The zone of protection will not
be affected by different type of phase fault. It is easy for
setting and coordination, too. The operation criterion of
thisrelay isdescried in (7) and (8).

max(|I.AB|'|I. BC|'||.CA|) 21y (1)
k| EE B ®)
S P2 e P

Ew ‘M F § ‘Load
) -

‘ ‘ .

Zav1 Z|1 lel Z'load 1
Z Z|2 Z
™o 210 Zio 'Z'ieado

Fig. 1 Single source line with load

Z, Iy by l2s

Fig 2. Sequence network under fault status of systemin Fig. 1
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Fig. 3 Single source no load system
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Fig. 4 Fault-condition sequence network of system in Fig.3
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Where, K,4 is the coefficient to assure reliability, E¢

is the phase potential of the equivalent source, E, is the
phase-to-phase potential of the equivalent source. The
symbol Z represents the equivalent source impedance
and Z, the positive sequence impedance of the line to be
protected. |, isthe setting of relay.

In some cases there is only two CTs for phase A and C,
what is a common practice in ineffectively grounded sys-
tem. In this system, there is Iy = (1, +1.). So The
PDC can be described as below:

Ipg=la—lg=2la+Ic
lgc =lg—lc=-lpa—2l¢ )
I-CA = I.C - I.A

The operation criterion is expressed as below:

max(2 p+1'c||la+2lc||ic —Ta) 21 (10)
Lok YBEa | B (12)
° -z vz, | Mzs+z

S L S L

The symbols represent the same meaning as those de-
fined in (7-8).

I11. ADAPTIVE METHODS TO IMPROVE THE
PERFORMANCE OF THE OVERCURRENT RELAY BASED
ON THE PRINCIPLE OF PDC

Using adaptive impedance recognition can change relay
settings to match them with power system conditions. With
methods described below, the zone of protection can be
extended, the sensitivity of protection can be increased,
and the trip criterion and coordination principle can be
simplified.

A. Recognition of Equivalent Source Impedance

Suppose that before fault occurs, the PDC are [ 5 (0),
5 (0) and I, (0). And the phase-to-phase voltages are
Us(0), Uge(0) and U, (0) . After fault occurs, the
PDC are [ ,5(t), 5 (t) and I, (t) . And the phase-to-
phase voltages are U ,5(t) , Ugc(t) and Ug,(t) . The
equivalent source impedance can be calculated as follow-
ing:

1) When three-phase fault occurs,
__U sc (1) —U gc (0) __UAB(t)_U a8 (0)
S - 0 . - . .
I'gc (1) — 1gc (0) I g (1) =1 g (0)

_ Uca(®)-Uca(0)
I ca ()= Tca(0)

2) When phase-A-to-phase-B short-circuit fault occurs,

(12)

3 U_ ag (1) —q 2 (0)
Iag (1) =1 a5 (0)

3) When phase-B-to-phase-C short-circuit fault occurs,

_ Ugc(®-Upgc(0)
® Igc () =g (0)

4) When phase-C-to-phase-A short-circuit fault occurs,

G- U_CA (t) _lﬁj ca(0) (15)
ea () = Tca(0)

Among the three PDC, the differential current between
faulted phases has the highest magnitude. So the faulted
phases can be selected. Then the real-time setting can be
calculated and the operation criterion can be simplified
from (7) and (8).

For example, when phase-A-to-phase-B short-circuit

fault occurs, max(|I'AB|,|I'BC|,|I'CA|):IAB. So phase-A

2. - (13)

(14)

and phase-B are selected as faulted phases.
B =Eng(t)=U s+ as(t)Zs (16)
Zs=—(U g (1)U 5z (0)) /(I pg (1) = T a (0)) (17)
Then, 14, can be expressed as (18):
lop = Kea| B /(Zs +2,)

k920060 -T60)- (60U 10U sp(@)] ¥
“l OV +Z (O~ Ta0) |

B. Adaptive Schemes for the Disconnection of PT

When voltage is applied in the calculation of equivalent
source impedance, the disconnection of PT may leads to
malfunction of relays. To avoid this situation, a two-level
adaptation is considered in this paper. The first level is to
use only fault currents to redlize the adaptive functions.
The second one is to use both fault currents and fault volt-
ages. In normal situation, the second scheme is applied.
When PT is disconnected, the protection scheme will
switch to the first one automatically. Thus the performance
of overcurrent relay can be improved. This switching of
operation criterion is very applicable to be installed in the
unmanned substations or the field where no PT exists.

Equation (7) and (8) are the operation criterion and set-
ting value for the second level. When only the first level is
considered, the operation criterion and setting can be illus-
trated as following:

max(|I'AB|'|I‘BC|!|I'CA|) 2 lgp (19)

E
lop = Ky |m————| = K,q V31 @ (20)
op rel ZS.min L ZL rel K

1VV. COORDINATION CONSIDERATIONS WHEN
SERVED AS BACKUP OVERCURRENT PROTECTION

As it is described above, the operation criterions can
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switch automatically to achieve a two-level adaptation.
Without communication, a protection can’'t know which
criterion is really used in the upstream and downstream
protections [7,8]. Therefore, when served as backup over-
current relay, it is better to coordinate only on the first
level, that is, coordinate without calculating the equivalent
source impedance (see 19-20).

Applied on the primary side of a transformer, the over-
current relay described above can provide backup protec-
tion for secondary-side faults of the transformer. To ana-
lyze the characteristics and sensitivity of the relay, a
Y / A-11 connected transformer will be considered [9].

When a phase-to-phase fault occurs, the magnitudes of
the currents of two faulted phases are equa to half of the
third one. This will decrease the sensihility of traditional
overcurrent relays. But when relays based on the principle
of PDC are used, it will be different.

When phase-B-to-phase-C short-circuit fault occurs on
the wye-side of the transformer, the current distribution on
both sides of the transformer is illustrated in Fig. 5. Sup-
pose that the transformation ratio n=1:1.

It's obvious that

I.b :_IC

I,=0

[y ==, 1)
I_7 =y

I, =0

[p+lg+1c=0

And it's easy to derive that
(a=l,—15=@N3)i,
g =1, +1,=—2/3)l, (22)
=1, ~1,=@/3)i,

I.AB = \E'.b = («/§/2)I'bc

S0, {1ge =—/31 = —(V3/2)1 (23)
lca =0

Thus,

max(|{ g | e, [V ca) = (V37 2T e (24

= (V37 2) max(|l ap || Ve |V ca

It's the same when other type of phase-to-phase fault
occurs on wye-side. So, when phase-to-phase fault occurs
on wye-side, there will aways be:

/3

max(|I'AB|'|I.BC|! |I'CA|) = 3 max(| I‘ab|!||.bc|!|l.ca|) (25)

It can aso be derived that when phase-to-phase fault oc-
curson delta-side, (26) will exist:

V3
2
From above it can be concluded that: when served as

max(||.ab|'|llbc|’||.ca|) = max(|I.AB |’||.BC |I|I.CA |) (26)

backup protection spanning a transformer, the sensitivity
of the relay based on PDC will not be decreased. So, the
operation criterion can be described as below:

. . . "
max(|| AB|'|| BC|*|| CA|) 2Kigrlop

11 \/5 (27)

= Kra Kt 7I<I)Ip|

Where, K 41 - the reliable coefficient of the backup

protection of atransformer;

K -thereciprocal of the transformer rétio;

Ky, - the reliable coefficient of the backup protection of
the downstream ling;

lop - the setting value of the backup protection of the

downstream line.

V. ANALYSIS OF THE ZONE OF PROTECTION AND
SENSITIVITY COMPARING WITH THE TRADITIONAL
OVERCURRENT RELAYS

A. Zone of Protection of Traditional Overcurrent Relays

The traditional instantaneous overcurrent relay is set as
(28):
Ey

_— (28)
Zs.min + ZL

Iop =K -

Where, |, is the set value of fault current; K4 is the
reliable coefficient.

When fault occurs on the position of 0Z, , the fault cur-
rentis:
K4E,

_ (29)
Zs+0Z

l'e
Where, | is the fault current; K is coefficient of the
fault type.

Suppose that |, = I ¢, the zone of protection of tradi-
tional overcurrent relays can be calculated from (30):
Kd (Zs.min + ZL) — Krel ZS

Krel ZL

o= (30)

B. Zone of Protection of Adaptive Overcurrent Relay

Fig. 5 Distribution of primary and secondary currents of trans-
former
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Based on PDC

a) Consider the Real-time Calculation of Equivalent
Source Impedance

If real-time equivalent source impedance is calculated,
the set value of fault current is:

. V3E,
|

K. (31)
o° -7 17,

When fault occurs on the position of 0Z, , the fault cur-
rentis:

lp =+/3E, [(Zs +0Z)) (32)

Suppose that I(')p = I;: , the zone of protection can be
calculated from:

o =[Z, +1-Kg)Zs]/(KigZL) (33)
From (30) and (33), it can be derived that:
o A-K)Zs+Z, (34)

0 (KgZsmn -KaZs)+KgZ,

For traditional overcurrent relays, K4 have two possi-
ble values:
(1) When three-phase short-circuit fault occurs, K, =1.
o A-K.g)Zs+2Z,

—= >1
0 (Zsmin —KiaZg)+Z,

(2) When phase-phase short-circuit fault

Kd :\/5/2

OCCuUrs,

1-Kg)Zs+Z, 2

R
RG] NN

(TZS.min -KaZg)+ TZL

So, to all type of phase fault, thereis & > 6.
b) Without Real-time Calculation of the Equivalent Source

Impedance
When the eguivalent source impedance is set as a con-
: V3E,
stant, there ae 1o, =K, o——-— and
Zs.min +ZL
. 3E " "
I :L Suppose that 1o, =1¢ , the zone of
Z,+0Z,
protection can be calculated from (35):
a":ZS.min +Z, -KgZsg (35)
K rel ZL
Then i: Zgmin tZ —~KgZg (36)

0 Kg(Zsmin +Z1)-KigZs
Also there are two possible values of Ky :
(1) When three-phase short-circuit fault occurs, K, =1.

Then, a—:1;
0

(2) When phase-to-phase short-circuit fault occurs,

Then, . 2 .
FRENE

So, to all type of phase fault, thereis & > & too.

Moreover, thereis 6" /6 <1. So the zone of protection
of the adaptive overcurrent relay based on PDC is larger
than the traditional one. And when the equivalent source
impedance is calculated, the zone of protection of the
adaptive relay can be extended.

VI. TRANSIENT SIMULATION OF THE PDC-BASED
OVERCURRENT RELAY USING ATP AND MODELS

To test the dynamic operational characteristics of relay-
ing agorithm based on PDC, the Alternative Transients
Program (ATP) is used for simulation.

ATPisawidely used program for digital simulation and
analysis of power system transients. MODELSin ATPisa
general-purpose description language supported by an ex-
tensive set of simulation tools for the representation and
study of time-variant systems. MODELS alows the de-
scription of arbitrary user-defined control and circuit com-
ponents, providing a simple interface for connecting other
program/models to ATP[10,11]. With MODEL S facilities,
it is possible to simulate the process of real-time coordina
tion and tripping (see Fig. 6).

The simulation system is shown in Fig.7. The parame-
ters are listed in table |. By programming the line parame-
ters, fault location can be changed along the line.

Some of simulation results of primary currents are
shown in Fig.8. Here, fault occurs when t=0.1s. Respond-
ing to different fault type, the real-time settings are differ-
ent (Table I1). It's shows that this overcurrent relay can
operate properly within about one cycle after fault occurs.

VIl. CONCLUSIONS

In this paper, a novel adaptive overcurrent relay based
on phase-to-phase differential current is proposed. The
sensitivity of thisrelay will not be influenced by fault type.
Through the real-time calculation of the equivalent source
impedance, its sensitivity can be improved. The two levels
of adaptation can be switched automatically or manually.
The operation principle is simple. And it is easy to coordi-
nate. Moreover, when applied as the backup protection of
transformers, the sensitivity of protection can be improved
remarkably. It is a promising protection scheme for the
middle-low voltage transmission and distribution lines.
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Fig.8 Phase currents when B-C phase fault occurs



