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Programming Considerations

Methods for efficient programming.  Sparsity techniques.  Optimal bus ordering.

1.
Sparsity Programming

Many power system matrices tend to be very large and very sparse.  A typical example is the admittance matrix Y.  Each diagonal element of Y is non-zero, and each branch connected between busses occurs twice in Y, so that a branch between busses j and k appears in 
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.  Additional parallel branches and shunt elements do not create additional y elements.

Consider a power system with 250 busses and 750 branches.  Assume that none of the branches are parallel branches.  The dimension of Y is 250 x 250, or 62,500 elements.  However, the number of non-zero terms in Y equals 250 + 2(750), or 1750.  Therefore, only 2.8% of the Y elements are non-zero.  The savings are even more impressive for larger systems, since Y grows by 
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, but the number of non-zero terms grows by N.  For example, a 2500 bus, 7500 branch Y has only 0.28% non-zero terms.

In most cases, the coding of large computer programs involves trade-offs between execution time and memory requirements.  Sparsity storage techniques, however, reduce both execution time and memory requirements.   The only drawback of sparsity programming is that it is more difficult to code than full-matrix programming.

There are several techniques for sparsity programming.  The method presented here is known as the sequential trace method, and although the example is given for Y, it applies equally well to the loadflow Jacobian matrix.

Four vectors are used for storing and accessing the sparse Y:

1.
Instead of storing Y as a square matrix of dimension N x N, Y is stored as a column vector, whose length M is estimated (at the time of program compilation) using typical sparsity ratios of 1% - 5% of N x N.  The location from the top of Y is known as the stack location.

2.
Vector NFIRST, of length N, points to the stack location in Y of the first non-zero element of a row (in column order).  For example, the stack position of the first non-zero element in Row k is found in NFIRST(k).

3.
Vector NCOL, of length M, gives the Y column number of the associated Y stack position.

4.
Vector NEXT, of length M, gives the stack location in Y of the next non-zero element in the corresponding row.  A zero value indicates the end of the row.

The term "sequential trace" is derived from the fact that all elements of a Y row can be found, in a column-order sequence, by starting with the lowest occupied column number of the row, and continuing through the highest occupied column number of the row.

As an example, let Row 23 of Y have three elements:  
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 in stack location 987, 
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 in stack location 560, and 
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 in stack location 1230.  These elements can be found as follows:

1.
The stack location of the first non-zero element (in column order) of Row 23 is found by looking in NFIRST(23).  In this example, NFIRST(23) equals 987.

2.
The corresponding column number is found in NCOL(987), which equals 5.  Thus, the equivalent Y(23,5) element is found in stack position Y(987).

3.
The stack position of the next non-zero Y element in Row 23 is found by looking at NEXT(987).  The value of NEXT(987) is 560.

4.
The corresponding column number is found in NCOL(560), which equals 23.  Thus, the equivalent Y(23,23) element is found in stack position Y(560).

5.
The stack position of the next non-zero Y element in Row 23 is found by looking at NEXT(560).  The value of NEXT(560) is 1230. 

6.
The corresponding column number is found in NCOL(1230), which equals 138.  Thus, the equivalent Y(23,138) element is found in stack position Y(1230).

7.
A zero in NEXT(1230) indicates that the end Row 23 has been reached.

Table 1 gives the corresponding numbers for this example.

Table 1:  Example of Sequential Trace Method for Sparsity Storage, where the First Non-Zero Column for Row 23 is found in NFIRST(23) = 987
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When Y is first built, the elements for each row are contiguous.  However, as Y is Gaussian eliminated or LU decomposed, "fill-ins" are created, and they are normally added to the end of the Y stack.  The four vectors must be modified appropriately, and the elements of a row are no longer contiguous.

Note - if Y is to be Gaussian eliminated, this can be performed simultaneously while Y is being formed in row order, thereby never saving the LLT part of the eliminated Y matrix.  For example, Row 1 is formed and saved.  Next, Row 2 is formed, then Gaussian eliminated by Row 1, and then saved.  Next, Row 3 is formed, eliminated by Row 1, then by Row 2, and then saved, etc.

2.
Optimal Bus Ordering

Gaussian elimination and LU decomposition reduce matrices through a series of row operations.  Once the decision has been made to use sparsity programming, then it is very important in power system applications to order the busses efficiently so that the advantages of sparsity programming are not nullified by the creation of too many "fill-ins" (i.e. zero elements that become non-zeros).

Consider the simple five-bus system given figuratively in Figure 1.
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Figure 1.  Simple Five-Bus System

The form of Y, for the given bus order, is
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and the final form of the Gaussian eliminated Y is a full (URT+D) matrix, or
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where the 
[image: image11.wmf]Ä

 terms are "fill-ins."

However, if the bus numbers for busses 1 and 5 are interchanged, then the initial Y has the form
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and the final form of the Gaussian eliminated Y is
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which has no fill-ins.

While this is a simple example, the importance of bus ordering cannot be overstated.  Of course, an efficient computer code does not require the user to order the busses ahead of time.  Rather, the user simply inputs his/her desired bus numbers, in no particular order, and the program develops an "internal" (to the program) bus order.  The following three methods are often used:

Method 1:
Before Gaussian elimination begins, order the busses according to the number of connected branches, ignoring parallel branches and shunt elements, so that the busses with the fewest branches are first, and the busses with the most branches are last.

Method 2:
Order the busses so that after each step of Gaussian elimination, the next bus in the order is the one that has the fewest branches, including intermediate fill-in branches.

Method 3:
Order the busses so that after each step of Gaussian elimination, the next bus in the order is the one that creates the fewest fill-ins.  This requires a simulated row-reduction for all candidate busses.

Method 1 is the simplest and provides the highest incremental benefit.  Method 2 usually provides the best overall speed and memory benefits.  Method 3 is more time-consuming to compute, and the time and storage savings gained by Method 3 usually do not offset its additional ordering computation time.

The impact of optimal ordering on the Gaussian elimination of Y for six sample systems is shown in Table 2.

Table 2:  Impact of Optimal Bus Ordering Methods on Gaussian Elimination of Y


Elements in
 ------------ Elements in Gaussian-Eliminated Y ------------


System
in Y
User Bus Order
Method 1
Method 2
Method 3


18 Bus
52
66
41
35
35


83 Bus
303
592
292
264
267


125 Bus
421
1,357
614
419
422


264 Bus
976
5,736
1,204
1,005
1,004


515 Bus
1,761
14,142
1,992
1,763
1,751


2245 Bus
8,257
94,468
25,775
9,473
9,218*
*  Estimated using similar results for loadflow Jacobian matrix

The impact of optimal bus ordering on the Jacobian matrix, before and after Gaussian elimination, is shown in Figures 2a, 2b, and 2c, which correspond to optimal ordering methods 1, 2, and 3, respectively.
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Figure 2a.  Jacobian Matrix for 125 Bus System, Before and After Gaussian Elimination, Using Optimal Ordering Method 1

[image: image16.wmf]° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

250 

200 

150 

100 

50

0 

0 

50

100 

150 

200 

250 

Column


[image: image17.wmf]° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

° 

250 

200 

150 

100 

50

0 

0 

50

100 

150 

200 

250 

Column


Figure 2b.  Jacobian Matrix for 125 Bus System, Before and After Gaussian Elimination, Using Optimal Ordering Method 2
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Figure 2c.  Jacobian Matrix for 125 Bus System, Before and After Gaussian Elimination, Using Optimal Ordering Method 3

3.
Example Code BORDER for Performing Optimal Ordering Methods 1, 2, and 3
c

c  Program BORDER optimally orders busses according to methods

c  1, 2, and 3.  Reads formatted BDAT.BOR and LDAT.BOR files in

c  PCFLO fixed column format.  Results placed in files border.1,

c  border.2, and border.3.

c

c  Mack Grady.  See date below in variable versio.

c

      character*6 versio/'981025'/

      logical ybus,taken,ltrue,lfalse,ysave

      dimension ybus(100,100),nbext(100),nbint(9999),nbran(100),

     1 taken(100),ysave(100,100),jbus(100) 

      data mxint/100/,mxext/9999/,nbus/0/, nbint/9999 * 0/,

     1 nbext/100 * 0/,eps6/1.0e-06/

      data ybus  /10000 * .false./,ltrue/.true./,lfalse/.false./


data iout/15/

      pi = 4.0 * atan(1.0)

      dr = 180.0 / pi

      open(unit=1,file='bdat.bor')


open(unit=iout,file='exlog.bor')

      write(6,*) 'Program BORDER, Version ',versio

      write(6,*) 'Read bus data from PCFLO fixed column format ',

     1 'file BDAT.BOR'

      write(6,*) 'number        q shunt'

      write(iout,*) 'Program BORDER, Version ',versio

      write(iout,*) 'Read bus data from PCFLO fixed column format ',

     1 'file BDAT.BOR'

      write(iout,*) 'number        q shunt'

c

c  read the bdat file

c

    1 read(1,1001,end=5) nb,qshunt

 1001 format(i4,t58,f8.0)     

      if(nb .eq. 0) go to 5

      write(6,1002) nb,qshunt

      write(iout,1002) nb,qshunt

 1002 format(i7,5x,f10.2)

      if(nb .le. 0 .or. nb .gt. mxext) then

        write(6,*) 'Illegal bus number - stop'

        write(iout,*) 'Illegal bus number - stop'

        stop

      endif

      nbus = nbus + 1

      if(nbus .gt. mxint) then

        write(6,*) 'Too many busses - stop'

        write(iout,*) 'Too many busses - stop'

        stop

      endif

      nbext(nbus) = nb

      nbint(nb)   = nbus

      ybus(nbus,nbus) = ltrue

      go to 1

    5 close(unit=1,status='keep')

c    

      open(unit=1,file='ldat.bor')

      write(6,*) 'Read line/transformer data from PCFLO fixed column ',

     1 'format file LDAT.BOR'

      write(6,*) ' from     to           r           x',

     1 '      charge         tap  phase shift'

      write(iout,*) 'Read line/transformer data from PCFLO fixed ',


1 'column format file LDAT.BOR'

      write(iout,*) ' from     to           r           x',

     1 '      charge         tap  phase shift'

c

c  read the ldat file

c

   10 read(1,1003,end=15) nfrom,nto,r,x,charge,tap,phase

 1003 format(2i4,2x,3f12.0,t76,f7.0,f8.0)

      if(nfrom .eq. 0 .and. nto .eq. 0) go to 15

      write(6,1004) nfrom,nto,r,x,charge,tap,phase

      write(iout,1004) nfrom,nto,r,x,charge,tap,phase

 1004 format(1x,i5,2x,i5,4(2x,f10.4),3x,f10.2) 

      if(nfrom .lt. 0 .or. nfrom .gt. mxext .or. nto .lt. 0

     1 .or. nto .gt. mxext) then

        write(6,*) 'illegal bus number - stop'

        write(iout,*) 'illegal bus number - stop'

        stop

      endif

      if(nfrom .eq. nto) then

        write(6,*) 'same bus number given on both ends - stop'

        write(iout,*) 'same bus number given on both ends - stop'

        stop

      endif

      if(r .lt. -eps6 .or. tap .lt. -eps6) then

        write(6,*) 'illegal resistance or tap - stop'

        write(iout,*) 'illegal resistance or tap - stop'

        stop

      endif  

      if(charge .lt. -eps6) then

        write(6,*) 'line charging should be positive'

        write(iout,*) 'line charging should be positive'

        stop

      endif

      if(nfrom .ne. 0) then

        nfrom = nbint(nfrom)

        if(nfrom .eq. 0) then

          write(6,*) 'bus not included in file bdat - stop'

          write(iout,*) 'bus not included in file bdat - stop'

          stop  

        endif  

      endif

      if(nto   .ne. 0) then 

        nto   = nbint(nto)

        if(nto .eq. 0) then

          write(6,*) 'bus not included in file bdat - stop'

          write(iout,*) 'bus not included in file bdat - stop'

          stop

        endif  

      endif

      phase = phase / dr

      if(abs(phase) .gt. eps6 .and. abs(tap) .lt. eps6) tap = 1.0

      if((nfrom .eq. 0 .or. nto .eq. 0) .and. tap .gt. eps6) then

        write(6,*) 'shunt elements should not have taps - stop'

        write(iout,*) 'shunt elements should not have taps - stop'

        stop

      endif  

      if(tap .gt. eps6 .and. charge .gt. eps6) then

        write(6,*) 'transformers should not have line charging'

        write(iout,*) 'transformers should not have line charging'

        stop

      endif

c

c  the line charging terms

c

      if(nfrom .ne. 0) ybus(nfrom,nfrom) = ltrue

      if(nto   .ne. 0) ybus(nto  ,nto  ) = ltrue   

c

c  shunt elements

c

      if(nfrom .ne. 0 .and. nto   .eq. 0) ybus(nfrom,nfrom) = ltrue

      if(nfrom .eq. 0 .and. nto   .ne. 0) ybus(nto  ,nto  ) = ltrue        

c

c  transmission lines

c

      if(nfrom .ne. 0 .and. nto .ne. 0 .and. tap .lt. eps6) then

        ybus(nfrom,nto  ) = ltrue

        ybus(nto  ,nfrom) = ltrue

        ybus(nfrom,nfrom) = ltrue

        ybus(nto  ,nto  ) = ltrue

      endif

c

c  transformers

c

      if(nfrom .ne. 0 .and. nto .ne. 0 .and. tap .ge. eps6) then

        ybus(nfrom,nfrom) = ltrue

        ybus(nto  ,nto  ) = ltrue

        ybus(nfrom,nto  ) = ltrue

        ybus(nto  ,nfrom) = ltrue

      endif

      go to 10

   15 close(unit=1,status='keep')

c

c  count the number of nonzero terms in each row

c

      nterms    = 0

      do 20 j   = 1,nbus

      nbran(j)  = 0

      taken(j)  = lfalse

      do 20 k   = 1,nbus

      ysave(j,k) = ybus(j,k)

      if(ybus(j,k)) then

        nbran(j) = nbran(j) + 1

        nterms   = nterms   + 1

      endif  

   20 continue 

      write(6,1111) nterms

      write(iout,1111) nterms

c

c  simulate the gaussian elimination using file=bdat order

c

      ntfill   = nterms

      do 96 j  = 1,nbus

      taken(j) = ltrue

      do 97 k  = 1,nbus

      if(taken(k) .or. .not.ybus(k,j)) go to 97

      do 98 l  = 1,nbus

      if(ybus(j,l) .and. .not.ybus(k,l)) then         

        ybus(k,l) = ltrue

        ntfill    = ntfill + 1

      endif

   98 continue

      ybus(k,j)   = lfalse

      ntfill      = ntfill - 1

   97 continue

   96 continue   

      write(6,1113) ntfill

      write(iout,1113) ntfill

 1113 format(1x,'Total reduced YBUS terms for BDAT.BOR bus order = ',

     1 i5/)

c

      do 99 j  = 1,nbus

      taken(j) = lfalse

      do 99 k  = 1,nbus

      ybus(j,k) = ysave(j,k)

   99 continue

c

c  method 1

c 

      open(unit=1,file='border.1')

      norder    = 1

      nfound    = 0

      nties     = 2

      write(6,1111) nterms

      write(iout,1111) nterms

 1111 format(/1x,'YBUS terms before reduction = ',i8/)

 1105 format(1x,'Method = ',i5,', nties = ',i5,

     1  ', found = ',i5)

   30 do 25 j   = 1,nbus

      if(taken(j) .or. nbran(j) .ne. nties) go to 25

      taken(j)  = ltrue

      nfound    = nfound + 1

      jbus(nfound) = j

      write(1,1100) norder,nfound,nbext(j)

      write(6,1100) norder,nfound,nbext(j)

      write(iout,1100) norder,nfound,nbext(j)

 1100 format(1x,'Method = ',i5,', int. bus = ',i5,',  ext. bus = ',i5)     

   25 continue

      write(6,1105) norder,nties,nfound

      write(iout,1105) norder,nties,nfound

      nties     = nties + 1

      if(nfound .ne. nbus) go to 30

      close(unit=1,status='keep')

c

c  simulate the gaussian elimination for method 1 order

c

      do 35 j  = 1,nbus

      taken(j) = lfalse

   35 continue

      ntfill   = nterms

      do 36 jj = 1,nbus

      j        = jbus(jj)

      taken(j) = ltrue

      do 37 k  = 1,nbus

      if(taken(k) .or. .not.ybus(k,j)) go to 37

      do 38 l  = 1,nbus

      if(ybus(j,l) .and. .not.ybus(k,l)) then         

        ybus(k,l) = ltrue

        ntfill    = ntfill + 1

      endif

   38 continue

      ybus(k,j)   = lfalse

      ntfill      = ntfill - 1

   37 continue

   36 continue   

      write(6,1122) norder,ntfill

      write(iout,1122) norder,ntfill

 1122 format(/1x,'Total reduced YBUS terms for method = ',i5,

     1' equals ',i5/)

c      

c  method 2

c

      open(unit=1,file='border.2')

      norder    = 2

      do 40 j   = 1,nbus

      nbran(j)  = 0

      taken(j)  = lfalse

      do 40 k   = 1,nbus

      ybus(j,k) = ysave(j,k)

      if(ybus(j,k)) nbran(j) = nbran(j) + 1

   40 continue

      nfound    = 0

      ntfill    = nterms 

      nties     = 2

      write(6,1111) nterms

      write(iout,1111) nterms

 1108 format(1x,'Method = ',i5,', nties = ',i5,

     1  ', found = ',i5,', tot. terms = ',i5)

   50 do 45 j   = 1,nbus

      if(taken(j) .or. nbran(j) .ne. nties) go to 45

      taken(j)  = ltrue

      nfound    = nfound + 1

      write(1,1100) norder,nfound,nbext(j)

      write(6,1100) norder,nfound,nbext(j)

      write(iout,1100) norder,nfound,nbext(j)

c

c  gaussian eliminate all the remaining rows with row j

c

      do 60 k   = 1,nbus

      if(k .eq. j .or. taken(k)) go to 60

      if(ybus(k,j)) then

        do 65 l   = 1,nbus

        if(l .eq. j) go to 65

        if(ybus(j,l) .and. .not.ybus(k,l)) then

          ybus(k,l) = ltrue

          nbran(k)  = nbran(k) + 1

          ntfill    = ntfill   + 1

        endif

   65   continue

c

c  for the term under the pivot

c   

        ybus(k,j) = lfalse

        nbran(k)  = nbran(k) - 1

        ntfill    = ntfill   - 1     

      endif    

   60 continue

      write(6,1108) norder,nties,nfound,ntfill

      write(iout,1108) norder,nties,nfound,ntfill

      if(nfound .eq. nbus) go to 59

      nties     = 2

      if(nfound .eq. (nbus - 1)) nties = 1

      go to 50                

   45 continue

      nties = nties + 1

      go to 50

   59 close(unit=1,status='keep')

      write(6,1122) norder,ntfill

      write(iout,1122) norder,ntfill

c        

c  method 3

c

      open(unit=1,file='border.3')

      norder    = 3

      do 160 j  = 1,nbus

      taken(j)  = lfalse

      do 160 k  = 1,nbus

      ybus(j,k) = ysave(j,k)

  160 continue

      nfound    = 0

      nfills    = 0

      ntfill    = nterms

      write(6,1111) nterms

      write(iout,1111) nterms

  170 write(6,1107) norder,nfills,nfound,ntfill

      write(iout,1107) norder,nfills,nfound,ntfill

 1107 format(1x,'Method = ',i5,', nfills = ',i5,

     1  ', found = ',i5,', tot. terms = ',i5)

c

c  simulated gaussian elimination using the remaining pivot candidates

c               

      mfirst    = 0

      nxtbus    = 0

      do 165 m  = 1,nbus

      if(taken(m)) go to 165

      lstbus    = m

      nfills    = 0

      do 180 k  = 1,nbus

      if(k .eq. m .or. taken(k)) go to 180

      if(ybus(k,m)) then

        do 185 l  = 1,nbus

        if(l .eq. m) go to 185

        if(ybus(m,l) .and. .not.ybus(k,l)) nfills = nfills + 1

  185   continue

c   

c  for the term under the pivot

c

        nfills  = nfills - 1

      endif    

  180 continue

        if(mfirst .eq. 0) then

          mfirst = 1

          nxtbus = m

          minfil = nfills

        endif

        if(nfills .lt. minfil) then

          nxtbus = m

          minfil = nfills

        endif         

  165 continue

      if(nxtbus .eq. 0) then

        if(nfound .ne. (nbus - 1)) then

          write(6,1120)

          write(iout,1120)

 1120     format(/1x,'Error in method 3 ordering - stop')

          stop

        endif

        nxtbus = lstbus

        minfil = 0

      endif             

      j      = nxtbus

      nfills = minfil

      taken(j)  = ltrue

      nfound    = nfound + 1

      write(1,1100) norder,nfound,nbext(j)

      write(6,1100) norder,nfound,nbext(j)

      write(iout,1100) norder,nfound,nbext(j)

      if(nfound .eq. nbus) then

        write(6,1107) norder,nfills,nfound,ntfill

        write(iout,1107) norder,nfills,nfound,ntfill

        go to 175

      endif  

c

c  gaussian eliminate all the remaining rows with row j

c

      do 290 k   = 1,nbus

      if(k .eq. j .or. taken(k)) go to 290

      if(ybus(k,j)) then

        do 295 l   = 1,nbus

        if(l .eq. j) go to 295

        if(ybus(j,l) .and. .not.ybus(k,l)) then

          ybus(k,l) = ltrue

          nbran(k)  = nbran(k) + 1

          ntfill    = ntfill   + 1

        endif

  295   continue

c  

c  for the term under the pivot

c   

        ybus(k,j) = lfalse

        nbran(k)  = nbran(k) - 1

        ntfill    = ntfill   - 1     

      endif    

  290 continue

      go to 170

  175 close(unit=1,status='keep')     

      write(6,1122) norder,ntfill

      write(iout,1122) norder,ntfill

      stop

      end
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