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Abstract: Protection of power transmission has an important role in power systems. To have a better protection it is common to
combine difference types of relays, which combination of overcurrent and distance relays is a well-known protection scheme in
transmission lines. Another thing, which should be considered is defining a backup protection system that clear fault when main
protection clear the fault. To achieve this aim, coordination between primary and backup protection systems should be per-
formed. Speed, selectivity and stability are constraints, which must be satisfied by performing coordination, and sometimes it is
so hard by conventional methods. Therefore, considering coordination of relays as an optimization problem and solving this
problem by intelligent methods can be effective. Many intelligent methods have been suggested performing coordination be-
tween overcurrent and distance relays. In this paper, an optimal coordination of overcurrent and distance relays is proposed,
which uses a hybrid Particle Swarm Optimization (PSO) with a new assumption that satisfies all constraints.
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1 Introduction

To achieve comprehensive protection in power networks it is
common to use primary and back up protection. Due to im-
portance of transmission systems, a higher quality of protection
should be considered. Therefore, in transmission systems, a com-
bination of distance and overcurrent relays is used. In this protec-
tion scheme, both types of relays can have a role as a primary and
backup protection. For better protection, it is common to protect a
line with these two types as a primary and local backup. To have
a better protection, primary and backup system should be coordi-
nated. To coordinate the relays, a coordination time interval (C77)
is added to back up operating time to assure back up would not
operate sooner than primary protection.

To obtain a reliable protection, suitable setting of relays should
have been selected. Also the protection system should have some
features such as sensitivity, selectivity and speed [1].

As mentioned, for better protection, it is common to use over-
current and distance relays in a protection scheme. In this structure,
overcurrent and first zone of distance relays are used as primary and
second zone of distance and delayed overcurrent relays treat as a
backup protection.

Although a primary and backup protection scheme has some
advantages, complexity of coordination by conventional methods
is one of the major subjects. The coordination of relays could be
considered as an optimization problem, which its aim is to mini-
mize the operation time of relays and satisfying coordination
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constraints. If time multiplies setting (TMS) of the overcurrent
relays and the second zone time (T,,) of distance relays consid-
ered as variables in problem, performing coordination can be
done by linear programming methods. By this assumption, in [2]
problem is expressed as a linear one and coordination of second
zone of distance relays and overcurrent relays is performed by
linear programming. In this situation, pickup current of overcur-
rent relays are considered as predetermined values. It has been
resulted when a protection scheme is composed of these relays,
both relay settings should be considered in computation, and it is
shown in practical cases 7, could be larger than conventional
setting, which is 0.3 or 0.4s.

To have a comprehensive coordination it is better to consider
pickup currents as variables. In this case, an effective nonlinear
method should be applied to perform coordination. In [3] Genetic
Algorithm (GA) is applied as a nonlinear method to obtain
pickup current of overcurrent relays and new objective function is
used to fulfill coordination. Objective function in [3] is modified
in [4] and coordination is performed by considering various
characteristics for overcurrent relays. In this method, GA is used
to obtain desirable setting of overcurrent relays such as TMS and
pickup current. Distance relay parameters such as second and
third zone times are assumed predetermined. In suggested algo-
rithm, GA finds the best characteristic for each overcurrent relays.
Another intelligent method, which is used for performing coor-
dination between relays is PSO. In [5] coordination of overcur-
rent relays has been done by PSO and in [6] it is fulfilled by hy-
brid PSO. In these papers, PSO is applied to perform coordination
between overcurrent relays.
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In this paper, a modified hybrid PSO is proposed to find the
global optimal point in coordination of overcurrent and distance
relays, which is highly constraint optimization. A novelty of this
paper is considering 77, as new variables that makes convergence
of the problem harder. To overcome this complexity, a modified
hybrid PSO is applied. This algorithm is divided in two parts,
linear and nonlinear. For performing nonlinear part, PSO is used
to obtain pickup current for overcurrent relays and after that, line-
ar programming is applied to determine optimal 7MS and T, of
the relays in linear part.

2 Review of coordination problem

A. Problem statement

Coordination of overcurrent relays in a power network could
be expressed as an optimization problem in general form of (1)
which the main objective is calculating setting of relays that
minimize total operation time of overcurrent relays subject to
coordination constraints. Linearity or nonlinearity of the problem
depends on considering the pickup current (/;)as a variable or
not. The general form of the problem can be stated as follows:

n
obj = minz K; x;
i=1

Subject to : Ax<b

M

@

where # is the number of relays, x; and &; are two component
of ith relay which is shown in two parts in (3). Backup and pri-
mary constraints could be defined like (2). C77 is the coordination
time interval which will appear in (2) instead of . The main aim
of this optimization problem is to minimize the objective function
(obj) which is subjected to coordination constraints and all of
constraints should be satisfied.

B.  Overcurrent relay characteristic

Overcurrent relays have many types, which are used in trans-
mission and distribution systems. These relays are categorized by
their characteristics that define the operation time of relays versus
fault current passed through it. Standard inverse time is one of the
common types of relays, which are used widely and its formula-

tion is defined as expressed in (3).
0.14
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where Ig¢;, Iser; are short circuit current and pickup current

respectively, and TMS; is time multiplier setting of ith overcurrent

relay. If Ig,, is considered as a decision variable in (1), prob-

lem becomes a nonlinear one because this equation is a nonlinear

function of Ise;, but if I, is considered as a predetermined

variable, the problem will be a linear because equation (3) is a

linear function of 7MS;and could be solved by linear program-
ming [7].

t,=TMS; * 3)

C. Coordination constraints
The coordination constraints are expressed as below:

T,~T,>CTI @)
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where T, and T, are operating time of backup and primary re-
lays respectively. When the protection scheme is composed of
overcurrent and distance relays, inequalities (5) and (6) should be
considered in constraints.

TzZ backup — Tac main 2 CT [ !
Toc backup — TzZ main E CTI'

Q)
(©)

In (5) and (6) T, is operating time of overcurrent relay and 7.,
is operating time of the second zone of distance relay. It means
that when both types of relays are considered, size of coordina-
tion constraints would be third times bigger than the condition
which only overcurrent relays are used. In this condition, a new
coordination time interval (C7I") between distance and overcur-
rent relays should be defined, which does not have the same value
as CTI that is used in coordination of overcurrent relay pairs. In
the proposed formulation, all second zone time of the distance
relays are considered as independent variables, Therefore new
form of a problem should be redefined as follows:

n n
obj = min(z t; + Z Ty,)
i=1 i=1

(M
Subject to :
Toc backup — T, oc main 2 CT 7 (8)
TzZ backup Tac main 2 CT[ ! (9)
Toctact = T2man = CTT' (10)

Constraints (8-10) show if a fault occurs in a line the primary
protection should operate sooner than backup, but there is a
chance for backup protection to operate. In Fig.1, if primary pro-
tection (second zone of the main distance relay or main overcur-
rent relay) could not clear the fault at F2, backup overcurrent
relay should operate after a determined coordination time interval
(CTT), if it is necessary, and in F, if the first zone of distance relay
or main overcurrent relay are unable to operate and clear the fault,
second zone of backup distance relay or back up overcurrent
relay should clear the fault after a coordination time interval.
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i
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Figure 1 Coordination between overcurrent and distance relays

3 Proposed hybrid PSO

In this paper TMS, I, and T, are considered as decision variables,
which by this assumption, the problem is a nonlinear one. To
perform optimal nonlinear problem, hybrid PSO is applied to
overcome nonlinearity and complexity. Hybrid PSO is composed
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of two part, which are PSO and linear programming. As linear
programming obtains 7., and TMS, the search space will become
smaller for PSO algorithm to find suitable /.

A.  Proposed hybrid PSO

PSO was developed by Eberhart and Kennedy in 1995 [8]. This
algorithm is a particles (population) based stochastic optimization
technique, and each particle associate with a velocity. Velocity is
one of the effective parameters that have a major affection for
converging problems, and it is used for updating particles. Unlike
the GA, PSO does not have crossover and mutation operators,
and it works by function, which updates particles. In standard
form of PSO, every particle intends to move to their best location
(Pyes) and the best position of the group (G.,,) and it is performed
by velocity. Particles could be n-dimensional variable and the
position of ith particles is expressed as below:

(11)

Each particle tries to modify its position using the current ve-
locity and its distance from Pj,; and Gyeq. The modification can
be represented by the concept of velocity and can be calculated as
shown in the following formulas:

.....

VL = wvle . rand() (Poey: )+ rand() (Gey: -x) (12)
Xttt = xftt (13)
| V]i:+1| < kVmax (149

The first term in (12) represents the inertia of the particle,
while the second and third terms represent the memory and the
cooperation between particles, respectively. The parameter Vina
represents the resolution with which regions within the feasible
search space are to be searched. Choosing a high number for Viax,
can make the particles fly past the optimal solutions. On the con-
trary, by setting small value for Vi, particles may not explore
sufficiently and, the particle becomes trapped in a local optimal
solution. The constants ciand c2represent the learning rate or the
acceleration term that pulls each particle towards P, and G
positions. High values of ciand ¢2could cause the particle to
move past the optimal solution. While low values could cause the
particle to get trapped in a feasible solution before being pulled
toward to the optimal solution. Inertia weight w governs how
much of the previous velocity should be retained from the previ-
ous time step.

B.  Modified PSO subroutine

It is common to use conventional PSO methods for uncon-
straint problem. Coordination of overcurrent and distance relays
is highly constraint problem and performing this coordination by
conventional PSO is difficult, if not impossible. To overcome
such difficulty PSO algorithm should be modified. Modification
includes: updating and initializing population procedures [9].

The main aim of this modification is to hold all particles in
feasible space. By this way, to initialize population, particles
should be selected from feasible space. To assure all particles will
be maintained in feasible space, new updating method should be
applied. In this new updating method, particle is updated by (12)
at the first time and after that algorithm checks constraints, if con-
straints are not satisfied, update will be reset and particle will be
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renewed by (15), if this update does not work again, (16) is the
last step of updating procedure and particle will back to its last
best position (Pp). This modified updating method guarantees
all particles satisfy constraints and if the first population was se-
lected from feasible space, all particles will fly through

the feasible search space from the first iteration.

{vit+1
P

If constraints are not satisfied for the second time update will
be:

= crrand(Gye; + X;)

(15)
= xf+vftt

t+1
Vi

t+1
{xi

In nonlinear part, modified PSO is applied to obtain pickup current
of overcurrent relays. Unlike linear programming, to satisfy con-
straints in stochastic search algorithm like GA and PSO, objective
function includes constraints and for showing their effect on objec-
tive function, new formulate should be considered. In this paper, an
objective function is suggested, which is similar to (7) except that
constraints are added to it, which is expressed as:

=0

(16)
- Pbestl'

Fitness function =
min(a iz & + B Xizq |Tmoci - |TD10Ci|| + a7
A8 | Tocor, = [Tocor| [+ 8 2 | Toc, = [Toc,|)
Where:
TOCL' = locbackup i — Toc maini — CTI (13)
TDIOCL' =Toci — Tp2i — CTI' (19)
Tocpr; = Tpzi— Toci — CTI' (20)

In (17)-(20) T,,. and T, are operating time of overcurrent and se-
cond zone of distance relays, respectively and o,  and A are penalty
factors. In (17) if some of the constraints are not satisfied for a parti-
cle, values of Ty, Tpioc or Tocpr Will be negative, and it causes
terms like (21) has a positive value that multiple to penalty factor,
and the result is increasing in the objective function. If constraints
are satisfied, values of Tpg Tpioc and Tocp; will be positive, and in
this condition all terms except total operation time of relays will be
zero.

@h

|Tocmi - |TOCD1 L-l

C. Linear subroutine

In every iteration, PSO computes I, of overcurrent relays and
after that linear subroutine takes these parameters to obtain 7M4S and
T.,. Computation in this part will be done by linear programming,
Another thing which should be checked in linear subroutine is
whether the problem converges for particle or not. If the problem
does not converge, the penalty factor would be 1(o=1), but if this
part is not able to converge, it means that the particle is not in feasi-

ble space and in this case, penalty factor will set on high value
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(0=1000) which increase the objective function. This part is done by
linprog function of MATLAB® Toolbox™.

4 Case study

The study system is an 8-bus network with two 150MVA gen-
erators and 7 transmission lines. Bus 4 linked to another network
with 400MVA short circuit capacity. The network consists of 28
relays (14 overcurrent and 14 distance relays) which are placed in
1-14 as shown in Fig. 2. All of overcurrent relays have standard
inverse time characteristics and their pickup currents are consid-
ered as nine values (0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5).
TMS is considered to be continues and can change between 0.05
and 1.1. CTI and CTI' assumed to be 0.3s and 0.25s, respectively.
Table 1 shows load data consists of active and reactive power.

Tablel LOADDATA

Node P(MW) Q (MVAr)
2 80 50
3 80 70
4 90 70
5 90 70

The following tables contain data, which is used in the network.
Table 2 is about line data, which includes resistances and reactances.
These parameters are per unit length of lines. The other data like
transformer data, generator data, backup and primary relays are
givenin [10].

Population of PSO and the number of iteration are 20 and 50,
respectively. The best value of c1, c2 and w in (12) are selected by
try and error procedure. Both pickup currents and TMSs are consid-
ered as continuous values but in the end of each iteration, pickup
currents are rounded to the nearest allowable number.

3 14
;] G 4
L 3 10
2 s
1
6

Figure?2 Singe line diagram of 8-bus network
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Results are shown in Tables 3 to 6. In Table 3, it is assumed
that 7, is the same for all distance relays and two methods are
applied to perform coordination.

In Table 3, it is shown that both PSO and linear programming
obtain the same value for 7, but fitness of PSO is smaller than
linear programming one. In this case, it is assumed that all of

distance relays have the same T7,. In this condition, to have a
better comparison with the result in Tables 4 and 5, number of
distance relays is multiplied to 7, and after that, it is added to
total operating time of overcurrent relays.

Table2 Line parameters

Extreme
R (2/km) X (©2/km) Length(Km)

Node

1 2 0.004 0.05 100

1 3 0.0057 0.0714 70

3 4 0.005 0.0562 80

4 5 0.005 0.045 100

5 6 0.0045 0.0409 110

2 6 0.0044 0.05 90

1 6 0.005 0.05 100
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In Tables 4 and 5, T, is considered as a variable for each dis-
tance relay, in this condition size of variables will be two times
bigger. Table 4 includes setting of relays, which is performed by
linear programming and in Table 5 results are obtained by PSO.
As indicated, the PSO reaches to the better point compared to the
obtained results in Tables 5 and 4.

Table3 Linear programming and hybrid PSO

LP Hybrid PSO
relay ™S TAP ™S TAP
1 0.140563 1 0.074238 1.5
2 0.196716 2.25 0.179311 2.5
3 0.186545 2 0.149773 2.5
4 0.195304 2.5 0.195304 2.5
5 0.120664 1.25 0.120664 1.25
6 0.15829 2.25 0.140966 2.5
7 0.184872 2.25 0.167492 2.5
8 0.212039 1.25 0.097997 2.5
9 0.093162 2.5 0.093162 2.5
10 0.160012 2.25 0.142685 2.5
11 0.151187 2 0.114572 2.5
12 0.196716 2.5 0.196716 2.5
13 0.167934 1 0.131245 1.25
14 0.345112 0.5 0.345112 0.5
0.880007 0.880007
2 Sec Iz Sec
S 19.54542 Fifniess 18.89305
Sec Sec

In [11] it is mentioned that in some systems, second zone time of
distance relay should be set on high value. In the system under study
the second zone of distance relay in the first condition, is obtained
0.88s which is higher than conventional setting. By considering 7.,
as an independent variable for each distance relay, size of variable
will be twice larger than before, but the results are better.

In Table 6, coordination is performed by GA and it is shown that
the obtained results by GA and PSO are equal. But GA can achieve
the optimal coordination in 1000 iterations with 100 population [12]
but PSO uses just 50 and 20 iteration and population respectively.
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Table4 Linearprogramming with 28 variables

Table6 Hybrid GA with 28 variables

Table5 Hybrid PSO with 28 variables
Hybrid PSO

overcurrent ™S TAP Distance T (Sec)
1 0.05476 1.5 15 0.76568
2 0.15679 2.5 16 0.583574
3 0.09915 2.5 17 0.738059
4 0.15429 2.5 18 0.498105
5 0.07221 1.25 19 0.642702
6 0.1267 2.5 20 0.42626
7 0.12355 2.5 21 0.76568
8 0.08884 25 22 0.630168
9 0.07256 2.5 23 0.675475
10 0.11686 25 24 0.528048
11 0.07889 25 25 0.690537
12 0.16373 2.5 26 0.563891
13 0.11797 1.25 27 0.774373
14 0.24857 0.5 28 0.774373

Fitness 14.20024 Sec Average T, 0.65 Sec

5 Conclusion

In this paper, a new method is proposed to perform optimal co-
ordination between distance and overcurrent relays. The pro-
posed method for every second zone of distance relays, a varia-
ble is considered. Finding 7MS and T, for each relay is fulfilled
by linear programming, and computing of I, is done by using
PSO. Proposed hybrid PSO was successful in achieving a better
coordination than linear programming. Obtained results of PSO
and GA for a sample network, are equal, but PSO performs co-
ordination with less population and iteration that makes this al-
gorithm faster. Suggested method successfully applied and ob-
tained results are better than a condition which one 7, is consid-
ered (as a variable or predetermined value).

Linear programming Hybrid GA
overcurrent ™S TAP Distance T2 (Sec) X T
) 01115 ] 15 0.8005 overcurrent ™S TAP Distance (Seo)

2 0.1760 2.25 16 0.6464 1 0.05476 1.5 15 0.76568
3 0.1310 2 17 0.7611 2 0.15679 2.5 16 0.583574
4 0.1616 2 18 0.5436 3 0.09915 2.5 17 0.738059
5 0.0855 1.25 19 0.6848 4 0.15429 2.5 18 0.498105
6 0.1472 2.25 20 0.5502 5 0.07221 1.25 19 0.642702

7 0.1467 2.25 21 0.8005 6 0.1267 2.5 20 0.42626

8 0.1977 1.25 22 0.7043 7 0.12355 2.5 21 0.76568
9 0.0787 2.5 23 0.7285 8 0.08884 2.5 22 0.630168
10 0.1386 2.25 24 0.5515 9 0.07256 2.5 23 0.675475
11 0.1072 2 25 0.7433 10 0.11686 2.5 24 0.528048
12 0.1729 2.5 26 0.6271 11 0.07889 2.5 25 0.690537
13 0.1561 1 27 0.8038 12 0.16373 2.5 26 0.563891
14 0.2679 0.5 28 0.8038 13 0.11797 1.25 27 0.774373
Fitness 15.7385 Sec Average T, 0.7 Sec 14 0.24857 0.5 28 0.774373

Fitness 14.20024 Sec Average T, 0.65 Sec
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