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Abstract

In order to fully utilize DG and improve system reliability, the author puts
forward the rash recovery strategy for distribution network with DG. It adopts the
heuristic method by taking DG as the source point of research for distribution
network power recovery. Based on simplifying the network through improving
branch method with the consideration of purposes of network damage to minimum
extent and switch action time, it conducts reconstruction after the crash. It
optimizes the power supply recovery strategy according to the load transfer
condition after the crash in order to minimize the damage to distribution network
caused by blackout. It conducts example test at IEEE33 node and IEEE69 node to
verify the validity of this scheme.
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1. Introduction

Currently, under the dual press coming from energy requirement and environmental
protection, the distributed generation (DG) technologies that can improve the traditional
energy's use rate and fully utilize various renewable powers are drawing more and more
attentions. The use of DG can better utilize the clean and renewable energies in all places,
provide "green energy" for users and realize "energy saving and emission reduction.” [1]

As the effective supplementation of centralized generation, DG power generating
technologies are becoming more and more mature and they are widely applied in
distribution network. [2] The access of DG in large amount brings huge changes to the
structure of distribution network and the increase of distributed generation puts forward
new requirements for the power grid operation. [3] For example, when crash happens to
the distribution network, the ways of operating DG are related to compiling crash
recovery strategy. In order to fully utilize DG and elevate system reliability, IEEE
released one new programmatic islanding standard IEEE1547, which encourages users to
use islanding operation after crash happens to power generating enterprises and users,
namely, conduct separation of power grid with DG from public power grid after the crash
happens and DG will be responsible for independently supplying power for the isolated
power grids. [4]

In this paper, it analyzes the DG distribution network’s islanding operation method and
puts forward one islanding classification method; namely, use the heuristic algorithm
taking DG as the source point of research for distribution network power recovery. Based
on simplifying the network model through improving branch method, it conducts
reconstruction after the crash. Optimize the power recovery strategy in order to minimize
the damage to distribution network caused by blackout.
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2. DG Islanding Classification

2.1. Constrained Conditions for Islanding Classification

Distribution network's islanding classification based on distribution network crash
isolating scheme should meet with the operation conditions with the consideration
of conditions as follows !

(1) Capacity constraint -- the sum between total amount of internal load and loss
in island should not be larger than total power generation capacity of DG;

(2) Voltage constraint -- it should meet with requirement for node voltage;

(3) Power constraint -- branch power should be less than or equal to maximum
permitted power;

(4) Connection constraint -- all nodes in the island should be connected with each
other and they should be connected with DG.

2.2. Confirm Power Loss Area

Confirm power loss area based on the result of crash point and depth search
number and the classification of island in power loss area will improve the
classification efficiency:

(1) Power loss node array initiation UNN [0];

(2) Search for all nodes taking crash nodes as the father nodes and save them in
power loss node array UNN [1];

(3) Search for all nodes taking internal nodes in power loss node array UNN[1] as
the father nodes and save them in power loss node array UNN[2];

(4) Repeat step (3), update power loss node array UNNTJi] until it is impossible to
add new node, that is, UNN [i+1]=UNNT[i];

It is noticeable that island should be adjacent to the distribution network
terminal, that is, when you search to confirm the island range; you need to search
first the downstream power loss areas in DG.

2.3. Islanding Classification Algorithm

(1) It adopts operation on DG by using adjacency matrix, that is, search for the
next matrix unit in adjacency matrix for one DG. Assume that the next matrix unit

meets with——=- , the node load is extended to island to form the new DG

unit and modify the unit adjacency matrix before extension according to the changes
after unit extension. If the new DG is adjacent to other DG units, the 2 DG units
will be merged into one new unit before we modify adjacency matrix according to
the extension situation of the new unit;

(2) Repeat step (1) to realize the DG unit extension to maximum extent until the
capacity of any DG unit matrix element is smaller than any load unit in adjacent
matrix element.

(3) After Step (2) is finished, inspect all load units in unit adjacency matrix one
by one. Once you detect one load Unit Sy, are adjacent to two or more than two DG
Units Spep. SpeqSm, You need to extend them to new units before you modify unit
adjacency maxtrix.

(4) Repeat Step (3) until it is impossible for extension.
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(5) Judge whether or not new DG units are generated in Step (3) and (4) and
judge whether or not Step (1) is real. If it is real, return to Step (1) for execution;
otherwise, the algorithm ends here. The following is the algorithm flow chart:
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Figure 1. Islanding Classification Scheme Flow Chart
3. Mathematical Model of Distribution Network Crash Recovery

3.1. Objective Function in Crash Recovery

(1) Recover power loss load amount to maximum extent

max f, =3 a,L, (1)

ieD

In the formula: L, is power loss load; «, is weight coefficient of power loss load and
it symbolizes load level; D is load aggregation when power supply is not restored,;

(2) Switch operation time is at the minimum extent

max f, = > (1-K ) +> K,
kes keT (2)
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In the formula: T is interconnection switch aggregation before the crash; S is segment
switch aggregation before the crash; R, is switch status, 1 is OFF and 0 is ON;

(3) Network damage to minimum extent

n

max Q:ZIERb 3

b=1

In the formula: f, is power loss in distribution network; 1, is the effective value of

3

current in branch b; R, is resistance in branch b.

3.2. Constraining Conditions for Crash Recovery
(1) Network Tide Constraint

Ui Y ,u =P +iQ,

(4)

In the formula:u ; and U ; are node voltages; \# is mutual admittance between nodes;
P, + jQ, is injected power in node;
(2) Limitation by Guarantee VVoltage and Tide Stability

S, <S8, ieB (5)

Vi.min < Vi < Vi.max I € N (6)

In the formula: Si, max is power transmission limit in branch; V i, max are V i, min are
respectively the upper limit and lower limit of node voltage;

(3) Limitation by System Radial Power Supply
Mo = Mo (7)
I’li=mi+l |:1,2 ..... ND (8)

In the formula: n0 and mO are respectively the number of nodes and number of
branches in the residual system except the island; ni and mi are respectively the number
of nodes and number of branches in No. i island.

4. Crash Recovery and Optimization of Residual Distribution Network

4.1. Residual Network Crash Recovery

It adopts heuristic power supply recovery method. Arrange the order from large
Figure to small Figure of the spare capacity of interconnection switches to form ts
list. If ts list is blank, transfer load through secondary interconnection switch
according to steps as follows:

(1) Calculate the transferable load I of each section switch ss with the largest
spare capacity between ts, and ts;;
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(2) Search for section switch ss with I less than spare capacity Iy at maximum
value, which is symbolized by ssa; if all I are larger than ly, it is unable to transfer
load. In this circumstance, select the next interconnection switch in ts list.

(3) If tsa exists, turn off tsa and turn on ss, and conduct tide verification of the
feeder where tsa is located; if safety off-limit appears, enter Step (4); otherwise,
enter Step (5);

(4) Select one ss combination at downstream of tsa and ssa as the candidate
switch pair. Take it as the new section switch and return to Step (3). If there is no
candidate section switch, delete interconnection switch tsa and select the next
interconnection switch in ts list and return to Step (1); repeat the acts until there is
no safety off-limit or there is no ts;

(5) Select the ssa corresponding to tsa, turn off ts, and turn on ss, and search
ends.

Refer to Diagram 2 for Flow Chart.
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Figure 2. Flow Chart of Interconnection Switch's Power Supply Recovery
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4.2. Optimization after Network Crash Recovery

Optimization after Network Crash Recovery aims at realizing the minimum
damage to network. As to the reconstruction for distribution network with DG
island, it uses branch switch method, namely, after the loop is formed after one
interconnection switch is turned off, you need to turn on the section switch that can
realize the minimum damage to network damage; load will be transferred from node
n to node m and the system network damage change formula is as follows:

pIRF 9)

ieD

loop

AP = Re{[z(z I.XE, - En)*]}+ R, e
)

ieD

In the formula, > is sum of transferred load; Rop is the sum of resistance in loop
ieD

formed by turning off the interconnection switch;

We can obtain mother line voltage throughg = > R, (kj)1,, in which Ry is
j=1
mother line resistance, x is the number of nodes, t=m,n; We can see that if AP is

negative, it indicates the reduction of active power loss; if AP positive, it indicates the
increase of active power loss; We can improve the above-mentioned branch switch
method and simplify the formula as follows:

AP =2x1(V, -V,)+R

loop X (10)

When we select the opened switch, we need to make current 1 = 3" 1, approach
ieD

E -E . L (E -E )°

= ———" as possible as we can; in this circumstance, AP = ——"—
R
loop loop

Based on this simple method, we can reduce network loss through confirming one switch
change. Repeat searching for all switches and we will realize the option of reducing

network damage to maximum extent until there is no network damage reduction.

I (x

opt )

Specific methods are as follows:

(1) Calculate distribution network tide before switch operation to obtain the
voltage of all nodes and tides in all branch routes;

(2) When the voltage difference between the two ends reaches the maximum
value and after turn off the switch, the load is transferred from node with low
voltage to node with high voltage, turn off the next interconnection switch tsa;

(3) If the left branch aggregation in the loop formed by interconnection switch ts,
is BL; and right branch aggregation is BR;, when section switch ssy, k e BL, or

k e BR, is turned on, the power on the interconnection switch is transferred as

S, = P+ jQ, and the branch resistance is at r,_,then system network damage is as
follows:

PLoss (J’k): Plcup(j'k)+Pot (ll)
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P, =(P +Q,)-r, (12)

In the formula, P, is network damage in non-loop system; P__ is network
damage in loop system; when node voltage approaches 1p.u, then

PLoss(j’k):Plol;p(j’k)+PloF:Jp(j‘k) (13)
P (1K) = S (P -P)"+(Q,-Q,)1-T, (14)
Pl:f,p(j,k)z Z[(Pi+Pk)2+(Qi+Qk)2]'ri (15)

i€BR

In order to realize the purpose of network damage to minimum extent, formula
(11) needs to meet with following condition:

8PLoss (J’k) _ 6PLoss (J’k) _
oP, 0Q,

0 (16)

Therefore, we can confirm the optimum amount of load transfer at:

Z Pr - z P,
P opt _ ie BLj ie BR j 17
“ Z ro+r, (17
z Qiri - z Qiri
Qom _ ieBLJ ieBRJ 18
‘ z ro+r, (18)

ieBLJuBRJ

We can calculate P™ + Q™ ,that is, best transferrable load, and look for the branch

opt

power approaching P, + Q" in branch aggregation; the branch switch and

interconnection switch on this branch constitute the maximum damage reduction switch
change in this loop network.

5. Example Analysis

5.1. IEEE 33 Node System

In IEEE33 node system, there are 37 branches and 5 interconnection switches
with rated voltage at 12.66kv as illustrated in Diagram 1 and its system's specific
parameters are extracted from document [6]. Install DG with installation capacity at
400kW at Node 16 and Node 22. Assume the crash happens to position between
branch 14 and 15 as illustrated in Fig. 3.
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23 24 25

Figure 3. IEEE33 Node System Chart with Two DG

When DG fails to conduct emergent power generation, DG will be cut off when
crash appears. Conduct crash recovery switch action according to Table 1 and the
power loss load after recovery is 0. Network loss before crash is 134.98kW and
network loss after recovery is 134.48kW and the network loss is reduced by using
this method.

When DG is able to conduct emergent power generation, DG will form islanding
power supply after crash and network recovery result is as illustrated in Diagram 4. Total
network loss including DG island is 63.59kw, which indicates that network loss is largely
reduced when it is able to guarantee the recovery of full power supply load.

Figure 4. Reconstruction Structure of Distribution Network with Two DG

Table 1. Network Reconstruction Switch Action Result

Network .
Condition Opened Switches
Excluding DG 8-9,14-15,10-11,32-33,29-30
Including DG 6-7,28-29,21-22,11-12,14-15,15-16,32-33,
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Taking IEEE33 Node System as an example (refer to Diagram 5): respectively
install DG on node 16, 22 and 28 for grid-connected operation with capacity at
350kW. Crash happens to place between Branch 14 and 15 as illustrated in Fig. 5.

Figure 5. Diagram of leee33 Node System with Three DG

Using this method for calculation: when DG is able to conduct emergent power
generation, the total network loss is 75.15kW. Islanding Scheme after crash is
recovered is as illustrated as that in Fig. 6. Please refer to Table 2 for changes of
switches.

Figure 6. Reconfiguration Result of IEEE 33—Bus System with DG

Table 2. Network Reconstruction Switch Action Result

Network .
Condition Opened Switches
Excluding DG 8-9,14-15,10-11,32-33,29-30
Including Two 6-7,28-29,21-22,11-12,14-15,15-16,32-
DG 33
Including 7-8,6-26,28-29,11-12,14-15,21-22,15-
Three DG 16,32-33
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5.2. Taking IEEE69 Node System as an Example

69 nodes, 74 branches, 5 interconnection switches, rated voltage at 12.66kv,
please refer to Diagram 7 and the specific system parameters are extracted from
Document [7]. Install DG for grid-connected operation at Node 22 and 51. Crash
happens to place between Branch 5 and 6.
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Figure 7. Diagram of leee69 Node System with One DG

When DG fails to conduct emergent power generation, conduct crash recovery
switch action according to Table 3 and the power loss load after recovery is 0.
Network loss before crash is 324.46 kW and network loss after recovery is 140.9
kW and the network loss is reduced by using this method.

When DG is able to conduct emergent power generation and total DG capacity at
300 kw, DG will form islanding power supply after crash and switch actions are as
illustrated as those in Table 3. Total network loss including DG island is 117.65kw.

Table 3. Network Reconstruction Switch Action Result

Network Condition Opened Switches

Excluding DG 39-48,11-66,47-48
DG Capacity at

300KW 18-19,39-48,11-66,47-48

6. Conclusion

In this paper, it puts forward a kind of power supply recovery algorithm for crash
to distribution network with DG. Taking minimum network damage as its purpose,
it uses depth search method to confirm islanding classification scheme; based on the
improved branch change method, it judges the influence of switches' actions on
network damage in order to simplify the crash recovery calculation process; as to
the recovery of power loss area through reconstruction of distribution network, it
uses islanding operation pattern to try to guarantee the continuous power supply by
important loads. By using the heuristic method to conduct network power supply
recovery and optimization to finally obtain the crash recovery scheme; finally, the
author verifies the plausibility of this scheme through two numerical examples and
it is able to effectively solve crash recovery problems for distribution network with
DG and it contains certain value in projects.
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