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1. Introduction

Distribution systems usually have radial configuration and have unbalanced operation.
Distribution system protection is based on a time over current method. This method
includes selection of equipment and settings, placement of equipment, and coordination of
devices to clear faults with as little impact on customers as possible. Equipment in
distribution protection consists of fuses, reclosers and sectionalizers. Also an over current
time inverse relay usually exists inside the distribution substation at feeder outset. In
distribution system, the main priorities are to prevent further damage to utility equipment,
reliability and power quality (Barker & De Mello, 2003).

The installation of small distributed generation (DG) units at distribution system has many
advantages such as energy efficiency, environmental considerations and voltage support. A
wide range of power generation technologies are currently in use or under development,
these technologies includes: small combustion turbines and micro turbines, small steam
turbines, fuel cells, small-scale hydroelectric power, photovoltaic, solar energy, wind
turbines and energy storage technologies. Also, Insertion of DG in distribution systems may
create technical and safety problems (Brahma, 2001). DG may contribute to increased fault
currents, cause in voltage oscillations, decrease or increase losses and interfere in voltage
control processes. On the other sides the distribution systems are well designed which could
handle the addition of DG if proper grounding, transformers and protection is provided. In
fact, all analysis about distribution system occurrence should be reanalyzed as the DG
impacts are significant for both planning and operation of distribution networks. The
problems associated with protection devices operation and coordination requires special
review since they may affect the system security and dependability (Brahma, 2004).

A sample distribution system with DG is shown in Figure 1. In such system DG feed
adjacent loads and the system doesn't have radial property. So protection devices must have
directional sensitivity in systems with several sources. Fuses, reclosers and sectionalizers
don’t have directional property while over current relays can equipped with directional
element. But displacement of fuses and reclosers with directional over current relays is
impossible because of economic considerations. So we need a generalized analysis to
distinguish coordination problems of fuse-fuse and fuse-recloser in presence of DG.
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Fig. 1. Sample Distribution System with DG

In this paper, the effect of DG insertion into a distribution network on protection system
operation is evaluated by means of short circuit analysis and protective device coordination.
In the other words, this paper describes the characteristics of distribution feeder protection
and DG interconnection protection, respectively. A new adaptive method is presented based
on simulated annealing optimization method for distribution protection considering DG.
Simulation results show the effectiveness of the proposed method.

2. Proposed methodology

As it mentioned in previous section, distribution system misses its radial nature in presence
of distributed generations. So the protective devices may lose their coordination and proper
operation. To keep the coordination of protective devices, it is necessary to separate
distributed generations after each fault even for transient fault. The ideal for each protection
scheme is that only the faulted section is separated form system and other parts maintain
their operations. It should be noted that the coordination of fuse-fuse, fuse-recloser, fuse-
relay and relay-recloser diminish considering the loss of radial nature of distribution
network after DG insertion. So the best approach is to divide the distribution system into
several zones as shown in Figure 2. These zones should be separated by circuit breakers. The
breakers must have the ability of system synchronization and frequent switching because of
receiving a signal from main relay located in the substation.
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Fig. 2. Distribution system divided into several zones

Outline of proposed adaptive protection method is that first, adaptive relay detects the
fault in the system and the fault in DG. If the fault occurred in DG, adaptive relay waits
until DG protection system detects the fault and isolates DG from distribution system. Then
DG circuit breaker sends a signal to adaptive relay so the adaptive relay will do required
analysis for new condition of system. If fault is on the system bus bars, adaptive relay
performs online short circuit analysis, detects the fault location and faulted zone and sends a
trip command to faulted zone circuit breaker and faulted DG circuit breakers. So only the
faulted zone is separated from network and other zones continue their normal operations.

3. Inputs and online calculations
The following measurements are used for the proposed algorithm:

e  RMS value of three phase current in each DG and main source.

e A signal indicating the current flow direction in each zone circuit breaker and each DG
circuit breaker (Chowdhury & Crossley ,2009).

The current indicating signal reports the status of circuit breakers in each zone and DG to
the mail relay so the relay run the adaptive algorithm based on the network situation.

The main priciples of proposed adaptive algorithm are that first the distribution system
data such as loads, line specifications, generator data, transformer data, busbar voltages,
circuit beakers status and measured currents are collected and the following online steps
are performed in order to specify the fault type and fault location occurred in DG or
system busbars. Then a trip command is issued to separate the faulted zone from the
network.

4. Short circuit analysis

This adaptive method is based on short circuit analysis for all types of occurred faults in
different phases. Also the contribution of main feeder and each DG for various fault current
in each bus must be determined. Short circuit analysis calculations have to be changed and
updated after major changes in load, DG or system configuration. So after each change,
short circuit analysis is performed online and required information will be send to adaptive
relay in order to analysis and Prescription (Sukumar ,2001).
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In case of normal operation, total flow of all sources (main source and all DG's) is equal to
load current. In case of short circuit conditions the current balance equation is written as
following:

Ip = ZIFi 1)

Where: Ir is total fault current, Ig; is the contribution of each DG in fault current and N is the
number of DG's.

In the proposed protective method, if a fault occurs in DG, total source currents are
approximately equal to load current according to (1). With the difference that all source
currents increased significantly. In this case the protection system of faulted DG sense the
fault current and send the trip command to DG's circuit breakers and related zone circuit
breaker. But if fault occurs in each part of system, total short circuit currents become
significantly higher than load current. Thus the fault in DG is detected from fault in system.
If the system fault is transient, first the trip command is sent to DG circuit breaker in faulted
zone. This DG's never connected to system until the fault is removed from system. Also
adaptive relay performs short circuit analysis and load flow immediately according to new
network configuration (without DG's in faulted zone). After about 20 cycles, a reclosing
command is sent to faulty zone circuit breaker. In this stage if the transient fault is removed,
the adaptive relay send a command to DG circuit breaker after about 2s and after the
synchronism operation DG connected to system. After this step, adaptive relay perform the
short circuit analysis for going situation. If the transient fault is unresolved in first stage of
reclosing, relay sent trip command to zone circuit breaker immediately and the reclosing
operation is done until three stages.

5. Fault location determination

In the proposed Adaptive method, a fast detection method is needed for faulted zone
diagnosis. So the adaptive relay can send the trip command to each zone and faulted zone
circuit breakers. It is necessary to note that faulted zone identification is enough for
operation of this method. However if the faulted zone is not specified as precise as possible,
much effort will be imposed to maintenance personnel to fault location determination. In
order to precise fault location determination, least square method is used. This method is
one of the most famous and the most practical methods in system identification theory.
There is always a difference between intended structure for modeled system and actual
system. Because of nonlinear specification of actual system that be considered linear in
modeled system. So there is a difference e; between measured output and model output at
any moment. The objective in the least square method is to minimize the sum of the squared
errors () e?).

In the presented adaptive scheme for distribution system, there is always a difference
between measured current and obtained current from short circuit analysis. Since the
contribution of measured currents from measurement devices and short circuit analysis of
each source is available online, the adaptive method can use these currents for placement in
least square method. For this purpose, a look-up table as shown in Table 1 according to
short circuit analysis for each bus in each zone is formed (Dugan & McDermott, 2002).
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zone
Bus
Phase 1
IDG'I - Calculated Phase 2
Phase 3
Phase 1
IpG2 - Caleulated Phase 2
Phase 3
Phase 1
ISource - Calculated Phase 2
Phase 3

Table 1. A look-up table for fault location determination

After the fault is occurred in distribution system, the adaptive relay synthesizes Table 2
with Table 1. In this table the measured currents for sources (DG's and main source) and
measurement error for each source according to (2)-(3) are placed (Kotamarty et al., 2008).

zone
Bus
Phase 1
IDG1 - measured Phase 2
Phase 3
Phase 1
IDGZ - measured Phase 2
Phase 3
Phase 1
Isource - measured Phase 2
Phase 3
Epci
Epc2
ESource
Table 2. Synthesized table in adaptive relay
> 2
Epg =§ [(Ii )DG-Calculated B ( I; )DG-measured ] )
S 2
ESource =121: |:( Ii )Source-Calculated - (Ii )Source-measured :| (3)

When a fault is sensed in distribution system, adaptive relay forms the Table 2 immediately
according to short circuit analysis and direct measurements for all system buses and
calculates the error for each bus. The minimum value of error is obtained from the
calculated error so the faulted bus is determined. The adaptive relay sends the trip
command to faulted zone circuit breaker and prepares Table 2 for new conditions.
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6. Proposed adaptive protection scheme algorithm

The proposed method for adaptive protection of distribution system is shown in figure 3.
The adaptive relay receives source currents from measurement devices and compares the
sum of source currents with load current. If the total current is approximately equal with
load current and a fault occurs in a DG, adaptive relay waits until DG local protection
system operates. If the total current be more than load current significantly, adaptive
relay determines fault location and recalls the look-up table obtained from short circuit
analysis. Then calculates the error of calculated current and measured current for each
bus of system, considers the minimum error and determines the faulted zone. As it
shown in figure 3, if there is a transient or permanent fault in system, sends the trip
command to DG circuit breaker that equipped with synchronization system
immediately. Then reclosing operation is done on DG circuit breaker in three stages for

t1, t» and t3 duration time.

e
Input:
Pli=i+1| Ny Source current
Tnput: measurements
Source currents from
state estimation l
algorithm State estimation in
+ distribution system.
Caculate error Using current measurements &
. for each source and Simulated Annealing Method
each bus using

equations (2) , (3)

-Determine minimum error
-Determine faulted zone

If

source currents
increase significantl

Send Trip command to
zone C.B and DG C.B

Send Trip command sum of source currents

-Goto A to zone C.B >> load current
-t=0.4 Fault is in DG.
-Goto A Local DG protection system
-t=t+0.4 must operate
R A fault is [
in syst:
v 1n system
Reclose zone C.B l
after time delay of t

Load system <_@
information and topology

-Short circuit calculations
in all buses
- Determine each source current
contribution in all types of faults
- Constitute look up table
-Goto B

Y

Send close command to
DG C.B considering
synchronization condition
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A
_ | Send trip command NS
» 0 DGCB »| End I

Fig. 3. Proposed adaptive protection scheme for distribution system
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7. State estimation and simulated annealing method

The basic idea of the state estimation method proposed in this paper is quite simple (Mori &
Saito, 2006). Besides real-time measurements, there exists other information which does not
need to be measured. For sub-transmission networks, active power is always drawn from
buses connected to the distribution side via transformers. On the other hand, active power
taken from the transmission level is injected into a few buses of the sub-transmission
portion. In general, it is possible to assert whether the specified real power for each node is
less, greater than or equal to zero. This knowledge can be incorporated into the estimation
process in the form of inequality constraints. The estimation problem thus becomes that of
minimizing a non-linear function subject to non-linear inequality constraints.
Mathematically stated:

For a given set of bus-voltage and line-current magnitude measurements, z, related to the
vectors of state variables, x, and measurement error, v, by the following equation,

zZ= f(x) +v 4)
The estimate X is the one which minimizes the scalar
Jx)= [z - f(x)}T R [Z - f(x):l =v'Rv

Subject to )
(x>0 i=12,..N

In equation (4) the rows corresponding to a voltage measurement are trivial. For a current
measurement between nodes i and j the following equation is used,

A=gl+(by + by /2)

B=g; +b; 6)
D =g;by,/2

Where gj, b;j and bgy, are the r-equivalent line parameters.

Matrix R in equation (5) is the inverse of the measurement covariance matrix. Inequalities
are the real components of the well-known Power Flow equations,

N
j=1

Where, for load buses, the minus sign must be used. Although zero injection buses may be
indistinctly regarded as loads or generators, it is advantageous, for accuracy improvement,
to treat them as equality constraints. A clear advantage of current and voltage magnitude
measurements is the simplicity for a pre filtering to be implemented. Voltage magnitudes
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differ more than a certain threshold from 1 p.u. should be discarded. Similarly, ampere
measurements at both line ends should be almost equal for lines with negligible shunt
susceptance.

In this paper the Simulated Annealing Method (SA) is used in optimization part. Simulated
annealing is a method for solving unconstrained and bound-constrained optimization
problems (Ingber, 1993). The method models the physical process of heating a material and
then slowly lowering the temperature to decrease defects, thus minimizing the system
energy. In iterations of simulated annealing algorithm, a new point is randomly generated.
The distance of the new point from the current point, or the extent of the search, is based on
a probability distribution with a scale proportional to the temperature. The algorithm
accepts all new points that lower the objective, but also, with a certain probability, points
that raise the objective. By accepting points that raise the objective, the algorithm avoids
being trapped in local minima, and is able to explore globally for more possible solutions.
An annealing schedule is selected to systematically decrease the temperature as the
algorithm proceeds. As the temperature decreases, the algorithm reduces the extent of its
search to converge to a minimum. Many standard optimization algorithms get stuck in local
minima. Because the simulated annealing algorithm performs a wide random search, the
chance of being trapped in local minima is decreased.

8. Simulation results

As it mentioned previous, proposed protective scheme is simulated for a sample
distribution network. Short circuit analysis and adaptive protection algorithm must be
examined simultaneously and online. PSCAD is used for adaptive algorithm and
distribution system simulation and MATLAB is used for short circuit analysis and state
estimation using simulated annealing method. After changes in system topology, short
circuit analysis results vary. So the short circuit analysis must be shared to adaptive
algorithm online and a data transfer link is needed between PSCAD and MATLAB
software.

Figure 4 shows the system single line diagram, load specification, fuses and reclosers
situation and distributed generations. Total load of system is 2.2 MVA and the system
voltage is 20 kV. DG's characteristics are shown in table 3. DG's are modeled as a source and
internal impedance and Transformers connection is D/YG 11.

For implementation of proposed method, the network is divided to four zones. Zone 1
clarifies with C.B zonel circuit breaker and consists of main source and DG2. Zone 2 clarifies
with C.B zone2 circuit breaker and consists of DG1. Zone 3 clarifies with C.B zone3 circuit
breaker and consists of DG3. Finally Zone 4 clarifies with C.B zone4 circuit breaker and
consists of DG4 and DGS5.

DG DG1 DG2 DG3 DG4 DG5
S (kVA) 400 150 400 200 150

R (p.u.) 0.0476 0.0935 0.0714 0.0914 0.0429
X (p.u.) 0.4846 0.6120 0.5244 0.7608 0.5389

Table 3. DG's and transformers characteristics
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Fig. 4. Proposed adaptive protection scheme for distribution system

The adaptive algorithm is tested under different conditions and faults to ensure of proper
performance. These conditions are fault in DG, permanent and transient fault in system
buses. The performance of adaptive relay has been studied for some of these faults.

In case of fault occurred in DG, Adaptive relay waits until DG protection system operates
and issues the trip command. As it seen in figure 5, while a fault occurs in DG1, current
comparator in adaptive relay permits that DG over current relay operates. While a fault
occurs in a DG, only the faulted DG must be disconnected from network and the other parts
must continue their normal operations as it seen in figure 5.

In case of studying permanent faults in a system bus, it is assumed that a fault occurs in bus
41 in zone 4. This fault occurs at t=2 s and the fault duration is 3 s. Figures 6 shows that the
adaptive relay sends a trip command to DG4, DG5 and zone 4 circuit breaker immediately.
As the fault is permanent, adaptive relays doesn’t allow DG's to connect on network, even
after clearing the fault. After disconnecting DG4 and DG5, the adaptive relay does a
reclosing operation on zone 4 circuit breaker. First reclosing is done on the circuit breaker at
0.4 s after fault occurrence. Second and third reclosing are done 1.2 s and 2.4 s after fault
occurrence. This is shown in figure 6. Since the fault is permanent, in each reclosing stage,
the adaptive relay senses the fault and sends trip command. After the third reclosing, trip
command is sent to zone 4 circuit breaker and zone 4 is disconnected from network.
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Fig. 5. Fault occurs in DG1. (a) DG1 C.B status. (b) Other DG's and zones C.B status.
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Fig. 6. Fault occurs in zone 4. (a) DG4 and DG5 C.B status. (b) Reclosing on zone4 C.B.

In the proposed method, only the faulted zone and DG's in that zone are disconnected from
network and therefore the other zones can continue their normal operation. In order that the
faulted zone returns to network as soon as possible, it must been detected precisely so that
the fault could be cleared from the zone. Figure 7 shows the adaptive relay operation in
precise fault location determination.

Finally, adaptive relay operation in case of transient fault in system has been investigated.
The fault duration is considered in three cases so that we can study the adaptive relay
operation at three stages of reclosing. In this simulation, first stage of reclosing is done 0.4 s
after the fault occurrence, second stage of reclosing in done 0.8 s after the first reclosing and
third stage of reclosing in done 1.2 s after the second reclosing.

Fault Location
= Faulted Bus

Bus Number

0.00 050 1.00 150 200 250 3.00 350 400

Fig. 7. Fault location determination in case of permanent fault

The fault location is in bus 32 in zone 3, fault duration is 0.3 s, time to apply fault is t=2s.

As it seen in figure 8, adaptive relay sends the trip command to zone 3 and DG3 circuit
breakers. After 0.4 s, a reclosing operation is done on zone 3 circuit breaker. As the fault
duration is 0.3 s, after the first reclosing, adaptive relay doesn't sense the short circuit
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current in the network and since a close command is sent to zone 3 circuit breaker. It is
needed that DG be connected to network after fault clearing. So that synchronization
operation must be done on DG3 circuit breaker. As it seen in figure 8, adaptive relay permits
DG3 circuit breaker to close after 3 s, so that synchronization could be done.

It must be noticed that adaptive relay does reclosing operation only in faulted zone and
other zones can continue their normal operation.

C.B status for DG3 C.Bstatus for Zone 3

- -
CB D& 150 CB zone 3

1.00 1.00 —

3s 0 s KD
050

0.50

Status
Status

0.00 e 0.00

-050 050
00 10 20 30 40 50 60 00 10 20 24 30 40 50 60

(b) @)

Fig. 8. Adaptive relay operation while clearing fault before first reclosing. (a) Zone 3 C.B
status. (b) DG3 C.B status.

The fault location is in bus 34 in zone 3, fault duration is 0.6 s, time to apply fault is t=2s.

In this case, after the fault is sensed with adaptive relay in network, the trip command is
sent to DG3 and zone 3 circuit breakers immediately. As it seen in figure 9, does the first
reclosing on zone 3 circuit breaker. According to the fault time that is more than 0.4 s, relay
senses the fault in first reclosing and sends trip command to zone 3 circuit breaker
instantaneously. Adaptive relay send a close command to zone 3 circuit breaker 0.8 s after
the first reclosing. Since the fault time is 0.6 s, relay doesn’t sense the fault in second
reclosing and permits zone 3 circuit breaker to close. Moreover adaptive relay permits DG3
circuit breaker to close 2 s after second reclosing by the synchronization operation. In the
explained situation, other zones should operate normally in network.

CB status for DG3 C.B status for Zone 3
- -
150+ CB D& 150 CB zone 3
1.00 1.00
04s| 08s
12s 2s
3 0501 5 050
= =
7] 7]
0.00 e 0.00
-0.50- -0.50
G T T T T 1 G T T T T 1
00 1.0 20 30 4.0 50 6.0 00 1.0 20 24 3032 4.0 50 6.0
(b) (@)

Fig. 9. Adaptive relay operation while clearing fault before second reclosing. (a) Zone 3 C.B
status. (b) DG3 C.B status.

9. Conclusion

Distributed generations have possible characteristics for system operation enhancement.
Using DG's in distribution systems has many benefits such as system reliability
improvement, power loss reduction, development costs decrease, power quality
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improvement and load peak clipping. Also using DG's in systems has disadvantages such as
interaction with protective systems, voltage control problems and DG islanding.

While a DG is inserted in distribution system, some parts of system lose their radial
characteristics and protective devices coordination is lost. If the influence of DG be
intensive, then coordination of protective devices with usual method is impossible. The
proposed adaptive protection scheme does short circuit analysis online and whenever
system configuration varies, this analysis execution is done and a look up table is
conformed. The adaptive scheme diagnoses fault location, faulted bus and faulted zone by
the discussed method.

If the fault is permanent, adaptive relay disconnected only the faulted zone and DG's in that
zone and other zones continue their normal operation. If the fault is transient, adaptive relay
sends trip command to faulted zone and its DG's circuit breakers and then does a reclosing
operation in three time stage. If the fault be cleared in each stage, relay sends close
command to zone circuit breaker and sends close command to DG circuit breaker after 2 s or
3 s for synchronization operation. Adaptive relay disconnects DG's in faulted zone wether
the fault is permanent or transient.
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