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Abstract -This paper describes a heuristic method and a developed software package for the restoration of distribution networks for the purpose of reconstructing normal operating conditions. Proposed methodology uses combined fuzzy set approach, heuristic rules and mix integer programming method for solving the network restoration problem. Important implementional aspects of the methodology and the results of its application on real-life distribution networks are presented.
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I.INTRODUCTION

Distribution network restoration is basically a multi-objective, combinatorial, non-linear, large-scale problem with constraints. Problem of distribution system restoration has attracted significant interest. Three approaches have been applied to solve the distribution restoration task: 1) the optimisation approach (1,5(, 2) the heuristic approach (2,3,6,7(, and the expert system based approach (1,8(.

In this paper an efficient multi-objective algorithm for distribution network restoration following a fault of the feeder is presented. The proposed algorithm combines heuristic and fuzzy set approach as well as mixed integer programming method (MIP). The proposed algorithm starts by simple topological searches all the basic variants of the alternate power supply using the original heuristic rules and fuzzy set theory. The basic variants of alternate supply are those in which supply for un-served loads can be ensured from one of the adjacent feeders by closing only one normally open switch. Due to the fact that the loads in customer points are non-conforming, an approach based on fuzzy set theory is used to estimate the loads in a distribution system. After the list of all basic variants is completed, the user can choose the optimal variant of alternate supply between five criteria. In the case of heavy fault, when neither any basic variant enables restoration of supply without violation of the constraints set, the solution is obtained by using the optimisation procedure based on the mix integer programming method. 

Paper BPT99-45-23 accepted for presentation at the IEEE Power Tech'99 Conference, Budapest, Hungary, Aug 29 -Sept 2, 1999.

An efficient software package in Windows environment based on the proposed algorithm is developed. The software package is tested on real-life urban distribution networks of 100 to 1000 nodes. The obtained results show that the developed software package 
is an efficient and robust tool for the distribution management system.


II. LOAD ESTIMATION USING FUZZY SET APPROACH

A. Load Estimation Procedure

The procedure for estimating the distribution loads using fuzzy set notation is described as follows (2(:

1. Get total feeder current IFD from SCADA;

2. Compile load type and transformer capacity Ci of each node on the feeder; N is a number of load nodes on the feeder with total current IFD;

3. Get the hourly load pattern from the database for the day under consideration;

4. Determine the parameters of the membership function for node i, mi (most possible load current) and (i (the spread of the load distribution);

5. The load current of node i, ILi, is a fuzzy variable, described by the membership function (Ii(x),Fig.1:

ILi=(mIi, (Ii),




  (1)


[image: image11.png]


,  x ( 0,                                         (2)

where 


[image: image2.wmf]å

=

1

=

N

i

i

i

FD

Ii

C

i

m

i

C

m

I

m

,       
[image: image3.wmf]m

δ

m

=

δ

i

i

Ii

Ii

.

  (3)

[image: image1.wmf]δ

)

m

-

(x

+

1

1

=

(x)

μ

2

Ii

Ii

2

Ii

Fig. 1. Membership function of node load (Ii(x)

B. Trapezoidal Membership Function of Node Loads

The above linguistic description could be translated into non-symmetric trapezoidal fuzzy region, with membership function (P shown in Fig. 2(4(. The active load at some node is the most probably ((P=(=1) within the confidence interval P(()=(P2,P3(=(90 kW;110 kW(, but surely is not ((P=(=0) out of the confidence interval. It means that intervals (P1,P2( and (P3,P4( and could be considered as confidence intervals where the active load takes some probability (or measure of uncertainty), but smaller than the probability on the confidence interval (P2,P3(.
The values of membership function (P for node active loads P1 and P4 are obtained using the values mIi  and (Ii which are calculated in the above load estimation procedure (2),(3):

P1=(3 Un (mIi-(Ii) cos(i                                                                                     (4)
P4=(3 Un (mIi+(Ii) cos(i
                                                                              (5)
where Un is rated network voltage, cos( is the customer power factor. 

Values P2 and P3, as well as the values of membership function (Q, Q1, Q2, Q3 and Q4, are determined based on measuring and experience.
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Fig. 2. Trapezoidal membership function (P of node loads 

III. RESTORATION PROCEDURE

Once the unknown node loads have been estimated and fuzzy load flow calculation in considered network before the fault is done, one can proceed to determine a proper restoration plan. The proposed algorithm for the distribution network restoration is shown in Fig. 3. 

Assume there is a fault in the branch marked by the arrow (Fig. 4). Zone C represents a part of the faulted feeder, for which supply can be obtained by using some alternate feeders (3(.
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Fig. 3. Proposed algorithm for distribution network restoration
A. Local Network

The local network is a part of the distribution network, which include zone C and minimum number of adjacent feeders to the affected feeder, capable to perform load transfer from zone C to the rest part of the network. Size of the local network depends on the load of zone C, IC.
The main idea in determining the size of the local network is to assess the number of feeders necessary to take over the load from zone C with a fast approximating method (3(. 

B. Basic Variants of Alternate Supply

From the local network, basic variants of alternate supply can be selected. The basic variants are those in which supply for zone C can be ensured from one of the adjacent feeders by closing only one NO switch. Potential basic variants of alternate supply are obtained by simple topological searches within the local network. An additional analysis will show which of the defined basic variants could be the solution of the restoration problem.
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Fig. 4. Distribution network - basic variants of alternate supply

The following limits are considered: thermal current limits in all elements, voltage limit in all buses, and functional relay protection limits. However, the fact that the considered feeder is not capable of supplying the entire zone C, will not be used in further problem solving. It is more practical to find out what maximum load can be supplied by an adjacent feeder defined by the basic variant.

Current capability of each feeder to supply the additional load through some reserve branch, Ids, is defined by:



, 


   (6)

where Itdi is the upper bound current in branch i, Ii  is a current in branch i before the fault, obtained after load estimation and power flow calculation, described in fuzzy set notation with m=mIi, (=(Ii, (4(, Nor is a number of branches in the feeder which supplies the load of zone C (from node o to node r, basic variant 1, Fig.4).

Note that Itdi is a crisp since we know exactly the upper bound current in branch i. A crisp variable can be described with zero spread (no uncertainty), m=Itdi, (=0. Current Ids is fuzzy variable described with m=Ids, (=(Ids.
The maximum additional load which will not lead to unpermitted low voltages in the network Idn, can be calculated as follows:



,



 (7)

where Uw is the lowest node voltage in used adjacent feeder before the fault, described as a fuzzy variable with parameters m=Uw, (=(Uw (4(, Umin is the minimal permitted voltage in the network, Zof is series impedance of the path (between nodes o and f in Fig. 4.) in the feeder, which supplies the load of zone C.

Current Idn is fuzzy variable described with parameters m= Idn, (=(Idn.

Additional current Id, which may be supplied by some adjacent feeders without violation of current and voltage constraints, is given by:
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The sum of all customers in zone C, IC, is fuzzy variable with parameters m=IC and (=(Ic. Since any basic variant would enable restoration of the entire zone C, without violation of the constraint set, relation (9) must be satisfied:
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In fuzzy set notation the last relation becomes:

mId  > mIc,,  and


((I) ( ( =0.5,




(10)

where ((I) is the membership value at the intersection of the two membership function curves mId and mIc, and ( is a prespecified number for the desired degree of separation for the two variables mId and mIc, Fig. 5. 
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Fig. 5. Comparing the membership function (Id and (Ic
The relation (10) is the key point of the fuzzy set approach in the network restoration procedure. In case that after comparing the values of additional current of adjacent feeder and the sum of all customers loads in zone C there are mId>mIc but ((I)>0.5, we can not conclude that additional current of adjacent feeder is bigger than the sum of all customers loads in zone C. The physical meaning of that case is the following: these fuzzy variables are very close to each other, therefore the considered variant of alternate power supply can not be accepted as a basic variant.

C. Ranking the Variants

If there are more basic variants which satisfy conditions (10), ranking of all the selected basic variants of alternate supply is performed by using one of the specified five criteria: minimum power of un-served load, minimum number of switching operations, maximum current reserve of the feeder, most acceptable minimum voltage, and minimum least square voltage deviation in the considered network (3(. 

D. Optimization Procedure Using Mix Integer Programming Method

Assume that neither any basic variant enables zone C restoration without violation of the constraints set. In that case, the load of zone C is delivered to one or more adjacent feeders. This multi-objective, non-linear problem is solved using an optimization procedure applied on a local network. The solution is obtained by using a mix integer programming method. Note that the local network contains relatively small number of the switches and the integer variables as well, in comparison to the whole network. It is very important, due to the fact, that the large number of variables may cause the problem of convergence in the mix integer programming method. Description of the proposed mix integer programming model for the distribution network restoration is following.

(1) Objective function

The objective of restorative control is to minimize the restoration time and un-served loads. In the proposed method, the shortest restoration time is realized by minimizing the switching operation cost. The objective function can be expressed as:









(11)

where ( and ( are positive constants, Ck is the switching operation cost (1(. 

In the objective function, the first and the third terms are to minimize the switching cost of the normally closed (NC) switches. The second and the fourth terms are to minimize the switching cost of the normally open (NO) switches of the restoration procedure, while the fifth term is to minimize the capacity of un-served energy. If all outage loads are restored, the value of the fifth term is zero.

(2) Constraints

(a) Limited capacity of available power in substation high voltage/medium voltage (TS HV/MV)



,   (q=1,2,..., NS)

(12)

(b) Power balance between supply and demand



   (i=1,2,..., Nln)
(13)

(c) Branch capacity constraints



,


,



,


,
(k=1,...,Mln)
(14)

(d) Radial network configuration



, (k=1,...,Nln)

(15)

(e) Branch exclusiveness



,



, (k=1,...,Mln) 


(16)

(3) List of nomenclature

Nln
number of nodes in the local network,

Mln
number of directed branches in the local network,

NS
number of source nodes in the local network,

NCP 
number of loads in the local network,

NFk
initial node of  branch k,

NTk
terminal node of branch k,
Fi 
set of branches whose initial node is i,

Ti
set of branches whose terminal node is i,
Xk
an integer variable which denotes status of the switch k after the restoration procedure, where the switch k was closed before the optimization procedure; Xk=1 if switch k is closed after the restoration procedure, Xk=0, otherwise,

[image: image10.wmf]NNC
number of involved normally closed switches in the local network,

Yk
an integer variable which denotes status of the switch k after the restoration procedure, where the switch k was open before the optimization procedure; Yk=1 if switch k is closed after the restoration procedure,  Yk=0, otherwise. 

NNO
number of involved normally open switches in the local network,

ZP
status of the customer after the restoration procedure: ZP=1, load p is to be restored; Zp=0, otherwise,

Pk
active power flow of branch k,
Itdk 
flow capacity (limit) of branch k,

LP
capacity of load p obtained from load estimation procedure,

Gq  
available power at source node q,

W
objective function.

In order to avoid negative branch currents in the mix integer programming method, the imaginary branches between each two nodes, and the corespondent integer variables Xk( and Yk(, are introduced.

IV. TEST RESULTS

Numerous simulations on the 20 kV network in the city of Novi Sad (170 branches, 22 feeders, Fig. 4.) have been performed to check the applicability of the proposed methodology (9(. In this paper, due to the lack of space, a program package based on the proposed algorithm for network restoration is applied to the test network shown in Fig. 6.

TABLE I presents power injections in the test network. TABLE II presents the coefficients of the objective function in the mix integer programming (MIP) model after the fault in branch X2 in the test network, where branches Y2 and Y3 have the priority. TABLE III presents problem solution of the mix integer programming model after the fault in branch X2, where branches Y2 and Y3 have the priority. 

Fig. 6. Test network

TABLE I. CHARACTERISTIC POINTS OF THE TRAPEZOIDAL MEMEBERSHIP FUNCTION FOR NODE LOAD IN THE TEST NETWORK (Pi(kW), Qi(kVAr))

	n
	P1
	P2
	P3
	P4
	Q1
	Q2
	Q3
	Q4

	0
	0
	0
	0
	0
	0
	0
	0
	0

	1
	1080
	1100
	1120
	1130
	400
	415
	420
	425

	2
	2380
	2400
	2410
	2420
	850
	875
	900
	925

	3
	550
	575
	600
	625
	200
	210
	220
	230

	4
	580
	600
	615
	630
	200
	210
	220
	230

	5
	1280
	1300
	1320
	1340
	460
	480
	500
	520

	6
	0
	0
	0
	0
	0
	0
	0
	0

	7
	560
	580
	600
	620
	200
	215
	225
	235

	8
	0
	0
	0
	0
	0
	0
	0
	0

	9
	1050
	1075
	1100
	1115
	380
	390
	400
	415

	10
	0
	0
	0
	0
	0
	0
	0
	0


TABLE II. COEFFICIENTS OF THE OBJECTIVE FUNCTION IN THE MIP MODEL AFTER THE FAULT IN BRANCH X2 

	coefficient
	B
	X0
	X1
	X2
	X3

	value
	0
	980
	-60
	-60
	-60

	coefficient
	X4
	X5
	X6
	X7
	Y1

	value
	-100
	-100
	-100
	-100
	-100

	coefficient
	Y2
	Y3


	X'4
	X'5
	X'6

	value
	1
	100
	-100
	-100
	-100

	coefficient
	X'7
	Y'1
	Y'2
	Y'3
	Z1

	value
	-100
	100
	100
	1
	-222

	coefficient
	Z2
	Z3
	Z4
	Z5
	Z6

	value
	-481
	-119
	-122
	-265
	-119

	coefficient
	Z7
	P1
	P2
	P3
	P4

	value
	-215
	0
	0
	0
	0

	coefficient
	P5
	P6
	P7
	P8
	P9

	value
	0
	0
	0
	0
	0

	coefficient
	P10
	P'4
	P'5
	P'6
	P'7

	value
	0
	0
	0
	0
	0

	coefficient
	P'8
	P'9
	P'10
	
	

	value
	0
	0
	0
	
	


TABLE III. PROBLEM SOLUTION OF THE MIP MODEL AFTER THE FAULT IN BRANCH X2 
	variable
	X0
	X1
	X2
	X3
	X4

	value
	1
	1
	0
	1
	1

	variable
	X5
	X6
	X7
	Y1
	Y2

	value
	0
	0
	0
	1
	1

	variable
	Y3
	X’4
	X’5
	X’6
	X’7

	value
	0
	0
	1
	0
	0

	variable
	Y’1
	Y’2
	Y’3
	Z1
	Z2

	value
	0
	0
	1
	1
	1

	variable
	Z3
	Z4
	Z5
	Z6
	Z7

	value
	1
	1
	1
	0
	1

	variable
	P1
	P2
	P3
	P4
	P5

	value
	6884
	0
	8560
	4560
	0

	variable
	P6
	P7
	P8
	P9
	P10

	value
	0
	0
	7372
	3342
	0

	variable
	P’4
	P’5
	P’6
	P’7
	P’8

	value
	0
	4808
	0
	0
	0

	variable
	P’9
	P’10
	
	
	

	value
	0
	1188
	
	
	


V. CONCLUSIONS

In this paper, an efficient method for distribution network restoration using heuristic rules, fuzzy set theory and mix integer programming is presented. Basically, the algorithm is conventional, but as it has included more practical rules and procedures it has some similarities with algorithms which use symbols for problem solving. 

The main features of the proposed algorithm are:

· branch-oriented, entirely corresponding to the nature of the problem,

· load estimation employs an efficient fuzzy set method (2(,

· load flow calculation uses an efficient method in fuzzy set notation (4(,

· factor "time" is included in the network restoration problem (month, day and hour when the fault occurred), 

· searching all the basic variants of the alternate supply using heuristic rules and fuzzy set theory,

· optimization in the case of heavy fault, using mix integer programming method applied on the local network,

· final choice between more variants of alternate power supplies using five criteria (3(.

The software package is tested on real-life urban distribution networks. Experience shows that the developed software package is an efficient and robust tool for the distribution management system.
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