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�Descriptions Of Large Interconnected Systems

�

Generators produce electric power:

  ( 300 in Texas, 3000 in the Eastern US grid

  ( Probability of each unit failure: 2% to 15%



Transmission lines & transformers transfer power:

  ( 5000 in Texas, 50000 in the Eastern US grid

  ( Probability of each line failure: .01% to .1%

  ( Probability of each xfmr failure: 1% to 4%

�
Current Practices



�



      Transmission System Reliability Analysis:

      ( The electrical network solution is detailed.

      ( Enumeration is used to model line outages.

      ( Deterministic performance criteria is used.

      ( Generation outages are insufficiently tested.



      Generation System Reliability Analysis:

      ( The electrical network is simplistic or absent.

      ( Convolution is used to model generator states.

      ( Probabilistic performance criteria is used.

      ( Transmission outages are insufficiently tested.

�   State-Of-The-Art Programs Used In Industry
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TRELSS - Probabilistic transmission analysis program is very limited in modeling generation outages.

NARP - Probabilistic generation analysis program is very limited in modeling transmission system outages.

 Enumeration Problem With The EPRI TRELSS Program



Transmission

200 lines, FOR=.002

all outages through N-2

Total Pr Space = .992



Generation

200 generators, FOR=.05

all outages through N-2

Total Pr Space = .0023

�Industry Practice In Representation Of Generator Up/Down/Derated States

�
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�Total System Generation Reliability
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�Three Generator Convolution Example For Creating FG(x)
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Final FE(x) for Three Generator Example
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Pictorial Representation Of A 3-State Recursive Convolution Process
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�One Generator Example With A .5 MW Transmission Constraint



�																															.5 MW max.

																								G1



	



�																																	area = .5



																														  .25							1. continuous

																														f(x)												

																	

																																0				 1	MW		

Distribution Of Discrete f(x) With A Transmission Constraint

�Dissertation Contributions

�

��New piecewise-quadratic mathematical convolution method for calculating cumulative distributions

+

�New load flow solution improvements

+

��New method for calculating probabilistic line flows as cumulative distributions

+

�New method for outaging many transmission lines simultaneously without network matrix modification

+

��New method for modeling load shedding using ‘virtual’ generators

=

���New multi-area electric power system simulator modeling random line and generator failures for many load levels and areas

Technical Papers Published And In Review

�

�(	E. Preston and M. Grady, An Efficient Method for Calculating Power System Production Cost and Reliability, IEE Proceedings-C, Vol. 138, No. 3, May 1991, pp. 221-227.



�(	E. Preston, M. Grady, and M. Baughman, A New Planning Model For Assessing The Effects Of Transmission Capacity Constraints On The Reliability Of Generation Supply For Large Nonequivalenced Electric Networks, IEEE/PES T&D Meeting, Los Angeles, CA, September 1996.  (to appear in the IEEE Trans. on PAS)



�(	E. Preston, M. Grady, and M. Baughman, A New Model For Outaging Transmission Lines In Large Electric Networks, presently being reviewed. (submitted as a Transactions paper)

1. New Piecewise-Quadratic Convolution Method For Creating The Generation Reliability Cumulative Distribution

�

																								F0	- local discrete points on F(x)
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Piecewise Quadratic Interpolation

     ( Simple algebraic relationship allows discrete points to describe

						a continuous function with high accuracy in the right hand tail:

        F(x)  	=	.5r(r (1)F0			+(1( r 2 )F1 	+.5r(r+1)F2

�Piecewise-Quadratic And Piecewise-Linear Error

�
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Per Unit Error of  (FG (FE)/FE for h = 58.197 MW
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PQ Error - A Cubic Function Of h MW Grid Spacing�							2.  Load Flow Solution Improvements

�

A large amount of the time in the PLF model is spent finding solutions to the electrical network.  The following unique improvements increase solution speed and accuracy.



Bus voltages are represented in a way that avoids the need to perform time consuming trigonometric conversions.



Two network matrices are used together to improve solution voltage stability.  One matrix efficiently finds the voltage angle and the other calculates the voltage magnitude.

�3. New Method For Calculating Probabilistic Line Flows

�

Create MaxGen load flow with all generators on

Outage each generator and calculate incremental real power line flows

Scale incremental flows so they will create the MaxGen case when summed

Convolve together all the generator outage and derating incremental line flows to 
create cumulative probabilistic line flow distributions for all lines.  Perform the calculation in both directions on each line as two separate operations to maintain accuracy in the right hand tails.






4.  New Method For Outaging Transmission Lines

�

Single line outage model without matrix modification 



�
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													 	 										from	 +Sj amp											(Sj  	to

Single Line Removal Using Sj Injection Current



Multiple lines outaged model without matrix modification 



�											from	   S1 = Ib1 + (I11S1 + (I12S2 + (I13S3  	to

							Line 1

														   S2 = Ib2 + (I21S1 + (I22S2 + (I23S3

							Line 2

														   S3 = Ib3 + (I31S1 + (I32S2 + (I33S3

							Line 3

Three Lines Outaged Example



� EMBED Equation.2  ���



3 x 3 Matrix to be solved for S complex injection currents

�Final Distribution With Generation Outages

Cumulative Probabilistic Line Flow
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�5. Modeling Load Shedding Using ‘Virtual’ Generators

�

Virtual generation injected at load buses creates real incremental flows

�











														virtual generator

																					load



																							incremental flows to all buses in the network



( Every bus, load area, or combination of buses that are candidates to have load shed, are set up as separate solutions with proportional virtual generation injected.  The purpose is to calculate a set of per unit real power line flow distribution factors for each combination.

Linear Superposition Of Actual Generator And

Virtual Generator Incremental Flows

�
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( Each real generator’s incremental power per unit line flow factors are linearly combined with each virtual generator’s line flow factors to create a new set.

( The generator-virtual generator pair with the greatest per unit incremental flow in a line is selected as the primary candidates for reduction in generator output and for reduction in load.



Modeling Of The Load Shedding

�
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( Calculate shift in generation reliability distribution due to

   transmission constraints





�A Two Dimensional Function Is Used To Couple Adjustments In Line Overloads To FG(x)
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												FG(x) is inverted and x axis is reversed												x

																																					( of all generation MW

( Calculate shift in generation reliability distribution due to

   transmission constraints using two dimensional F(x,y)

   cumulative distribution



6. 
The 
PL
F Model 
Requires All The 
Contributions



�





The 
P
iecewise 
Q
uadratic formulation presented 
in this dissertation 
has the lowest functional error in the industry for 
representing
 
 cumulative distributions
 
produced by the 
convolution of large numbers of generator failure states.






The 
unique 
electrical (
l
oad flow
)
 
solution 
method 
presented in this dissertation
 
is more s
table 
than either the full Newton or
 the 
 decoupled Newton 
solution 
methods.
  Th
e
 
method presented 
here 
s
olve
s
 large networks 
to 
a b
us tolerance 
of .01 MW rather than the widely accepted standard of 1 MW
 in a popular commercially available program.






The 
convolution 
method for 
accurately 
calculating probabilistic line flow distributions due to 
random 
generator 
failures 
i
s unique
.
 
 No other method
, program, or 
paper 
has been presented 
in the industry 
that can 
accurately calculat
e
 probabilities in the tails down to 10
-100
.






A n
ew method for outaging many transmission lines
 at the same time 
without 
the need to make 
network matrix modification
s is presented.  This has not been done previously in any industry paper or computer program.  The approach presented increases solution speed by about two orders of magnitude for problems modeling random line outages in conjunction with random generator outages.






A n
ew method for modeling load shed
ding using ‘virtual’ generator
s
 is presented.  The linear combination of 
per unit 
line flow 
factors for actual generators and 
the 
line flow factors 
for virtual generators allows 
a very large number of combinations of 
load
s
 and generator
s
 
to 
be made quickly without solving a load flow for every possible configuration.  The PLF model execution time would increase by orders of
 magnitude if a 
load flow 
had to be solved fo
r every combination of generat
or
 and load
 
that are candidates for 
load shed
ing
.








� Application Example 1

Test Case Using IEEE RTS
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�Application Example 1
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RTS Transmission EUE by Area Vs Percent Load For 80% Line Ratings
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Application Example 2

Transmission Line Flows Due To Line Outages and 710 MW Generation Outaged

�
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City of Austin 345/138 kV 480 MVA Autotransformers
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COA EUE With Autotransformer FOR=.04



�ERCOT generation supply only

�Holly not retired and no Garfield autotransformer

�Holly retired and no Garfield autotransformer

�Holly retired and one Garfield autotransformer

�Holly retired and two Garfield autotransformers



�Recommendations For Future Research

Add to the PLF model the EUE load shedding MWh due to system separations.



Further review the theory and operation of the load shedding algorithm to see if improvements in its speed and accuracy can be made.



Investigate the feasibility of adding the frequency of load sheddings as a part of the convolution process presented in this dissertation.



Increase the PLF load flow model from its present 5000 buses to 50000 buses for the purpose of testing the reliability of the eastern and western electric power systems.



Conduct an analysis of the generation and transmission reliability of every area in ERCOT for the purpose of determining how well the City of Austin compares with the other areas in overall reliability and to identify those components within the COA system that are causing any reliability deficiencies.
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Addition  Of Transmission Constraints



FG(x) = Probability Generation Outaged > x MW



EUE - Expected Unserved Energy
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Each area shows EUE results for Convolution and Enumeration.
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