
+ +

IEEE PES Winter Meeting 1998

Power System Stability Subcommittee Meeting

Arti�cial Intelligence Methods for

Voltage Stability Assessment

Louis WEHENKEL

University of Li�ege - Belgium

I. (Quick) overview of the AI �eld in 1998

II. Automatic Learning framework for DSA

III. Applications to voltage stability/security

IV. Present status and research

Copies of the slides can be downloaded from the Web at http://www.montefiore.ulg.ac.be/~lwh/

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 1

+ +

... to knowledge

...

50MW Line in ...

100MW Line out ...

Security

margin<0

margin=50

...
voltage collapse

stable

Attributes

...

margin=50*TANH(100-P)+...

IF (P<100MW) AND (Line in) THEN (class=stable)

From data ...

Automatic
Learning

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 2

+ +

I. (Quick) overview of the AI �eld in 1998

Two main complementary approaches :

� Model centered ) Knowledge based (expert) systems

Knowledge representation, reasoning mechanism, explanations,

End-user interfaces and integration issues (e.g. with EMS)

� Data centered ) Automatic learning based systems

Machine learning (e.g. decision trees)

Arti�cial neural networks

Statistical pattern recognition, density estimation, regression

Hard vs Soft computing (neural nets, fuzzy syst., evolutionary comp.)
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Recent progress (since 1985) :

� In automatic learning :

Integration of various techniques (toolbox, hybrids : : : )

New methods

Advances in theory (e.g. statistical learning theory)

� Use of probability methods :

Uncertain reasoning (e.g. Bayesian belief networks)

Automatic learning theory

� Fuzzy systems :

Knowledge representation : imprecision and graduality

Automatic learning methods (e.g. fuzzy trees, neuro-fuzzy: : : )

� Evolutionary computation (e.g. genetic algorithms: : : )
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Summary

AI �eld :

� Earlier work : centered on representing (human) knowledge and

simulating (human) reasoning mechanisms

� Today : towards data (and computationally) intensive methods

) Data mining : methodologies and tools to extract meaningful and

useful information from large amounts of raw data

Relevance to the power system �eld :

� Many data sources : substations, SCADA, simulations: : :

� Many potential applications :

Monitoring and forecasting

Modeling and design (combination with analytical techniques)
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II. AL framework for Dynamic Security Assessment

On-line or off-line

Statistical

and ANN

models

 and rules

Decision trees

KB

scenarios

DB

KB : knowledge base

security 

 preanalyzed

number of

Off-line in study environment

Large

Statistical methods

Decision trees

Artificial Neural Networks

Fast Decision Making

Physical Interpretation

Uncertainty Management

Extraction of

Synthetic Information

by automatic learning

Use of 

Synthetic Information

Numerical Simulations

Random Sampling

Study Definition

Data base generation

Random

Off-line, automatic, in parallel

DB : data base

Applications : Dynamic performance analysis (modes, regions)

Design of operating and emergency control rules
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Data base generation

Preliminary remarks

� Security information DB : several 1000 security scenarios

� Quality of the DB : determines quality of extracted knowledge

� Sound methodology is needed : speci�cation and validation

� Scenarios should be uncorrelated : to apply AL tools

NB. DB speci�cation is time consuming.

But, if done properly once, may serve several times.

) Let the computer do the job for which it is best suited...
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What is a security scenario ?

Three components

� Initial operating point (OP) :

Equilibrium, de�ned by available equipments and their initial state

� External disturbances (ED) :

Events which initiate dynamics (faults, load trends: : : )

� Dynamic modeling hypothesis (MH) :

Assumptions on how the system is supposed to behave

NB.

1. All three may vary from one scenario to another (examples later)

2. How they vary depends on the objective of the security study
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Overall data base generation process

Random sampling of scenarios

Data base generation and management

Experts

Data base specification

Study specification 
Specifications

Numerical simulations of scenarios

Building of ground parameter files

Data base verification and validation

Automatic
(computer)

Discussions
with experts
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Speci�cations

� Study scope

De�ne objectives of the study and range of target conditions.

Types of phenomena. Range of operating points and faults.

Modeling assumptions.

� Data base per se

� Random sampling speci�cations

(variables and probability distributions)

� Extracted ground parameters

(attributes, security information)

� Acceptability criteria and �ltering

� Number of scenarios to simulate

) Many discussions with experts
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Data base generation tool

Random Sampling

Slave

Slave

Slave

Slave
Slave

Simulator input files

DB

Scenarios

A

Data Base

Results

Specs
A

priori posteriori
Simulation engine

Master

Extracted ground parameters and status

OP

OPs

OP=operating point

ED=external disturbances

ED

EDs

MH=dynamic behavior hypothesis

MH

MHs
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Scenario simulation

Operating point

building and validation

Dynamic simulation

and validation

Valid?

Extraction of 

ground parameters

input files
OP

Dynamic simulator
input files

Ground parameter
specifications

Files from master

"Simulation rejected"

"OP rejected"

"Scenario accepted"

Ground parameters

Results back to master

no

yes

Valid?

no

yes
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Essentials of Automatic Learning

Some de�nitions

Supervised learning.

Given a set of examples (the learning set (LS)) of associated

input/output pairs, derive a general rule representing the under-

lying input/output relationship, which may be used to explain

the observed pairs and/or predict output values for any new

unseen input.

Unsupervised learning

Discover similarities and/or correlations ) later...
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Toolbox of Automatic Learning Methods

Motivation : di�erent AL methods provide di�erent functionalities

� Interpretability ) decision trees

� Accuracy ) non-linear regression like ANNs

� Local reasoning ) nearest neighbor techniques

� Identi�cation of modes, regions ) unsupervised learning

Hybrid techniques : combine advantages of di�erent methods

� DT-ANN, DT-KNN

� Fuzzy decision trees
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Example Security Problem

Transient stability assessment

Xt=87%
400kv system

Xinf=60

1650MVA
H=5.6s

Pu : 700 ... 1300MW

Qu : -665 ... 990Mvar Pl = 100MW

Vl Vinf

Ω

NB. Toy problem...

Inputs : Pu and Qu

Output : CCT or security Class (Secure iff CCT > 155ms)
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Example Security Problem : Data Base

Data base : 5000 operating points (uniform distributions in P-Q space)
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700. 800. 900. 1000. 1100. 1200. 1300.

Pu (MW)

-500.

-250.

0.0

250.

500.

750.

1000.

Qu (Mvar)

Secure
CCT > 155ms

Insecure
CCT < 155ms

Secure : 3510 staes

800
900

1000
1100

1200 -500

0

500

0

0.1

0.2

0.3

0.4

0.5

0.6

Pu (MW)

Qu (Mvar)

CCT (s)

Total : 5000 states

Insecure : 1490 states

CCTs : by SBS dichotomy (simplified model)

Test set (TS) : 2000 other states
Learning set (LS) : 3000 states
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+ +

Decision Tree Learning

What is a decision tree ?

Conclude

Secure

noyes

yes no

Pu < 950 MW ?

Rule 3 : If (Pu > 950MW) and (Qu > 0Mvar) then Conclude Secure

Conclude

Secure
Qu < 0 Mvar ?

Conclude

Insecure

Terminal nodeTerminal node

Terminal node

Topnode

Rule 2 : If (Pu > 950MW) and (Qu < 0Mvar) then Conclude Insecure

Rule 1 : If (Pu < 950MW) then Conclude Secure

Equivalent If-Then rules :

Hypothetical state

Qu=-500Mvar
Pu=1000MW

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 17

+ +

How is it \learned" from a learning set ?

Topnode: 3000

1026 Y

543 Y

Successor 3

483N

Successor 4

Qu < 194.19

1974N

Pu > 1096.2
Topnode: 3000

1026 Y

Successor 1

1974N

Successor 2

Pu > 1096.2

-500. -250. 0.0 250. 500. 750.
Qu-Threshold

0.05

0.10

0.15

0.20

0.25

0.30

0.35
Score

800. 900. 1000. 1100. 1200.
Pu-Threshold

0.05

0.10

0.15

0.20

0.25

0.30

0.35 Score

Topnode: 3000

Insecure: 909
Secure: 2091

(c) Tree after the topnode was developed

(a) Top node of the tree

Tree at step 1

Tree at step 0

Tree at step 2

(d) Tree after the first successor was developed

Pu < Threshold
Qu < Threshold

Max score:0.36

Max score:0.09

(b) Test scores as a function of threshold

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 18

+ +

Technicalities : optimal splitting and stopping to split ) later...

This is the end-result for our example problem

T18 + L12 + D7
Learning set classification (w.r.t. SECURITY)

Insecure: 909
Secure: 2091

T2: 1026 Y

T3: 543 Y

L1: 479Y T4: 64
N

L2: 57Y L3: 7
N

Pu > 1135.8

Qu < 93.413

T5: 483N

T6: 190 Y

D1: 139Y
T7: 51
N

L4: 22Y D2: 29N
Pu > 1258.1

Qu < 718.64

T8: 293N

T9: 127Y

D3: 45Y D4: 82N
Pu > 1164.6

L5: 166N
Qu < 505.66

Pu > 1209.8

Qu < 194.19

T10: 1974N

T11: 591 Y

T12: 197 Y

T13: 121Y

D5: 104Y
D6: 17

N
Pu > 989.32

T14: 76N

D7: 38Y L6: 38N
Pu > 1027.9

Qu < -359.3

T15: 394N

T16: 32
Y

L7: 7
Y L8: 25N

Qu < -529.8

L9: 362N
Pu > 943.99

Pu > 964.85

T17: 1383N

T18: 78
Y

L10: 4
Y L11: 74N

Qu < -82.17

L12: 1305N
Pu > 1077.0

Qu < -176.1

Pu > 1096.2

Pe=2.3%

7 Deadends

NB. Testing the tree : how many and which kind of errors

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 19

+ +

In practice :

De�ne security classes : number, thresholds

NB : classes can be biased to avoid dangerous errors...

Propose many candidate attributes

Algorithm will select (most) appropriate ones automatically

Tree building ) interesting by-products (see demo)

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 20



+ +

Re�nements : oblique trees, regression trees, fuzzy trees: : :

T6 + L6 + D1

T2: 903
Y

L1: 855 Y
T3: 48

N

L2: 16
Y

T4: 32
N

L3: 14
Y

D1: 18
N

Pu > 1157.9

Pu < 1035.3

Pu - 0.22*Qu>1101.

T5: 2097N

L4: 16
Y T6: 2081N

L5: 6

Y L6: 2075N
Pu - 0.38*Qu>1160.

Pu - 0.17*Qu>1109.

Pu - 0.22*Qu>1089.

Pe=0.1%
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Qu (Mvars) classification boundary

Oblique treeOrthogonal tree 
classification boundary

... simpler, more accurate : better
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+ +

Salient features of decision trees

Interpretability ) physical insight

Identify relevant attributes ) reduce dimensionality

Computational e�ciency ) trial and error

Discrete and rather rough... (but improvements exist)

) Heart of the AL tool box (more about it later...)
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+ +

Multilayer perceptrons

What is a multilayer perceptron ?

output
Threshold

net input = w1*a1 + ... + wn*an + threshold
output =  tanh(net input)

w1

wn

a1

an

output
Threshold

net input = w1*a1 + ... + wn*an + threshold

output

output =  tanh(net input)

net input

w1

wn

a1

an

LAYER

cp

c1

a1

an

HIDDEN

INPUT
LAYER

LAYERS

OUTPUT
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+ +

How is it \learned" ?

� Coding

� Inputs : feature selection and normalization

� Outputs : human choice... ) security margins or classes

� Structure

� Layers, neurons, connections

� Rules of thumb + manual (or systematic) trial and error

� Tuning the parameters

� For a given structure

� Iterative optimization (many algorithms)

NB. Cross-validation to avoid over�tting problems
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+ +

Illustration on our toy problem

CCT

Pu

Qu

(a) Initial values of the weights are random

α1,10

α2,10

β1

β2

β10

Hidden layer uses

hyperbolic tangent 

Output layer is a linear combination

activation functions.

Pu -0.40132

-0.60271

-0.056020

-0.067897

0.000194

0.000822

Qu

-0.00085

-0.00051

CCT

layer

α1,1
Input

Hidden layer

layer

Output

Pe=0.25%

(b) After training the weights are tuned to fit the problem
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+ +

Parameter tuning (BFGS) yields the following after 46 iterations

CCT

MLP

= �0:602710tanh (0:000194Pu� 0:00034Qu� 0:93219)

�0:401320tanh (0:000822Pu� 0:00020Qu� 0:76681)

+0:318249tanh (0:000239Pu� 0:00050Qu� 0:29351)

�0:287230tanh (0:002004Pu� 0:00034Qu� 1:20080)

+0:184522tanh (0:000131Pu� 0:00057Qu� 0:03152)

+0:177701tanh (0:001799Pu� 0:00011Qu� 2:08190)

�0:150720tanh (0:001530Pu� 0:00056Qu� 1:68040)

+0:142678tanh (0:002152Pu� 0:00046Qu� 1:72280)

�0:067897tanh (0:001910Pu� 0:00051Qu� 1:71343)

�0:056020tanh (0:000202Pu� 0:00085Qu� 0:39876)

NB: a simpler structure could have worked as well...
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+ +

Testing the MLP's generalization to unseen cases :

Distribution of approximation errors

in the test set: CCT(SBS)-CCT(ANN) ms

Maximal absolute error = 3 ms

-5 -2.5 0.0 2.5 5
0.0

25.

50.

75.

100.

125.

150.

175.

Mean absolute error = 0.4 ms

states
Nb of

CCT(SBS)-CCT(ANN) ms

or P

e

= 0.25% ....very accurate indeed!
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+ +

Salient features of MLPs

Able to infer security margins

Very 
exible and accurate in practice

Black box (in large scale problems)

May lead to over�tting if used \naively"

Slow parameter tuning algorithms

) hybrid DT-ANN setting (more about it later...)
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+ +

Nearest neighbor techniques

What is it ?

De�ne a distance (or similarity measure) in the input at-

tribute space.

To predict output of an unseen state :

� First �nd the (few) most similar state(s) in the LS

� Extrapolate their output to the unseen state
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Illustration on our toy problem
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Nearest neighbor (state 2276)Pu=1090MW

Zoom around state 4984

Qu=-20Mvar

3000 learning states

Nearest neighbor : state 2276

CCT(state 2276) = 0.157s (error = -0.001s) P

e

= 0.9%
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Salient features of KNN

Able to infer security margins as well as classes

Provides case by case analysis (detection of outliers)

No global view

Very sensitive to irrelevant or redundant attributes

Rather slow at use and excessively slow tuning (GAs)

) hybrid DT-KNN setting (more about it in a moment...)
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Re�nements

Adapting K to the problem

Feature selection and distance tuning

Local distances

E�cient search techniques

: : :
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Features of pure and hybrid supervised learning methods

Method Functionalities Computational

O�-line On-line

Crisp

DTs

Good interpretability (global). Dis-

crete. Good accuracy for simple

\localized" problems. Low accuracy

for complex, di�use problems.

Very fast Ultra fast

MLPs

Good accuracy. Low interpretabil-

ity. Margins and sensitivities.

Very slow Fast

P
u
r
e

kNN

Good interpretability (local). Con-

ceptual simplicity.

Very slow Very slow

Fuzzy

DTs

Good interpretability (global).

Symbolic and continuous. More ac-

curate than crisp trees. Margins and

sensitivities.

Slow Very Fast

DT-ANN Combine features of DTs & MLPs Slow Very Fast

H
y
b
r
i
d

DT-kNN Combine features of DTs & kNNs Slow Slow
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Unsupervised learning

� Discover similarities

� Among states ) clustering

� Among variables ) correlation analysis

� Various more or less sophisticated techniques exist

� K-means ) illustrated later

� Hierarchical clustering ) illustrated later

� Kohonen feature maps ) illustrated later
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III. Applications of AL to Voltage Stability Assessment

General idea : exploit DB by AL to analyse system behavior in the con-

text of a large number of diversi�ed scenarios, and to extract decision

rules or to \tune" parameters of some (detection or control) device.

NB. The AL approach may be applied to any kind of security assesment

problem, as well as to other design problems based on simulations.

It was initially developed in the context of transient stability assess-

ment, and is presently applied also to static security assessment.

MENU

� Overview of types of problems which may be tackled by AL

� Examples of actual applications (EDF system)
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Practical application environments and possible uses of AL

� Generation transmission system planning

� Screening large numbers (100,000) of di�erent con�gurations

! Use of AL to extract synthetic information from simulations

! Combination with Monte-Carlo simulations

(e.g. to reduce variance)

� Design of protection and control systems

! Assessment of existing special stability control systems

! Tuning of thresholds and delays

! Selection of triggering signals/measurements

! Design of new systems

� NB. Temporal aspects are important
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� Operation planning

! Design of synthetic security criteria

� For operators or to include in operation planning software

� On-line operation

� Use security criteria prepared o�-line

! Adapt security to changing conditions

� Real-time monitoring and control

� Use criteria and devices designed o�-line

� Operator training

� Exploit DB of interesting scenarios

� Use knowledge extracted o�-line to build scenarios

� Give explanations to trainee
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AL and analytical tools

� Analytical tools

� Load-
ow, SBS, direct, eigenvalues: : :

� Used to build DBs

� Provide detailed case by case analysis

� Automatic Learning

� Extract synthetic information from DBs

� May compare simpli�ed tools (or modelings) with detailed ones

� May formulate security constraints compatible with other tools

(e.g. Unit Commitment)

) They are essentially complementary
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Examples : application to the EDF system

Problem statement

� Main phenomenon : risk of voltage collapse induced by load restora-

tion through automatic OLTCs

� Simulation model : ASTRE

(no fast \electromechanical" dynamics, detailed model otherwise)

� Generation of a large range of operating conditions of study region

(ex. Western part and South-Eastern parts are \voltage weak")
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+ +

Data base generation

� For each operating state, simulation of a list of potentially harmful

contingencies (10 to 30), and computation of pre-disturbance and

post-disturbance security margins

� Uncertainties are taken into account by randomizing parameters of

the model used for simulation (e.g. load model and distribution

among individual HV/MV transformers: : : )

� Data base stores attributes' values in the predisturbance state and

just after the occurence of a disturbance (JAD) : can be used both

for preventive and emergency modes

Several 100,000 simulations : - a few days of CPU time

- about 10 to 100MB of raw data.
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System Map

2
1

1 2 3

3

2

2

1
2

5

3

1

4

1 2
4

HV connex island limit

B

D

F

A E

C

Feeding point of an MV load

A

1

: power plant

Feeding point of an HV area

225 kV
380 kV

V

P0

∆

70 machines

Post

Load

Pre

LPM

For a given contingency and OP :

∆LPM : measure of severity

Study region load : 4700-7500MW

Topologies : N, N-1, N-2

Model : 1200 buses, 450 OLTCs
CSVC, 
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Pre- vs post-contingency LPMs

3 contingencies, 5000 OPs
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Line tripping

0 500 1000 1500 2000
Pre0

500

1000

1500

2000

Post

Mean � LPM = 99 MW

Stand. Dev. 38MW

) very simple

Mean � LPM = 97 MW

Stand. Dev. 105MW

) less simple

Mean � LPM = 355 MW

Stand. Dev. 88MW

) more severe

L. Wehenkel. Contingency severity assessment for voltage security using non-parametric regression

techniques. IEEE Trans. on Power Syst., PWRS-11(1):101{111, February 1996.
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+ +

Severity regression tree : loss of a line circuit

T7 + L0 + D8

T2: 2610 Y

T3: 1146
Y

37 (21)

T154: 1464
N

T155: 1237 Y

T156: 334
Y

75 (27)

T214: 903N

108 (29)

99 (32)

Reactive Flow < -258

T405: 227
N

150 (37)

107 (37)

Reactive Reserve < 884

76 (47)

Reactive Reserve < 192

T458: 165
N

T459: 73
Y

295 (77)

T491: 92
N

T492: 10
Y

 316 (78)

T498: 82
N

T499: 19
Y

506 (84)

T512: 63
N

653 (86)

619 (105)

Reactive import < -109

586 (139)

Reactive Flow < -357

457 (185)

Reactive Reserve < 191

99 (111)

Second circuit in operation
457 (185)

Less severe : left

More severe : right

738

MAE : 22MW TS

-12
Severity in MW

mean severity severity st.dev
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+ +

Severity ranges of 26 contingencies (5000 OPs)

-200

0

200

400

600

800

1000

MW

Contingency No

|10% - [50%] - 90%|
Mean severity

(mean & median)
pre-contingency LPM

contingencies

S
ev

er
iti

es

Severe & complex
contingencies

Simple & mild

Severity : � LPM (pre-cont. - post-cont. load-power-margin)

NB. Uncertainty of LPM � 40MW
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+ +

Emergency state detection : generator trip (JAD state)

Test results :

Number of test states : 1156

Qr* denotes a reactive reserve

Ln* denotes a power flow

HV* denotes a HV voltage (p.u.)

T10 + L2 + D9Learning set
Critical: 282 examples
Non-Critical: 874 examples

T2: 363
Y

T3: 324 Y

T4: 158
Y

D1: 19
Y

D2: 139
N

Lnc-Q<8Mvar

T5: 166
N

T6: 94
Y

L1: 12
Y

D3: 82
N

EHV1<395kV

D4: 72
N

Pc<7637MW

HV2<0.9675

D5: 39
N

Qr123<1231Mvar

T7: 793N

T8: 775 Y

D6: 14

Y T9: 761N

D7: 9

Y D8: 752N

HV1<0.9695

Qr123<724Mvar

T10: 18

N

D9: 11
Y

L2: 7
N

Lna-P<333MW

Lnb-P<197MW

Qrsc<125Mvar

Pc denotes the regional load level

P(DE) = 0.2%

Contingency

Loss of a generator

Attributes are measured at t0+30s.

Pe = 8.5%
P(FA) = 3.8%
P(ND) = 4.7%

Variants : multi-contingency trees, other acquisition times
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+ +

Voltage coherent zones

1,2... : coherent

5 4 10

3 7

2 6 11

8 12

1391

Feature map after learning

"empty"
prototypes

generator
trip

1

2
3

5

4

10

13

6

9
12

8

7 11

regions

NB. Analysis carried out simultaneously on 100 di�erent JAD states
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+ +

IV. Present Status

Methodology in use at the R&D Division of EDF

Last spring, an operational study has been carried out by EDF to de�ne

operating guidelines for the South-Eastern part of their system. The

so designed rules are presently in use.

Engineers from various departments of EDF start being aware of this

methodology and some seem to be really interested...

Preliminary speci�cation of overall software architecture for systematic

use of the technique has been carried out. Industrial grade software

development is projected for the near future.
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+ +

New Research : Global Dynamic Security Assessment

Global : - all kinds of possible causes of system failure are studied

- consequences due to slow and fast dynamics are evaluated

� Aims :

� Identify main system weaknesses, without prior hypothesis on

the dynamics involved.

� Identify distance to insecurity, taking into account probability of

causes and severity of consequences.

� Applications :

� Evaluate existing defense plans and their interactions in very

disturbed modes

� Identify structural weaknesses and means to improve them, by

modifying existing defense plans or implementing new ones
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Data base (overview)

NB. Ongoing work, since 1995

Data base of 1100 extreme scenarios on the EDF system (now 2000)

Each scenario is simulated during 40-50 minutes (very detailed model)

Attributes are temporal variables (curves)

800 attributes ) 1GB data base (sic)

Various collapse phenomena :

� Line overloads (cascades)

� Voltage collapse (local, regional)

� Loss of synchronism (plant and area modes)
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+ +

EDF system

380 kV

225 kV

Frontier

System map

B.CARS71

A

TAVELS71

Spain

P.CORS71

G.ILES71

GEN.PS71

VIELMS71

BAYETS71

VAUPAS61

FLEACS61

A

B

C

C

D

B

D

E

E

F

F

G

G

H

H

I I

I

L

Belgium

France

Luxembourg

Netherlands

Italy

Switzerland

I, L: study region

Germany
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tripping
Line overload Undervoltage prot∗∗

TAVELS71_TRI.PS71_2
∗
AVIGNS61_MOTT5S61_1

∗
B.TOLS71_GEN.PS71_1

∗
L.NEUS61_ZCBAUS61_1

∗
ECHALS61_RIVIES61_1

∗
L.NEUS61_VALE8S61_1

∗
BOISSS71_CHAFFS71_1

∗
BISSYS61_G.ILES61_1

∗
ORAISS61_SISTES61_1

∗
GIVORS61_ZGAROS61_1

∗
SSAUBS61_ZSAL6S61_1

∗
CHAFFS71_MIONSS71_1

∗
CHAFFS72_MIONSS71_2

∗
BOUTRS61_SSTULS61_1

∗
LAVERS61_SEPTES61_1

∗

HISTORIQUE(SC_1439) : A02 

0.0 500. 1000. 1500. 2000. 2500. 3000.
---  ---

0.0

2.5

5.

7.5

10.

12.5

15. step

∗∗ RABATS61_RABATS31_1∗ E.BOTS61_E.BOTS31_1∗ PALUNS61_PALUNS31_1∗ SEPTES61_SEPTES31_1∗ ROGNAS61_ROGNAS31_1∗ LAVERS61_LAVERS31_1∗ FEUILS61_FEUILS31_1∗ DARSES61_DARSES31_1∗ RASSUS61_RASSUS31_1∗ SSESTS61_SSESTS31_1∗ SSCHAS61_SSCHAS31_1∗ P.ORGS61_P.ORGS31_1∗ RQROUS61_RQROUS31_1∗ C.RHOS61_C.RHOS31_1∗ L.NEUS61_L.NEUS31_1∗ BOUDES61_BOUDES31_1∗ BOLL5S61_BOLL5S31_1∗ VIRADS61_VIRADS31_1∗ TERRAS61_TERRAS31_1∗ AVIGNS61_AVIGNS31_1∗ CTAURS61_CTAURS31_1∗ ARDOIS61_ARDOIS31_1∗ SSCESS61_SSCESS31_1∗ JONQUS61_JONQUS31_1∗ MENTOS61_MENTOS31_1∗ LINGOS61_LINGOS31_1∗ T.VICS61_T.VICS31_1∗ MOUGIS61_MOUGIS31_1∗ P.GR5S61_P.GR5S31_1∗ GRISOS61_GRISOS31_1∗ S.PONS61_S.PONS31_1∗ SISTES61_SISTES31_1∗ SSAUBS61_SSAUBS31_1∗ SSTULS61_SSTULS31_1∗ COUDOS61_COUDOS31_1∗ ESCAIS61_ESCAIS31_1∗ VINS_S61_VINS_S31_1∗ TRANSS61_TRANSS31_1∗ CPNIES61_CPNIES31_1∗ EYBENS61_EYBENS31_1∗ PARISS61_PARISS31_1∗ MOIRAS61_MOIRAS31_1∗

HISTORIQUE(SC_1439) : A61 

0.0 500. 1000. 1500. 2000. 2500. 3000.
---  ---

0.0

5.

10.

15.

20.

25.

30.

35.

40.

step

∗∗ PHENIT_1

∗
M.PONT_1

∗
M.PONT_3

∗
M.PONT_2

∗
GARD5T_4

∗

HISTORIQUE(SC_1439) : TMIN 

0.0 500. 1000. 1500. 2000. 2500. 3000.
---  ---

0.0

1.

2.

3.

4.

5. step

∗∗
ORAISH_2

∗
ORAISH_1

∗
SSCROH_2

∗
SSESTH_2

∗
SSESTH_1

∗
SSCROH_1

∗

HISTORIQUE(SC_1439) : SURVIT 

0.0 500. 1000. 1500. 2000. 2500. 3000.
---  ---

0.0

1.

2.

3.

4.

5.

6. step

of generators

of generatorsblocking
Tap changer Overspeed prot
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MV voltages

Tap positions

NO

Var

Rhone

Azur

Lyon

SO

NO

Rhone

Azur
Var

REGLEURS de ZONE-10 ( ZONE 81 EUROSTAG, RHONE AVEC REGLEURS (L))
REGLEURS de ZONE-7 ( ZONE 81 EUROSTAG, COTE D’AZUR AVEC REGLEURS (L))
REGLEURS de ZONE-4 ( ZONE 31 EUROSTAG, LYON AVEC REGLEURS (I))
REGLEURS de ZONE-8 ( ZONE 81 EUROSTAG, VAR AVEC REGLEURS (L))
REGLEURS de ZONE-13 ( ZONE 81 EUROSTAG, SUD OUEST AVEC REGLEURS (L))
REGLEURS de ZONE-12 ( ZONE 81 EUROSTAG, NORD OUEST AVEC REGLEURS (L))

0.0 500. 1000. 1500. 2000. 2500.
--- Time ---

0.95

1.

1.05

1.1

1.15

1.2

1.25

1.3

ALIM de ZONE-10 ( ZONE 81 EUROSTAG, RHONE AVEC REGLEURS (L))
ALIM de ZONE-7 ( ZONE 81 EUROSTAG, COTE D’AZUR AVEC REGLEURS (L))
ALIM de ZONE-4 ( ZONE 31 EUROSTAG, LYON AVEC REGLEURS (I))
ALIM de ZONE-8 ( ZONE 81 EUROSTAG, VAR AVEC REGLEURS (L))
ALIM de ZONE-13 ( ZONE 81 EUROSTAG, SUD OUEST AVEC REGLEURS (L))
ALIM de ZONE-12 ( ZONE 81 EUROSTAG, NORD OUEST AVEC REGLEURS (L))

0.0 500. 1000. 1500. 2000. 2500.
--- Time ---

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.

U de PCORS71
U de COULAS71
U de BOUTRS71
U de GRAMMS71
U de TAVELS71
U de BCARS71

0.0 500. 1000. 1500. 2000. 2500.
--- Time ---

50.

100.

150.

200.

250.

300.

350.

400.

P de BE
P de AL
P de CH
P de IT
P de ES

0.0 500. 1000. 1500. 2000. 2500.
--- Time ---

1000.

1250.

1500.

1750.

2000.

2250.

2500.

2750.

3000.

P.Cor

IT

Lyon

Esp

AL

Gramm

Boutr

B.Car

Suisse

BE

SO

400kV voltages

Power exports

Tavel
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+ +

First application : identify main failure modes

Attributes : characterize the scenarios in terms of consequences

Number of lines and generators tripped

Variation of active power generation and interface 
ows

Amount of load lost in various regions

Voltages at end of scenario in various places

Trial and error with K-means clustering algorithm, �nally :

702 stable scenarios (150MW load lost in the mean),

77 local losses of synchronism (2000MW),

90 local losses of load without collapse (2000MW),

90 local losses of load with local voltage collapses (2000MW),

113 regional voltage collapses (7400MW),

33 wide area voltage collapses (17000MW),

17 regional losses of synchronism (9500MW)

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 53

+ +

Second application : coherency of voltages

EHV voltages (85 buses) and mean MV voltages of 13 load areas.

Voltage magnitudes at the end of the simulation.

Compute correlation coe�cients of all pairs of variables (4753 corre-

lations, estimated from the 1100 learning states).

Hiearchical grouping of variables : �rst the most correlated a.s.o.

Build dendrogram (graphical representation of the grouping tree) and

analyse visually

Find out zones of coherent behaviour :

MV ) voltage collapse zones ) where to act to mitigate

EHV ) impact on EHV system ) where to put triggering signals
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MV voltages at end of simulation

Dendrogram (correlations on 1100 scenarios)

1.0

0.679

0.00.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

0.080

0.203

0.488

0.433

Bayet

Prov

Lyon

Alpes
Champ

Z-Sud-Ouest

Z-Nord-Ouest

Z-Cote-d’Azur

Z-Alpes

Z-Rhone

Z-Provence

Z-Var

Z-Champagnier

Z-Bayet

Z-Vielmoulin

Z-Lyon

Z-Albertville

Z-Genissiat

Nord-Ouest

Sud-Ouest

Albertv
Geniss

Vielm

Rhone

Azur

Var

0.628
0.532

0.730

0.757

0.956
0.837

0.793
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EHV voltages at some buses

U-Bruegs71-Apt
U-Gramms71-Apt

U-Grepis71-Apt
U-Zgreps71-Apt

U-Coches71-Apt
U-Sbiss71-Apt

U-Fleros71-Apt
U-Planas71-Apt
U-Poggis71-Apt
U-Psims61-Apt

U-Donzes61-Apt
U-Marsis61-Apt

U-Compos71-Apt
U-Cofres71-Apt

U-Rommes71-Apt
U-Munics71-Apt

U-Gilei71-Apt
U-Echals71-Apt
U-Grepis72-Apt
U-Zgre5s71-Apt
U-Creysi71-Apt
U-Coulas71-Apt

U-Trips71-Apt
U-Boisss71-Apt

U-Mionss71-Apt

U-Tamars71-Apt
U-Livies61-Apt

U-Ganges61-Apt
U-Laufs71-Apt
U-Silsss71-Apt

U-Logels61-Apt

U-Carris61-Apt

U-Pands71-Apt
U-Vlaros71-Apt
U-Creysi72-Apt
U-Btols71-Apt

1.0 0.00.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

0.000

0.000

0.030

0.002

0.064

0.005

0.039

0.189

0.069

0.133

0.151

0.425

0.100

0.580

0.109

0.440

0.343

0.150

0.221

0.175

0.177

0.394

0.254

0.925

0.375

0.937

0.725

0.844

0.323

0.443

0.822

0.970

0.548

0.707

0.807

0.910

0.846

0.637

0.912

0.973

U-Porchs61-Apt

U-Gcous61-Apt
U-Vaupas61-Apt
U-Helles61-Apt
U-Hvins61-Apt
U-Vlejus62-Apt
U-Chains61-Apt
U-Ssjuls61-Apt

0.984

0.951
1.000

1.000

0.949

0.847

0.661

U-Ssavos61-Apt 0.997

0.597

U-Cpnies71-Apt
U-Vaujas71-Apt

0.834

U-Grisos61-Apt 0.516

U-Ssjoss61-Apt
U-Loscos61-Apt

0.961

U-Fleacs61-Apt
U-Pratcs61-Apt

0.803

0.706

0.862
0.840

0.790
0.673

0.558

0.531
0.509

U-Grosns71-Apt
U-Ssvos71-Apt

U-Rulhas71-Apt 0.997
U-Bayets71-Apt
U-Ssvos72-Apt

U-Chaffs72-Apt
U-Chaffs71-Apt
U-Pcors71-Apt

U-Charps71-Apt

U-Albers71-Apt

0.567

0.525

0.589
0.670

0.722

0.784

0.689

U-Creyss71-Apt
U-Cornis71-Apt
U-Vielms71-Apt
U-Genps71-Apt
U-Creyss72-Apt

U-Giles71-Apt
U-Ironds70-Apt

U-Tavels71-Apt
U-Ztsus71-Apt

U-Ssaubs61-Apt
0.829

0.760

0.694

0.618

0.522

0.852

0.929
0.974

0.993
0.982

0.958

U-Mentos61-Apt
U-Bcars71-Apt

U-Lingos61-Apt

U-Bcars61-Apt
U-Vinss61-Apt

U-Transs61-Apt
U-Mougis61-Apt
U-Aramos71-Apt
U-Boutrs71-Apt

0.931
0.844

0.925

0.929

U-Coudos61-Apt
U-Escais61-Apt

U-Realts71-Apt
U-Neouls71-Apt

+ AI Methods for Voltage Stability Assessment WM98, L. Wehenkel - February 4th, 1998 56



+ +

Ongoing work

� Automatic learning : adapt decision tree induction to handle tem-

poral data (ULg) : �nd out automatically a good compromize

between anticipativity and selectivity of incipient voltage collapse

detection.

� Study e�ectiveness of TCB (tap changer blocking) devices in South-

Eastern part : compare scenarios with and without action of TCBs.

� De�ne measures of scenario severity (loss of load, of generation

and transmission equipments, change in exports)

� Identify main classes of failure paths

� Evaluate distance to blackout on an actual situation
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+ +

Conclusions

� Summary

� Tool box of AL methods

� DB generation methodology

� Large variety of possible applications

� Status

� Mature technology

� Needs motivations to be used

� Strong motivations exist and more are coming...
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+ +

Next stage

� Management of uncertainties

� Towards probabilistic security assessment

� Data collection problem (statistics: : : )

� Temporal information

� Improve AL methods

� Parallel computations

� Software environments
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+ +

Field measurements + human expertise

Data base generation 

Staticical
info.models

Study
specs

Dynamic 

unsupervised

Data flow

Software modules

AL
results

Security
info DB

Security info DB management

modulemodule

Random sampling

Simulation scheduling

Bulding of security info. DBs

Access to AL algorithms

Graphics, data screening...

Interactive DSA

KNN

Tool box of Tool box of
analytical tools

Interfacing (APIs)

time domain

direct methods

modal analysis

power flow

regression

decision trees

AL algorithms
Data mining
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