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PRODUCT DESCRIPTION

The objective of this Electric Power Research Institute (EPRI) project is to investigate the
possibility of predicting the switchyard voltage in a nuclear power plant (NPP) following a trip
of a nuclear unit. Two methods of post-trip voltage prediction are investigated. The first method,
called the V-Q method, uses minimal local plant information (such as unit operating conditions—
active and reactive power output and pre-trip voltage) to predict post-trip voltage based on the
sensitivity of voltage to the reactive power output of the unit. This method yields excellent
results if the slope of V-Q can be evaluated on-line and periodically. The second method, called
the regression tree method, uses data mining techniques through regression trees that are
developed off-line. This method requires, in addition to the local plant information, some
information from the vicinity of the plant (such as the status of the nearby units and transmission
facilities). The use of regression trees is proposed as a complement to the V-Q method to
evaluate the post-trip voltage whenever on-line updating of the V-Q is not possible or
temporarily unavailable.

Results and Findings

The accuracy and applicability of the V-Q method and the regression tree method were evaluated
at two NPPs. The results of the V-Q simulation proved to be quite accurate. This method is
applicable for on-line implementation at the control room of NPPs, using minimal local plant on-
line measurements. The required local data are the on-line measurements of voltage, reactive
power output, and V-Q slope of the unit. The regression tree method uses a database of simulated
post-trip voltages (through a conventional power flow program) corresponding to a large number
of scenarios, including plant output variations, contingencies of the important units, and
transmission facilities in the vicinity of the NPP. The database for this method should be
developed off-line; however, the developed regression trees can be used in an on-line
environment to predict post-trip voltage. The accuracy of this method is not as high as that of the
V-Q method, but it can complement the V-Q method whenever the slope of V-Q is not available.

Challenges and Objectives

The importance of predicting post-trip voltage at NPPs has been the focus of many Nuclear
Regulatory Commission (NRC) standards and guides. The NRC Generic Letter 2006-02, “Grid
Reliability and the Impact on Plant Risk and the Operability of Offsite Power,” stressed the need
for plant operators to know what conditions on the grid would affect plant bus voltage. That
Generic Letter was the primary driver for this project. The essential auxiliaries of NPPs are
sensitive to both voltage and frequency. Pumps and control valves can supply sufficient cooling
circulation only if voltage and frequency are greater than predefined values. The operation of the
degraded voltage relay to ensure timely bus transfer and startup of emergency diesel generators
relies heavily on the voltage, including the resultant post-trip voltage. Thus, NPP operators must
ensure that post-trip voltage and frequency levels are adequate to support the critical equipment.



The NRC has suggested the application of real-time contingency analysis (RTCA) software for
assessment of post-trip voltages. However, RTCA is costly, and it requires extensive system data
obtained from supervisory control and data acquisition as well as a system model from the state
estimator. Application of RTCA for NPPs might be well beyond the need and expertise of plant
staff. The methods investigated in this research project are both simple and accurate, and they
require minimal effort for on-line evaluation. The objective of this research project is to
investigate the possibility of predicting the switchyard voltage in an NPP following a unit trip.

Applications, Value, and Use

Plant operators can accurately predict the switchyard voltage following loss of unit by
implementing the methods developed in this research project. The methods are simple, with on-
line application requiring minimal local information. Implementation of these methods should
assist NPPs in ensuring safe and reliable operation of the essential auxiliaries.

EPRI Perspective

Post-trip voltage after the trip of the generator of a nuclear unit is of paramount importance to
NPP operators. The NRC has expressed the importance of knowing the offsite voltage level in
order to ensure safe and reliable shutdown of NPPs. Also, most plants are required to ensure that
they have a reliable source of offsite power in the case of a plant trip. EPRI funded this research
project to evaluate methods that could possibly provide NPP operators with simple and accurate
methods of predicting switchyard post-trip voltage.

This report presents recommendations that could be used for assessing post-trip voltage;
however, these recommendations require review by plant operators and transmission entities to
determine whether data to support the proposed assessments can be practically obtained.

Approach

The research team assessed the application and accuracy of the V-Q and decision tree methods
for predicting post-trip voltage at two NPPs: San Onofre, which is part of the Western Electricity
Coordinating Council (WECC) power system; and Palisades, which is part of the North
American Electric Reliability Council (NERC) system.

Keywords

Decision tree method
Post-trip voltage prediction
Power flow program

Time domain program
V-Q slope method
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1

INTRODUCTION

1.1 Background

A critical aspect of safe operation of a nuclear power plant (NPP) is the reliability and security of
the normal and emergency power supplies to the essential plant auxiliaries, such as circulating
pumps, fans, control valves, and so on. These auxiliaries (mainly ac motors) are essential for heat
removal following a plant trip so that the plant components, such as boiler tubes and furnace
walls, will not be damaged due to the extremely high temperature. Unlike conventional power
plants (thermal plants or hydro units), a nuclear reactor of a nuclear plant generates considerable
heat from fission product decay even after the chain reaction has been completely shut down.
This decay could persist for several hours; therefore, the auxiliaries require a long-term stable
source of electric power supply—either from offsite (the grid) or from on-site power supplies
such as emergency diesel generators) [1-3].

The loss of both offsite and on-site power supplies is referred to as a station blackout. Risk
analyses performed for NPPs indicate that a station blackout can be a noteworthy contributor to
the core damage frequency [4]. Although on-site power supplies can be used when the offsite
power supply is unavailable, the loss of an offsite power supply is considered a precursor to the
loss of all ac power supplies to the station, and an increase in the frequency or duration of the
loss of offsite power increases the probability of core damage. Thus, the offsite power supplies
are considered the preferred power supplies and must be kept at a high state of availability.

During certain operating conditions, the generators might be used to help support the voltage of
the nearby high-voltage transmission system, and for this reason, the low grid voltage will not be
noticed until the generator voltage support is no longer available. If the offsite transmission
facilities are served from the same high-voltage system, grid contingencies and special events
that would trip the nuclear generator could also cause a depression of voltage on the offsite
circuits due to loss of voltage support. The essential auxiliaries of the nuclear plants are sensitive
to both voltage and frequency. Pumps and control valves can supply sufficient cooling
circulation only if voltage and frequency are greater than predefined values. Therefore, NPP
operators must ensure that post-trip voltage and frequency levels are adequate to support the
critical equipment.
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Introduction

The Nuclear Regulatory Commission (NRC) issued Generic Letter 2006—02, “Grid Reliability
and the Impact on Plant Risk and the Operability of Offsite Power,” which focused on the need
for plant operators to know what the conditions are on the grid that would affect plant bus
voltage [4]. That Generic Letter was the primary driver for this project. EPRI contracted with
Powertech Labs Inc. to investigate and evaluate the methods that can reliably be used to predict
post-trip voltage following a loss of the nuclear unit.

1.2 Objectives

The objectives of this research project were (1) to identify methodologies that can be used to
predict post-trip voltage levels available to plant auxiliary equipment using a minimum set of
local measurements and (2) to evaluate the accuracy of the techniques in predicting the post-trip
voltage.

1.3 Literature Review

The researchers conducted a literature review of the existing methodologies regarding post-trip
voltage prediction in order to determine whether an acceptable methodology exists or the
development of alternative or new techniques is warranted. As part of this task, the team
reviewed the paper “A Simplified Method to Predict Post-Trip Switchyard Voltage at Nuclear
Generating Stations,” which proposed the use of V-Q curves to predict post-trip voltage levels
[5]. The paper described the safety considerations of NPPs during their upsets and indicated that
offsite power supplies are the preferred power supplies [2, 5]. The availability of offsite power
supplies can be affected by three main factors—tripping of the main generator, automatic bus
transfers, and the addition of plant emergency loads. The paper pointed out that monitoring real-
time voltage does not ensure the capability of the offsite circuits; the adequacy of post-trip
voltage can be verified only through a predictive methodology [5].

The prediction of the post-trip voltage usually relies on the modeling of the transmission grid,
which involves hundreds of thousands of inputs, parameters, and states, and which is beyond the
jurisdiction of the NPP operators. The paper proposed a simplified method, using only a few
local operating parameters, to predict post-trip switchyard voltage at NPPs. This method uses the
slope of the V-Q curve (the ratio of the change of reactive power to the change of voltage) near
the generator operating conditions. Because the pre-trip voltage and reactive power output of the
generating plant are local variables and are easy to monitor, it is quite straightforward to
calculate the post-trip voltage using the V-Q slope and the pre-trip quantities [5]. However, the
paper did not verify the proposed approach by any experimental or empirical data, and the
accuracy of this approach remained unknown. Because V-Q curves are sensitive to both the grid
operating conditions and the plant operating conditions, this approach might not yield accurate
results. As part of the literature review, the researchers also evaluated data mining techniques—
especially regression trees—and their suitability to predict post-trip voltage.
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2

APPROACH, STUDY CASES, ANDTOOLS

2.1 Approach

In order to evaluate the accuracy of the V-Q curve methodology for predicting post-trip voltage
and to generate data for the regression tree method, it was necessary to model the power system
and simulate a number of scenarios and contingencies. The scenarios included (1) one or more of
the nearby transmission lines out of service, (2) one or more of the nearby generators out of
service, and (3) the NPP at different loading conditions. For each scenario, the pre-trip voltage,
real power, and reactive power of the NPP were recorded. The slope of the V-Q curves (AQ/AV)
were computed by applying a step change to the voltage amplitude of the nuclear generator (in
power flow simulation, this is achieved by changing the scheduled voltage of the generator PV
bus) and recording the change in its reactive power output. The post-trip voltage can be predicted
by using the following equation [5]:

V, oV -
21 AQ/AV

The correct (steady-state) post-trip voltage following a unit trip can also be calculated by
simulating generator outage in a conventional power flow program, similar to real-time
contingency analysis (RTCA). The system condition and the post-trip voltages obtained by both
methods are recorded for each of the studied scenarios.

Because the V-Q method might not be sufficiently accurate to predict post-trip voltage under all
possible system operating conditions, an alternative method was developed that can replace or
complement the V-Q curve method. The decision tree method is based on data mining, using
classification or regression trees. The decision tree method is especially suited for post-trip
voltage prediction because the problem is nonlinear and the solution is constrained by the
availability of a minimum set of local measurements. To develop a decision tree for post-trip
voltage prediction, it is necessary to model the power system and simulate a number of scenarios
and contingencies. For each simulated scenario and contingency, several attributes (generator
active and reactive power, terminal voltage, auxiliaries main transformer tap setting, and so on)
are recorded along with the post-trip voltage. The decision tree technique can then be used to
identify key attributes that are required to accurately predict post-trip voltage. After the decision
tree is developed, it is a simple task to determine post-trip voltage from the key measured
attributes.
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Approach, Study Cases, and Tools

The post-trip voltage prediction by the V-Q curve and decision tree methods were evaluated
through power flow simulations using the system data for two typical NPPs. The results of post-
trip voltage prediction using these methods and those obtained by power flow simulations should
demonstrate the application and effectiveness of the proposed approaches. The following tasks
were completed in order to achieve the project objectives:

1. Obtain North American Electric Reliability Council (NERC) and Western Electricity
Coordinating Council (WECC) power flow and dynamic data base cases (complete system
model).

2. Identify a typical NPP in the NERC system and one in the WECC system, and perform the
following tasks for each site.

3. Create several scenarios with variations in both power system and NPP operating conditions
(for example, availability of any other generators and transmission facilities in the vicinity of
the NPP). For each of the power system conditions, create different output conditions of the
NPP (different levels of active and reactive power output, scheduled terminal voltages, and
so on). For each scenario, create a new power flow base case in the NERC and WECC base
cases.

4. Perform static analysis to compute the AQ/AV at the NPP by imposing a new scheduled
voltage and computing the change in the reactive power output.

5. Use the following equation to predict the post-trip voltage [5]:

VARV
21 AQ/AV

6. Use a power flow program to simulate NPP outage, and obtain the post-trip voltage at the
NPP.

7. Use a time domain program to simulate loss of the NPP, and record the NPP voltages
following the unit trip as well as at 5 seconds after the trip.

8. Store the results of voltages obtained in steps 5 and 6 in a database. In addition to the
predicted voltage, record other system conditions such as total system load and generation,
status of the facilities (transmission or generation) in the vicinity of the NPP. Establish a
matrix of system conditions (see Table 2-1).

9. Use a decision or regression tree program to predict the post-trip voltage (the Outcome
columns in Table 2-1) from the recorded quantities (the Attributes columns in Table 2-1).

2-2



Approach, Study Cases, and Tools

Table 2-1
Post-Trip Voltage Prediction Matrix Corresponding to Different System Operating
Conditions
Attributes Outcome
V,, from
Vo=V (31AV
v,, from v,, from R
Other Time Power Q/Vv
Scenario | V.. | Py, | Qi | Q/V | Quantities | Domain flow Computed Q/Vv
Simulation | Simulation ina Computed
(Step 7) (Step 6) Power in a Time
Flow Domain
Program Program
(Step 5)
Generator
X O/S
Line AB
o/s

Note: V, and Q, are the pre-trip reactive power and terminal voltage of the NPP generator, and Q/ V is computed
by imposing a new scheduled voltage and obtaining the change in reactive power (evaluated at pre-trip condition).

2.2 Study Cases

Researchers completed the following tasks in order to create a set of power flow base cases to
analyze the methodology for post-trip voltage prediction under different system operating

conditions:

e Used two power flow base cases corresponding to the NERC 2007 series and the WECC
2011 approved case.

e Selected two NPPs for the study—San Onofre, in California (WECC), and Palisades, in
Michigan (Reliability First).

e Created a set of power flow cases for each NPP considering several transmission system
operating conditions as well as NPP status and output. For example, the team examined the
availability of generators and transmission facilities in the vicinity of the NPP and different
plant operating conditions (different levels of active and reactive power output, scheduled
terminal voltages, and so on).
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Approach, Study Cases, and Tools

2.3 Simulation Tools

The computer simulation tools used for this project are components of Powertech’s DSATools
power system analysis package. The following tools were used:

e Powerflow and Short Circuit Analysis Tool (PSAT). This tool is used for all tasks related
to power flow analysis including the calculation of Q/ V sensitivity. In this project, PSAT
plays a role similar to that of an RTCA used in energy management at the control centers of
power utilities and independent system operators.

e Voltage Security Assessment Tool (VSAT). This tool is used to identify the most critical
and sensitive contingencies as far as its impact on the nuclear unit at the selected NPP.

e Transient Security Assessment Tool (TSAT ). This tool is used to perform time-domain
simulations for the selected cases in calculating the “exact” post-trip voltage following loss
of the NPP.
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3

POST-TRIP VOLTAGE PREDICTION

3.1 Post-Trip Voltage Prediction Equation

The post-trip voltage prediction following loss of NPP using the V-Q curve method relies on
Equation 3-1 [5]:

AV

Vpost :Vpre - Qpre E pre Eq. 3-1
Where:
v is the post-trip voltage following loss of NPP.

post

V.. 1s the pre-trip voltage.

Q_.1is the reactive power delivered before the unit trip.

pre

av
AQ

is the slope of the V-Q curve evaluated at the pre-trip operating point.

pre

Even though the equation is simple and uses a minimum set of local quantities that are readily
available at any NPP, it heavily relies on the availability of the measured change in voltage to
change in the reactive power (slope). The V-Q curve analysis applied to the voltage stability
assessment in power systems has been the subject of numerous technical papers and several
books. The V-Q at a given bus can be calculated by assuming a fictitious and unlimited reactive
power source at the bus, performing power flow simulations for different voltage levels assigned
to the bus, and computing corresponding levels of reactive power (basically assigning the bus to
be a PV bus with different scheduled voltages). A sample V-Q curve obtained by this method is
shown in Figure 3-1. Two V-Q curves are computed, one corresponding to the base case (system
intact) and one corresponding to a single-element outage. The slope of the V-Q curve changes
for the two V-Q curves and different voltage levels. This confirms that success of this method
depends on the availability and frequency of the measured slope of the V-Q curve, especially in
weak power systems (where the available short circuit level is comparable to the nuclear unit
rating).
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Figure 3-1
Sample V-Q Curves Corresponding to Pre- and Post-Contingency Conditions

3.2 Practical Limitations to Measuring the Slope of the V-Q Curve

A sample V-Q curve, obtained using a similar method, is shown in Figure 3-1. The local
operating conditions, such as bus voltage and reactive power generated by NPP (V1 and Q1), are
normally known at any power plant. The predicted post-trip voltage calculated by using Equation
3-1 is directly affected by the sensitivity of AQ/AV. Consequently, the accuracy of the predicted
post-trip voltage depends directly on the availability and frequency of the measured AQ/AV. The
weaker the power system (low fault level at NPP), the more frequently this sensitivity must be
measured, because this value could easily change under different system conditions (such as loss
of single elements in the vicinity of the NPP).

There might be practical limitations to acquiring periodic measurements of the AQ/AV
sensitivity at NPPs (to compute the slope of V-Q curve, the plant operator should change the
scheduled voltage and observe the change in the reactive power output. Some of these limitations
are the following:

e Security is important issue at NPPs, and operators do not want to change the scheduled
voltage of the unit unless it is strictly necessary and justified.

e The operators at control centers (such as independent system operators) must authorize any
changes in the scheduled voltage at the NPPs. Engineers who are responsible for the system
operation do not want to change the scheduled bus voltage in a sizable and strategic plant
such as an NPP.

e Because NPPs are important and strategic in the system, changing the scheduled bus voltage
at these units could cause significant changes in the reactive power output of nearby
generators and in the transmission bus voltages in the area.
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4

POST-TRIP VOLTAGE PREDICTION AT SELECTED
NUCLEAR POWER PLANTS

The post-trip voltage prediction methods—simplified V-Q curve, regression trees, power flow,
and time domain simulations—were evaluated for the two NPP sites:

e San Onofre, in California (WECC), which is connected at 230 kV with an available short
circuit level of approximately 12,000 MVA

e Palisades, in Michigan (NERC), which is connected at 345 kV with an available short circuit
level of approximately 21,000 MVA

4.1 San Onofre

The San Onofre plant consists of two 1252 MV A, 22 kV units with an available short circuit
level of approximately 12,000 MVA. Figure 4-1 is a single line diagram of this plant and its
vicinity.
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Figure 4-1

Single Line Diagram of San Onofre and Vicinity
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Several power flow simulations were carried out to obtain an “exact” solution (post-trip voltage
at NPP following loss of unit simulated in power flow) as well as a V-Q method solution. Table
4-1 shows the results for several power flow cases considering different active (P) and reactive
(Q) power outputs of the units at San Onofre and different operating conditions of the nearby
generators and transmission facilities. Table 4-1 includes the most critical system contingency
conditions from the point of view of changes in the active and reactive power output. A
contingency analysis was performed using VSAT software in order to identify the most severe
contingencies (considering both generation and transmission facilities) that result in significant
changes to the operating conditions (especially voltage changes).
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Table 4-1
Post-Trip Voltage Predictions for Different System Operating Conditions at San Onofre
ATTRIBUTES QUTCOME
Post-irip voltage V7
Active and Reactive Post-trip | predicted by using formula
. ) Power Operating voltage V. Error (%) | Error (%)
Seerar Conditions in San som | W /_\.QQlW v @ | 1)vs @)
Onofre Units i P it AQIAV
Powerflow AQIAV AQiaY
Simlation | Power flow =
(L) program F';Md
@ @)
Considering Different Internal Operating Conditions for Units at NPP San Onofre
[Original P & @ 09523 | 10B0.0 [ 157.06 | 7773.58 0.9651 0.9621 0.9521 061195 061195
Qrnax, Priax 10710 | 10699 | 55000 | 623237 0 955 0.9627 1.0002 037612 149026
Qrnax, Phalf 10753 | 5351 | 55000 | G463.53 0.9838 0.9802 1.0046 0.64921 2.10680)
Qmax, Pmin 10891 | 2142 | 55000 | BS00.53 0.9300 0.9545 0.9984 0.43544 1.87328
0275, Priax 10065 | 10600 | 27500 | 768B.04 09762 0.8707 09711 0 56837 053805
Q275, Phalf 10138 | 6351 | 27497 | 7650.54 0.9769 0.5778 0.9784 0.00358 0151832
Q275, Prin 1.0089 | 2142 [274.5510| 85008.50 0.9733 0.5745 0.9735 013373 0.02594
Qhalf, Priax 09653 | 10700 | 700000 | 7536.97 0 9623 0.9560 0.9563 065373 062435
Base Case Qhalf, Phalf 09728 | 6351 | 70.0000 | 7730.93 0.9631 0.9638 0.9638 0.06660 0.07176
Qhalf, Pmin 09704 | 2142 | 700000 | 773670 0 9603 09614 0.9514 011572 013015,
g, Proax 08956 | 10701 | -200.00 | B542.84 09335 0.9261 0.9213 078762 130605
s, Phalf 09100 | 5351 | -20000 | GA24.88 09379 0.9393 0.9358 015220 023910
Qg0 Pmin 09057 | 2142 | -200.00 | BE22.92 0.9332 0.9350 0.9314 015706 018708
Qrmin, Pmax 08139 | 1070.2 | -409.57 | 3631.30 0.9235 0.9265 0.5666 0.35497 -6.15029)
Qrmin, Phalf 08388 | 5352 | -410.00 | 4198.80 09245 08375 0.8325 140961 344773
Qrnin, Prain 08341 | 2143 | -410.00 | 4199.43 09195 09317 00.6B68 132712 -3 55460
Considering Unit 3 at NPP San Onofre O/S
Original P & O 059959 | 10B7 6 | 30847 | 714419 0.9510 0.9530 00.9565 021405 057526,
Qrnax, Praax 10289 | 10700 | 55000 | 714290 09510 0.9529 0.9591 019584 025274
Qrmax, Phalf 10314 | 5350 | 55000 | 7435.40 0.9510 0.9575 0.9507 0.68474 101998
Qrnayx, Pmin 10288 | 2140 | 55000 | 774897 09510 0.8578 0.9580 071313 073574,
0275, Proax 09916 | 1070.0 | 275.00 | 7070.68 0.9510 0.9528 0.9562 0.18696 055213
G275, Phal 09945 | 5350 | 275.00 | 721162 0.9510 0.9564 0.9591 0.56784 035771
0275, Prin 09931 | 2140 |2750000] 722485 09510 0.9550 0.9577 041554 070206,
Qhalf, Priax 0.9627 | 1070.0 | 70.0000 | 6329.77 0.9510 0.9516 0.9537 0.06700 0328205
Unit 3 O/ Qhalf, Phalf 0.9661 | 535.0 | 70.0000 | £410.93 0.9510 0.9552 0.9571 0.44523 064630
Qhalf, Prin 09647 | 2140 | 700000 | £137.23 09510 0.9533 0.9557 024361 050108
g, Proax 09173 | 1070.0 | -200.00 | 554522 0.9510 0.9534 0.9431 0.25279 033436
Qs Phalf 09218 | 5350 | -200.00 | 5685.05 0.9510 0.9569 0.9475 0.62535 0368355
Q.zp0, Pmin 09189 | 2141 | -200.00 | 549492 0.9510 0.9553 0.9446 0.44776 067411
Qrmin, Pmax 05740 | 10701 | -410.00 | 4765.57 0.9510 0.5601 0.9268 095563 -2.54508
Qrnin, Phalf 0BB01 | 5351 | -410.00 | 497403 09510 0.9625 0.9329 121351 -1.00305,
Qrnin, Prain 08764 | 214.1 | -410.00 | 482467 0.9510 0.9514 0.9291 1.08991 229904
Considering Some Mearby Units/Plants O/5
Original P & O 09872 | 10662 | 21076 | 785916 0.9560 0.9604 0.9601 0 57580 060646,
Qrnax, Priax 1.0627 | 1070.0 | 54999 | 6167.30 0.9781 0.9735 0.9919 047205 1.41105
Qrmax, Phalf 10864 | 5351 | 55000 | B425.47 0.9785 0.5508 0.9956 0.436356 1.95667
Qrnax, Pmin 10683 | 2141 | 55000 | BB&S417 09732 0.5766 00,9885 033060 155337
Qhalf, Priax 0.9600 | 1070.0 | 70.0000 | 7258.07 0.9566 0.9503 0.9510 065261 059178
Qhalf, Phalf 09672 | 5351 | 70.0000 | 7861.47 0.9569 0.9550 0.9552 011855 0.13232
Geng 5 &8 at Alamo Plant [Qhalf, Prain 05538 | 2142 [ 700000 | 7301.33 09529 0.5542 0.9548 013177 019289
O/S (Buses 24005 & 24167] g .0, Prmax 0BR42 | 10701 | 20000 | 631566 | 09228 091508 10,9099 074967 1 39330
s, Phalf 08989 | 5352 | -20000 | BE77.30 0 9267 0.9288 10,9246 022620 0123960
g0, Prmin 08911 | 2143 | -20000 | BE0OA.7O0 09193 0.9218 0.9168 027381 027007
Qrnin, Proax 07960 | 1070.2 | -410.00 | 337477 0.9105 0.9175 0.8487 0.76416 -6.78607)
Qmin, Phalf 08233 | 5351 | -410.00 | 3999.80 0.9101 0.9258 0.5760 171847 374931
Qrain, Prain 068143 | 2144 | -41000 | 384633 0 9038 0.9209 0.8671 185817 -407000)
= r— Original P & G 09866 | 1066.0 | 203.74 | 785067 0.9663 0.9606 0.9604 050016 061679
Plant O/5 (Buses 24173 & DM, Omax 10536 | 1070.0 | 55000 | G18E.03 0.9789 0.5747 0.9323 042376 1.43121
24124) Phalf, 0275, 100B5 | 5351 | 27500 | 805030 09710 0.8723 09711 013087 0100564
Prnin, Gimin 08178 | 2144 | -410.00 | 81757 0.9067 0.9225 0.57086 173932 398628
Original P & & 059852 | 10629 | 188.07 | 7810.23 0.9667 0.9611 0.9510 -0.57660 058835
Gens 1 &4 at Hunt Plant  [Pmax, Qmax 10671 | 10700 | 55000 | B135.43 09803 0.8774 0.9363 038770 163940
0/5 (Buses 24068 & 24168) [Fhalf, 0275 10087 | 5351 | 27500 | 790031 09727 09738 0.9733 012175 0.06341
Prmin, Grmin 08203 | 2144 [ -410.00 | 3950.03 0.9086 0.5231 0.5731 1.58896 391520
e Tre g Original P & O 09856 | 10B36 | 19292 | 7768.94 09651 00,5508 0.9508 044808 044745
(Buses 22752, 22263 & Proax, Qrmax 10898 | 10700 | 55000 | 477110 097682 0.9745 0.9991 037809 213062
206 ' Phalf, 3275 10062 | 6351 | 27500 | #108.23 0.9652 0.5713 0.9599 023011 0.07076
Prain, Qrain 08064 | 2145 | -410.00 | 327527 09040 09316 0.8592 304586 406201
Original P & Q1 09833 | 10651 | 23289 | 7727 41 0 9622 0.9591 0.9593 032325 030464
Prmax, Gmax 1.0853 | 1070.0 | 55000 | G0S8.27 0.9728 0.5745 0.9945 0.16940 223336
Phalf, 0275 10001 [ 5351 | 275.00 | 7969.51 0.9626 0.9556 0.9548 0.31620 023834
%i”sse:‘zggg‘s"? 2'32';:‘0)0’ 5 [Pmax, Qo 08860 | 10698 | 20000 | 621521 |  0.9241 09182 09117 064051 1 33861
Proin, Clagg 08901 | 2141 | -20000 | B43sBs 09183 0.9211 0.9158 030279 037744
Proax, Gimin 07881 | 10701 | -410.00 | 266057 09108 0.9422 0.8409 345819 7 67107
Prmin, Gimin 07996 | 2143 | -410.00 | 2811.17 0.9020 0.5404 0.5523 426399 -5.50286,
Considering Some Mearby LT's 0/S
Original P & 1 09847 | 10600 | 18225 | 781454 0.9671 0.9613 0.9612 059251 060522
'ggffﬁg’:}'“g&;g’;‘%i‘;gf Prmax, Gmax 10672 | 1070.0 | 550.00 | 184.30 0.9514 0.9752 0.9964 032137 1.53133
KT Phalf, 0275 10097 | 5351 | 27500 | 7851.47 0.9737 0.9747 0.9743 0.09794 0.06190
Prrin, Gimin 08263 | 2143 | -410.00 | 412807 09129 0.9256 0.8790 139607 370631
o T Original P & Q1 09538 | 1060.0 | 17281 | 7730.72 0.9578 0.9614 0.9516 063823 -0.6454)
S ONOFRE 230 kv n/g  |Prmax, Gmax 1.0715 | 1070.0 | 550.00 | BO98.37 0.9851 0.9513 1.0007 -0.38525 1.58771
@a71e 24131 1) Phalf, 0275 10136 | 5351 | 27500 | 756126 0.9767 09772 0.9782 005286 0115045
Prnin, Gimin 06264 | 2143 | -410.00 | 4037.43 0.9150 0.9279 0.8791 1.41430 -3.93000
LTs SANLUSRY - |Original P & @ 0.9860 | 1050.2 | 197.24 | 7769.47 0.9568 0.9507 0.9507 -0.63848 -0.63709
S ONCFRE 230 kY and Proax, Qrax 10679 | 10700 | 550.00 | ROB5.07 00,9808 09772 0.9971 0 36340 166356
SERRANC - VALLEYSC  [Phalf, G275 1.0095 | 5351 | 27500 | 7785.14 0.9734 0.9742 0.9742 0.08437 0.0720%
500 kV 045 Prmin, Gimin 0.5182 | 2143 | -410.00 | 3962.07 0.9051 0.9217 0.5710 1.49807 -4.08911
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The result of post-trip voltage prediction (using Equation 3-1) under several NPP operating
conditions as well as severe contingencies in the vicinity of the NPP are also summarized in
Table 4-1. The “exact” steady-state post-trip voltage corresponding to the same system
conditions (using PSAT software) is shown for comparison.

Based on the results shown in Table 4-1, the following comments and conclusions can be made:

Because initial voltage and reactive power output (V1 and Q1) are readily available at any
power plant, the sensitivity AQ/AV is the most critical element in Equation 3-1. Therefore,
the accuracy of the predicted post-trip voltage using this equation will be directly affected by
this sensitivity.

Reactive power output of the nuclear units is the parameter that most significantly affects the
sensitivity AQ/AV. Different levels of the active power output (P) or changes in the nearby
system facilities (generation or transmission) cause smaller changes in the sensitivity
magnitude. In a weaker system (low short circuit or fault level), changes in the nearby system
facilities could affect the sensitivity in a more significant way. Also, the error of predicted
voltage increases as the real power of the unit increases (not significantly).

Sensitivity AQ/AV becomes smaller when a nuclear unit is close to its reactive limits, being
the worst case when the unit is at its lower limit. This can be understood by considering that
when the unit has reached its lower limit, this part corresponds to the bottom of the V-Q
curve, and the slope of the curve is almost flat at this point. Results in Table 4-1 show that
the largest errors in the predicted post-trip voltage occur when the nuclear unit is at this
operating condition. Errors are >3% in some cases.

Taking into account the estimated errors when a nuclear unit is close to its lower limit,
special attention should be paid in light-load cases when units are usually absorbing
important amounts of reactive power from the system and the sensitivity AQ/AV can be
higher (because fewer units are on-line). On the other hand, in these cases, the voltage is
expected to rise; therefore, this operating condition is not of interest for voltage security at
the plant’s safety-related electrical distribution buses. However, these cases are of interest to
show that the accuracy of Equation 3-1 is lower for these cases.

Sensitivity AQ/AV could change in a most significant way in weak systems; therefore,
especially in these cases, it is of great importance to have a more frequent measurement of
this sensitivity. Table 4-1 shows the errors in the predicted post-trip voltage when the
sensitivity value is not properly updated (assuming that it was not reevaluated since its last
measured or simulated value) in Equation 3-1; that is, the sensitivity used is not periodically
calculated. Although San Onofre is located in a strong system, significant errors (>6% in
some cases) exist when the sensitivity value is not updated (see Table 4-1). It is expected
that, in weaker systems, these errors will be larger.

The V-Q method is quite accurate when measurements of pre-trip voltage, reactive power,
and slope of the V-Q curve are available and frequently updated, especially in weak or
stressed power systems.
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A data mining program cannot use the data shown in Table 4-1 directly, because the program
cannot determine whether a generator or line is out of service by reading the rows. The status of
a generator or line can be indicated by a Boolean number (for example, O for out of service and

1 for in service). Therefore, we need to add new columns (input variables) that represent the
status of generators or lines. The number of new columns depends on the number of
contingencies (one generator outage or one line outage) considered. The table created for the
data mining program can therefore be quite large; it is not included here due to space limitations.

To compare the accuracy of the predicted post-trip voltage using the V-Q curve and power flow
methods with that of time domain simulation, loss of a nuclear unit was simulated using TSAT
software. Table 4-2 shows the comparison between the post-trip voltage (PTV) results from time
domain simulations and the predicted PTV obtained from the V-Q method. The scenarios
included in Table 4-2 correspond to important contingencies in the vicinity of the San Onofre
NPP. For time domain simulations, unit 2 at San Onofre NPP was tripped, and the post-transient
steady-state voltage was registered for each scenario in Table 4-2. In three of the four scenarios
included in this table, the predicted PTV is approximately 2.4% lower than the PTV computed in
the time domain simulation. These differences correspond to a strong system; in weaker systems,
it is expected that these differences could be higher.

Table 4-2
Comparison of Post-Trip Voltage Between Static and Dynamic Simulations at San Onofre

ATTRIBUTES OUTCOME
PTV Prediction from
PTV from o ,
) . roev - 52 | Eor g
Scenario Time 11:“_ f_l;m_ aglar (1?3’[3{(30;
Lasd pHEE Qe AV AQ AQIAV Domain 5 0“:11 uu“
Simulation ;11111: on AQ/AY
L 2) Power flow program
)]
Base Case Pmax-(max 10710 | 1089.9 | s50.00 | 003 | -186.97 | 623237 | 1.o0ss04 09855 0.9827 237164
(Prmas=1070; Qmax=550)
Unit 3 at 8. Onofre NFP OIS\ oo | yp7ng | ssnon | 003 | 21428 | 714280 | os4nsas 0951 0.9529 131015
(Prmas=1070;, Qmax=550)
Gens 5 & 6 at Alamo Plant
oS 2 suamn Fa 10827 | 10700 | 54999 | 003 | <8502 | 616730 | ossrras 05781 0.5735 243121

O3 Pma=1070; Oma=550)

LTs Sanlusry - 5 Cnofre 230 KV
and Serrano - Valleysc 500 KV 1.0679 | 1070.0 | 55000 | -0.03 | -181.95 | 6065.07 1.001838 092808 0.9772 -2.45861

05 (Pma=1070; Oma=550)

4.2 Palisades

The Palisades plant consists of a 955 MVA, 22 kV unit with an available short circuit level of
approximately 21,000 MVA. Figure 4-2 is a single line diagram of this unit and its vicinity.
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Figure 4-2
Single Line Diagram of Palisades and Vicinity
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Simulations similar those performed at San Onofre were repeated for Palisades. The post-trip
voltages were predicted using V-Q curve, power flow, and time domain techniques. Table 4-3
shows the results for several power flow cases considering different active and reactive power
output of the unit and considering different operating conditions of the nearby generators and
transmission facilities.

Only the most critical system contingency conditions from the point of view of changes in the
active and reactive power output in the unit at Palisades to the changes in system conditions are
considered. The contingency analysis was performed using VSAT software in order to identify
the most severe contingencies (for generation and transmission facilities) that cause significant
changes to the operating conditions of the nuclear generators. Table 4-3 shows comparisons of
post-trip voltage prediction results from power flow and dynamic simulations as well as the
simplified V-Q method.
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Table 4-3
Post-Trip Voltage Predictions for Different System Operating Conditions at Palisades
ATTRIBUTES OUTCOME
Post-trip voltage Vy
Active and Post-trip | predicted by using formula
Scenario Re:(r;:;;::: = ml;:f:‘ V2 ¥, =¥ - —AQQJIAV Error (%) | Error (%)
Conditions Vi B O AQ/AV Powerflow AOAY Myvs@) | (1) vs G)
Palisades Units Siranlation Pl]“'il flow AQIAV
1) fixed
program 3)
2)
Considering Different Generator Operating Conditions
Original P & Q 10348 | 767.0 | 22555 [ 702630 | 1.00597 | 100270 | 1.00270 | 0.32614 | 032614
Qrnax, Proax 1.0521 7670 | 34920 | 703163 | 1.00600 | 1.00240 | 1.00236 | 0.35927 | 0.36304
Qrnax, Phalf 10547 | 4585 | 34920 | 7100413 | 1.00598 | 100550 | 1.00498 | 0.04795 | 0.09940
Qrmax, Prin 10555 | 1500 | 34920 | 712847 | 1.00597 | 100647 | 1.00576 | -0.05001 | 0.02078
S, Qhalf, Pmasx 10050 | 787.0 16.30 | 7221.27 | 100597 | 1.00274 | 1.00268 | 0.32177 | 0.32803
Qhalf, Phalf 10100 | 4585 3342 | 729663 | 100598 | 1.00542 | 1.00524 | 0.05577 | 0.07331
Qhalf, Pmin 10100 | 150.0 2674 | 729368 | 100598 | 1.00633 | 1.00619 | -0.03522 [ -0.02136
Qmin, Prax 09587 | 7670 | -312.30 | 978.87 | 1.00597 | 1.00346 | 1.00316 | 0.24970 | 0.27989
Qmin, Phalf 09618 | 4585 [ -312.30 | 7057.00 | 1.00598 [ 1.00605 | 1.00625 | -0.00735 | -0.02656
Qrmin, Prin 09628 | 1500 | -312.30 | 708945 | 1.00597 | 1.00685 | 1.00725 [ -0.08754 | -0.12681
Considering Some Mearby Units/Plants 0/5
Original P & Q 10348 | 7870 | 26586 [ 744150 [ 1.00210 | 099907 | 099907 | 0.20300 | 0.30300
Generatorat Bus  |Prnax, Qmax 10466 | 787.0 | 34920 [ 724050 | 1.00210 | 099840 | 099970 | 0.37046 | 0.23967
22654 OIS Phalf, Ghalf 10050 | 4585 2506 [ 728221 | 100210 | 1.00156 | 1.00162 | 0.05407 | 0.04671
Pmin, Qmin 09588 | 1500 | -312.30 | 706443 | 1.00210 | 1.00301 | 1.00077 [ -0.09046 | 0.13316
Original P & Q 10348 | 7870 | 21855 | 680868 | 1.00565 | 100270 | 1.00270 | 0.29403 | 0.29403
Generatorat Bus | Prnax, Qmax 10529 | 767.0 | 34920 | 6956.03 | 100565 | 1.00266 | 1.00157 | 0.29831 | 040711
22655 QOIS Fhalf, Ghalf 10098 | 4585 3182 | 720219 | 1.00565 | 100538 | 1.00513 | 0.02670 | 0.05212
Pmin, Qmin 09620 | 1500 | -312.30 | 699140 | 100565 | 1.00667 | 1.00787 | -0.10124 | -0.22006
Original P & Q 10348 | 787.0 17670 | 674277 | 101126 [ 1.00830 | 1.00830 | 0.29385 | 0.29385
Generatorat Bus  |Prmax, Qmasx 10583 | 7670 | 34920 | 722070 | 101126 | 100990 | 1.00647 | 013476 | 047530
25608791 OfS Phalf, Qhalf 10150 | 4585 2486 | 670956 | 101126 | 101130 | 1.07131 | -0.00351 | -0.00531
Prviin, Qrnin 09856 | 1500 | -312.30 | 682310 | 101126 | 1.01137 | 1.01192 | -0.01097 | -0.06485
Original P & G 10348 | 787.0 | 24177 | 7220418 | 1.00401 | 100131 | 1.00131 | 0.26922 | 026922
Generatorat Bus | Prnax, Qmax 10504 | 757.0 | 34920 | 698137 | 1.00401 | 100034 | 1.00200 | 0.36676 | 0.20106
256056 O/S Phalf, Qhalf 10084 | 4585 1912 | 728183 | 1.00401 | 100373 | 1.00371 | 0.02763 | 0.02987
Pmin, Qmin 09608 | 1500 | -312.30 | 706747 | 100401 | 1.00502 | 1.00408 | -0.10014 | -0.00716
Original P & Q 10348 | 787.0 17878 | 674711 | 101126 | 1.00830 | 1.00830 | 0.29335 | 0.29335
Generatorat Bus | Prnax, Qmax 10583 | 787.0 | 34920 | 722327 | 1.01126 | 100091 | 1.00849 | 0.13405 | 047347
256083,89 O/ Phalf, Qhalf 10143 | 4585 19.94 | 668243 | 101126 | 1.01127 | 1.01129 | -0.00053 | -0.00336
Pmin, Qmin 09656 | 1500 | -312.30 | £821.00 | 101126 | 1.01137 | 1.01187 | -0.01059 | -0.06013
Original P & Q 10348 | 787.0 17869 | 674438 | 101126 | 1.00830 | 1.00830 | 0.29308 | 0.29308
Generatorat Bus | Prna, @manx 10583 | 787.0 | 34920 | 722343 | 1.01126 | 100992 | 1.00648 | 0.13295 | 047457
256085,90 O/ Phalf, Qhalf 10133 | 4585 1374 | B739.76 | 101126 | 1.01122 | 1.01122 | 0.00383 | 0.00370
Prviin, Qrmin 09656 | 1500 | -312.30 | £817.93 | 101126 | 1.01138 | 1.01188 | -0.01163 | -0.06100
Original P & G 10348 | 767.0 | 24034 | 720369 | 1.00447 | 100144 | 1.00144 | 0.30284 | 030234
GeneratoratBus | Priax, Qmax 10505 | 7670 | 34920 | 698177 | 100447 | 100049 | 1.00203 | 039740 | 024302
256163 OVS Phalf, Qhalf 10065 | 4585 1831 | 728312 | 100447 | 100400 | 1.00397 | 004715 | 004992
Prviin, Qrmin 09613 | 1500 | 31230 | 707859 | 100447 | 100539 | 1.00462 | -0.09150 | -0.01531
Considering Some Mearby Transmission Lines O/5
Original P & Q 10345 | 7670 | 25078 [ 721600 [ 100360 | 100005 | 1.00005 | 0.35537 | 035537
Line between buses |Prrax, Qmax 10495 | 7670 | 34920 | 684567 | 100360 | 099847 | 1.00109 | 051382 | 0.25097
256249-256327 OIS |Phalf, Qhalf 10048 | 4585 1390 | 718249 | 100360 | 1.00286 | 1.00287 | 0.07324 | 0.07244
Prviin, Qrmin 09597 | 1500 | -312.30 | £978.30 | 1.00360 | 1.00449 | 1.00302 [ -0.08890 | 0.05794
Original P & Q 10348 | 767.0 | 25796 | 723030 | 1.00294 | 099912 | 089912 | 0.38215 | 038215
Line betwseen buses |Prna, Qmax 10485 | 767.0 | 34920 | 690143 | 1.00294 | 099788 | 1.00018 | 0.50689 | 0.27562
256249-27654 OfS | Phalf, Qhalf 10048 | 4585 1954 | 7103.51 | 100294 [ 1.00205 | 1.00210 | 0.08891 | 0.08409
Pmin, Qmin 09585 | 1500 | -312.30 | £890.10 | 1.00294 | 1.00383 | 1.00169 [ -0.08825 | 0.12447
Original P & Q) 10348 | 767.0 | 26865 | 723939 | 1.00143 | 099769 | 099769 | 0.37487 | 037487
Line between buses |Prnax, Qmax 10470 | 7670 | 34920 [ 692547 | 1.00143 | 099658 | 099876 | 0.48692 | 0.26694
256249-256286 OIS | Phalf, Qhalf 10048 | 4585 3030 | 709514 | 1.00143 | 1000523 | 1.00061 | 0.08997 | 0.08145
Pmin, Qmin 09568 | 1500 | -312.30 | 6858.87 | 100143 [ 1.00233 | 0.99994 [ -0.09002 | 0.14911
COriginal P & Q 10348 | 7870 | 25504 | 726981 | 1.00313 | 099959 | 099959 | 0.35373 | 035373
Line between buses |Prnax, Qmax 10457 | 7870 | 34920 | 694630 | 1.00313 | 099840 | 1.00064 | 0.47390 | 024927
22652-22654 OIS |Phalf, Qhalf 10047 | 4585 1622 | 7127.03 | 100313 [ 1.00239 | 1.00244 | 0.07345 | 0.06899
Pmin, Qmin 09589 | 1500 | -312.30 | 691847 | 100313 | 1.00405 | 1.00186 [ -0.09114 | 0.12642
Original P & Q 10348 | 7870 | 25149 | 709367 | 1.00362 | 099935 | 089935 | 042755 | 042755
Line between buses |Prnax, @max 10499 | 787.0 | 34920 | 664213 | 1.00362 | 099733 | 1.00067 | 0.63103 | 0.29450
22652-256249 O/S | Phalf, Ghalf 10059 | 4585 2407 | 708470 | 1.00362 | 100250 | 1.00251 | 0.11140 | 0.11097
Prviin, Qrmin 09589 | 1500 | 31230 | 6856.03 | 100362 | 100447 | 1.00294 | 008443 | 0.06758
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Based on the results shown Table 4-3, the following comments can be made:

e Reactive power output of the nuclear unit is the parameter that affects the sensitivity AQ/AV
most significantly. Different levels of the active power output (P) or changes in the nearby
system facilities (generation or transmission) cause smaller changes in the sensitivity
magnitude.

e The error in the post-trip voltage prediction is rather small because the plant is located in a
strong system, and the V-Q curve near the operating point is quite linear even under different
plant status and system operating conditions. Nonetheless, the errors are larger if the
sensitivity values are not updated. It is expected that these errors would be greater in weaker
systems.

Again, to compare the accuracy of the predicted post-trip voltage using the V-Q curve and power
flow methods with that of time domain simulation, loss of the nuclear unit was simulated using
TSAT software. Table 4-4 shows the comparison between the PTV results from time domain
simulations and the predicted PTV value obtained from the V-Q method. The scenarios
considered only important system elements outages in the vicinity of the Palisades NPP. For time
domain simulations, the unit was tripped, and the post-transient steady state voltage was
registered for each scenario in Table 4-4. In all four scenarios, the predicted PTV is slightly
lower (<1%) than the PTV computed in the time domain simulation. These differences
correspond to a strong system, and it is expected that these differences would be greater in
weaker systems.

Table 4-4
Comparison of Post-Trip Voltage Between Static and Dynamic Simulations at Palisades
ATTRIBUTES OUTCOME
PTV Prediction from
PTV from ;
. TR DI (S Y
Scenario Time 11: ™ f_l; " | Lgiay (E;rff;{(an;
VW | pNE | oNE | AV | AQ | AQ/AV | Domain g"“;‘ u"“
Simulation | "M : on AQIAY
) 2) Power flow program
)
Original Case I R
(P=767: 0225.35) 1.0348 VE7 225546 | -0.03 | -210.79 |7026.3000 | 1.008487 1.00597 1.0027 057385
Priax-Qrmax
(P=757: 0349.18) 1.05206 | V67 349.2 | -0.03 |-210.949 [7031.6333 | 1.010221 1.00597 1.0024 077431
Prnax-Qmax with Gen22654_0S
(P=767: 0349.18) 1048683 | VEY 3492 | -0.03 [-217.215 (72405000 | 1.003839 1.0021 0.9984 -0.54169
Priax-Qimax with LT 256249-
25632705 (P=767: 0349.18) 1.04548 | VE7 349.2 | -0.03 | -205.37 |B6B45.B667 | 1.007345 1.0036 0.9985 088107
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4.3 Dynamic Simulation Results for Post-Trip Voltage Prediction

4.3.1 San Onofre

This section examines the results of time domain simulation for loss of a nuclear unit under a
few severe contingencies. The prediction of post-trip voltage is mainly of concern in the
timeframe for the operation of the degraded voltage relay. Normally, the relay starts the
emergency diesel if a low-voltage condition persists for a few (~5) seconds.

The time domain simulation was carried out for 10 seconds, and loss of NPP occurred at time

= 0.5 second. Table 4-5 shows the dynamic results of simulations of tripping San Onofre Unit 2.
The table shows the value of the post-trip voltage at several times. The initial voltage (before the
loss of unit), the voltage after 5 seconds, and the steady-state voltage (voltage at 10 seconds,
which is assumed to represent steady-state or final value), and the post-trip voltage obtained
from a power flow simulation are reported. The time domain simulations were carried out for a
few severe contingencies.

Table 4-5
Dynamic Simulation Results of Post-Trip Voltage at San Onofre
v, Vo
Case Vi Vi Vo (D n;"m ic) (Power
v Flow)

Base Case Pmax and Qmax

(Pmax=1070; Qmax=550) — | 1.07098 | 0.985076 | 1.006248 | 1.006604 | 0.9855

Unit 3 at San Onofre NPP O/S

(Pmax=1070; Qmax=550) — | 1.029875 | 0.919678 | 0.940588 | 0.940538 0.951

Generators 5 and 6 at Alamo Plant O/S

(Pmax=1070; Qmax=550) 1.062674 | 0.975488 | 0.997402 | 0.997728 | 0.9781

LTs Sanlusry—San Onofre 230 kV and
Serrano Valleysc 500 kV lines O/S — | 1.067665 | 0.979637 | 1.001453 | 1.001838 | 0.9808
(Pmax=1070; Qmax=550)
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Figure 4-3 shows the time trajectories (plots) of the post-trip voltages for the dynamic simulation

scenarios described in Table 4-5.

Bus voltage magnitude (pu)
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Figure 4-3

Dynamic Simulation Results Following Loss of Unit 2 at San Onofre
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4.3.2 Palisades

The time domain simulation was carried out for 10 seconds, and loss of NPP occurred at time

= 0.5 second. Table 4-6 shows the results of dynamic simulations of tripping the Palisades
nuclear unit. The table shows the post-trip voltage at several times. The initial voltage (before the
loss of unit), the voltage after 5 seconds, and the steady-state voltage (voltage at 10 seconds,
which is assumed to represent steady-state or final value), and the post-trip voltage obtained
from a power flow simulation are reported. The time domain simulations were carried out for a
few severe contingencies. Figure 4-4 shows the time trajectories (plots) of the post-trip voltages
for the dynamic simulation scenarios described in Table 4-6.

Table 4-6 shows that the final voltage magnitude (V) from dynamic simulation is close to the
post-trip voltage from the power flow program (V ). The Palisades NPP is located where the
available fault level is high as compared to the fault contribution of the Palisades unit.

Table 4-6
Dynamic Simulation Results of Post-Trip Voltage at Palisades

\'}

Vfin ot
Case vini Vmin VSSec (DynamiC) (ll::,ﬁ)“vlve)r

Palisade_NPP_Orig

(P=767; Q=225.35) — | 1.034805 1.002601 1.008573 1.008487 1.00597

Palisade_NPP_Pmax&Qmax

(P=767: Q=349.18) — | 1.052072 1.001789 1.010321 1.010221 1.00597

Palisade_NPP_Gen22654_0OS

(P=767; Q=349.18) — | 1.046638 | 0.995364 1.003716 1.003839 1.0021

Palisade_NPP_LT256249-256327_0S

(P=767; Q=349.18) — | 1.049472 | 0.998453 1.007475 1.007345 1.0036
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Figure 4-4 shows the time trajectories (plots) of the post-trip voltages for the dynamic simulation
scenarios described in Table 4-6.
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Figure 4-4
Dynamic Simulation Results Following Loss of Palisades Nuclear Unit
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5

POST-TRIP VOLTAGE PREDICTION USING DECISION
OR REGRESSION TREES

Data mining is a step in the knowledge discovery process. It is the extraction of implicit and
interesting knowledge (rules, regulations, patterns, models, and constraints) from data in large
databases. Most of the methods commonly used for data mining can be classified into the
following groups: statistical methods, decision or regression trees, neural networks, rule
induction, case-based reasoning, genetic algorithms or evolutionary programming, and fuzzy
reasoning. In this project, data mining techniques were used to examine the models for post-trip
voltage prediction. Based on the literature survey, the regression tree, one of the most widely
recognized data mining methods, was selected as the core data mining method.

5.1 Overview of Decision and Regression Tree Technique

Researchers have extensively studied decision trees in the context of various power system
security assessment problems. The decision tree approaches appear to be of two categories:

(1) the single-contingency approach, which builds a decision tree for each possible contingency,
and (2) the multi-contingency or global approach, which considers several or all contingencies
together and uses a single tree to handle all the contingencies.

Most decision tree applications use a classification tree (also called a crisp decision tree).
However, two other categories of decision trees—regression trees and fuzzy trees—have been
applied in the area of power security assessment. The tree induction algorithms are similar for
the three kinds of decision trees. The major differences among the decision trees are the
following:

e Regression trees infer information about a numeric output variable (such as security index),
whereas classification trees infer a categorical or symbolic output variable (such as stable or
unstable) representing different classes.

o Fuzzy trees use fuzzy logic to represent output information smoothly, whereas the
classification trees use standard logic (a crisp threshold) to propagate states in the tree
induction.

In Wehenkel’s research, regression trees have been applied successfully to the estimation of
contingency severity for voltage security of the Electricité de France system [6].
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5.2 Feature and Attribute Selection and Extraction

The first step in the application of decision or regression trees is the creation of an appropriate
training data set. A common approach in power systems is to simulate the system in response to
various contingencies and operating conditions and then collect a set of predisturbance system
features (bus voltages, line flows, interface flows, generators output, and so on) along with the
corresponding system outcome (the security status or an index such as the critical clearing time
and the system energy margin).

One of the most important aspects of achieving good performance of a neural network or
decision tree has proven to be the proper selection of training features. Selection of attributes or
features is the process of identifying those features that contribute the most to the discrimination
ability of the decision tree or neural network. Only those features are then used to train the
decision tree or neural network, and the rest of the features are discarded.

Except for those features that are selected on the basis of the engineering understanding of the
problem, the most commonly used feature selection method is the correlation analysis approach.
In the correlation analysis approach, highly correlated features are identified based on
calculations of the correlation coefficients between every pair of features. Those highly
correlated features are regrouped together, and only one feature is selected to represent each

group.

Decision tree induction can also be used for feature selection. When a decision tree is
constructed from the given data, the attributes or features that do not appear in the tree are
assumed to be irrelevant to the target information. The set of features appearing on the tree form
the selected subset of the features. From decision tree induction, we can get the features’
importance rankings, which reflect the contribution that each feature makes in classifying or
predicting the target information. Wehenkel applied decision trees to identify the attributes or
features in strong correlation with the security class [7-9]. Those attributes or features were used
as input variables to a multilayer perception model, and a normalized security margin was used
as output information.

5.3 Decision or Regression Tree Method

Decision trees are hierarchical, sequential tree structures that recursively partition the set of
observed examples (data). It is a way to represent rules underlying the data. A decision tree can
be used in classification, prediction, and regression. There are many advantages to using decision
trees. The first is their interpretability. A tree structure shows how an output is derived. A second
important asset is their ability to identify among the candidate attributes the most relevant
parameters for each problem. A third characteristic is their excellent computation efficiency.

5-2



Post-Trip Voltage Prediction Using Decision or Regression Trees

The weather and play problem (see Table 5-1) is a tiny dataset that illustrates the decision tree
method. Entirely fictitious, it supposedly concerns the weather conditions that are suitable for
playing some unspecified game. In general, records or examples in a data set are characterized
by the values of attributes or variables, which measure different aspects of the record or example.
In this case, there are four attributes or features—outlook, temperature, humidity, and windy; the
outcome is play for whether to play.

Table 5-1
Weather Data with Play Decisions
Outlook Temperature Humidity Windy Play

Sunny 85 85 False No
Sunny 80 90 True No
Overcast 83 86 False Yes
Rainy 70 96 False Yes
Rainy 68 80 False Yes
Rainy 65 70 True No
Overcast 64 65 True Yes
Sunny 72 95 False No
Sunny 69 70 False Yes
Rainy 75 80 False Yes
Sunny 75 70 True Yes
Overcast 72 90 True Yes
Overcast 81 75 False Yes
Rainy 71 91 True No

Figure 5-1 shows a decision tree for the data set of the weather data with play decisions. From
this decision tree, we can simply look up the appropriate conditions to decide whether to play;
for example, if outlook = sunny and humidity <75, then play = yes. In this flowchart-like tree
structure, the following conditions exist:

e An internal node (also called a decision node) denotes a test on an attribute or variable such
as outlook, humidity, or windy.

e A branch represents an outcome of the test, and all records or examples in branch have the
same value or same range of values for the tested attribute.

e A leaf node (also called a terminal node) represents an outcome or decision such as play
(yes or no).
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=sunny = overcast = rainy
v T
<75 >75 = true = false
rd N rd N
yes (2) no (3) no (2) yes (3)

Figure 5-1
Decision Tree for the Weather Data with Play Decisions

Generally, decision tree algorithms can handle two types of attributes or variables:

(1) continuous attributes, which measure numbers—either real value or integer values, also
called numerical or quantitative attributes, such as temperature and humidity in Table 5-1, and
(2) categorical attributes, which take on values in specified, finite sets of possibilities. If the
values are discrete numerical values (integers) representing level of measurement, they are called
ordinal attributes. If the values are in the form of symbols, they are called nominal or symbolic
attributes, such as outlook, windy, and play in Table 5-1.

In the data set used for decision trees, one attribute is named the farget attribute or goal attribute
(such as play in Table 5-1) representing decisions for classification, regression, or prediction, and
the others are candidate attributes (such as temperature, humidity, outlook, and windy in Table
5-1) describing predecision conditions. The target attribute and candidate attribute are also called
the response variable and predictor variable, respectively. There are two types of decision trees:
classification trees and regression trees. In a classification tree, the tree is built for classifying
data samples in terms of the categorical target attribute (response variable), whereas regression
trees have a continuous target attribute (response variable). Two major issues should be
considered in decision tree algorithms: (1) model construction and (2) model selection.

5.3.1 Model Construction

A decision tree model is built starting with a root node. A training data set is partitioned to the
child nodes using a splitting rule. A splitting rule can be of the following form, where A is the
selected attribute (variable), ¢ is a constant, s is the data sample, L is the left branch of the node,
and R is the right branch of the node:

If A < c, then s belongs to L; otherwise, to R.

In this case, splitting is done using one attribute (variable), and a node has two branches and thus
two children. A node can also have more branches, and the splitting can be done based on

5-4



Post-Trip Voltage Prediction Using Decision or Regression Trees

several attributes (variables). The best splitting for each node is searched based on a purity
function calculated from the data. For example, in a classification tree, the data are considered
pure when the data set contains data samples from only one class. The most frequently used
purity functions are entropy, the Gini index, and towing rules. The data portion that falls into
each child node is partitioned again, in an effort to maximize the purity function. The tree is
constructed until the purity of the data in each leaf node is at a predefined level or until the leaf
nodes contain a predefined minimum number of data samples. In a classification tree, each leaf
node is then labeled with a class. Usually the class of the node is determined based on majority
rule—the node is labeled to the class to which the majority of the training data belong.

5.3.2 Model Selection

The model selection problem includes choosing the correct size for the tree. Construction of the
tree can be stopped early, using some condition to the purity function, or a fully constructed tree
can be pruned afterward. Pruned subtrees can then be evaluated with cross-validation or with a
pruning data set, which can be different from the training data. Usually, the size of the tree is
decided based on different pruning methods, and a tree with a predetermined number of nodes is
constructed using all the training data. This tree can then be tested with a testing data set that has
not been used in the model construction and selection. Many different methods of inducing
decision trees have been used, but most of the work on decision trees is an offshoot of the
following methods:

¢ C(Classification and regression trees. In the mid-1980s, four statisticians published the book
Classification and Regression Trees. This method is a complete binary tree algorithm
(exactly two branches from each internal node). Pruning is used to determine the size of the
tree. The target attribute (response variable) and the candidate attributes (predictor variables)
can be nominal, ordinal, or continuous [10].

e The ID3, C4.5, and MS algorithms—the Waikato environment for knowledge analysis
(Weka) methodology. During the 1970s and early 1980s, J. Ross Quinlan developed a
system (ID3 and its extension, C4.5) for inferring classification trees from data samples. The
number of branches equals the number of categories of candidate attributes (predictor
variables). Pruning is used to determine the size of the tree. Both categorical and continuous
candidate attributes (predictor variables) are supported in the C4.5 algorithm, although a
target attribute (response variable) is allowed to be categorical only in the ID3 algorithm. The
M35 is a regression tree algorithm that Quinlan proposed for continuous target attribute
(response variable) [11-13].
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¢ Automatic interaction detection (AID). Morgan and Sonquist proposed the AID tree
algorithm for detecting complex statistical relationships [14]. In an AID tree, the number of
branches varies from two to the number of categories of predictor variables. A statistical
significance test (with multiplicity adjustments in the later versions) is used as stopping rule
during tree growing in order to control the size of the tree. The AID algorithm was designed
for categorical predictor variables and continuous (quantitative) response variables. In 1980,
Kass proposed a modification to AID called chi-squared automatic interaction detection
(CHAID) for nominal categorical response variables [15]. More recently, SPSS Inc. extended
CHAID to handle ordinal categorical and continuous response variables.

5.4 Post-Trip Voltage Prediction at Palisades Using Regression Trees

The post-trip voltage prediction using the regression tree technique was evaluated using the
results of scenarios analyzed with the V-Q and power flow methods. The software used, the
Waikato Environment for Knowledge Analysis (Weka), was developed at the University of
Waikato, New Zealand (http://www.cs.waikato.ac.nz/ml/weka/). To be able to use the regression
tree software, first we must decide on attributes that might affect the outcome (the post-trip
voltage). Then we must create a large number of scenarios (perform simulations) that span the
space of attributes. For the post-trip voltage prediction application, we selected unit operating
conditions such voltage, active and reactive power output, slope of V-Q curve in the pre-trip
state, and the status of the important elements (lines or generators in the vicinity of the NPP) as
attributes. The predicted post-trip voltage obtained from power flow simulation (corresponding
to the studied scenarios) constituted the outcome or target of the regression tree. A matrix of
conditions similar to those shown in Table 4-1 and Table 4-3 was used in the Weka software to
produce the regression trees.

For San Onofre, 48 scenarios were simulated. The distribution of the unit operating conditions—
voltage, active power, reactive power output, and slope of the V-Q curve—for these scenarios
are shown in Figures 5-2 through 5-5. These figures show that the distributions of the unit
operating conditions seem reasonable because they span a good portion of the normal operating
space.
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Distribution of Pre-Trip Voltage at San Onofre
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Distribution of Pre-Trip Active Power at San Onofre

5-7



Post-Trip Voltage Prediction Using Decision or Regression Trees

[ Pl 17
Total: 48
mw: 02504 16
sd: 01450 15
Mn: D055
M 0.439 14
13
12
w11
k]
= 10
L&)
5 9
@ 8
E T
]
5
4
3
2
1
0 e A R R R R T
(=] L - (53] -— L] L - o0 -— {2
(] o o o [ L] L] o (k] [ ] =T =T
a O 0O O D OO DO O O O
Figure 5-4
Distribution of Pre-Trip Reactive Power at San Onofre
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Distribution of Pre-Trip Slope of V-Q Curve at San Onofre
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The regression tree corresponding to the predicted post-trip voltage developed by the Weka
software for the studied scenarios is shown in Figure 5-6. The lower part of the figure shows the
relationship that Weka has developed for post-trip voltage prediction at each node of the tree.

Tree View
Daby
/\
==f{850.85 =[@50.85
/ \
W1 a1
AN N
==1.025 =1 025 ==232.844 =232.945
LM 1 (Bi1.44%) LM 2 (5i6.55%) LM 3 (237 .81%) LM 4 {1812.31%)

LM1: V2=0.431 + 0.563V1 - 2e-7P1 - 8.51e-5Q1 + 1.54e-6DQDV
LM2: V2 =10.509 + 0.487V1 - 2e-7P1 - 8.51e-5Q1 + 1.54e-6DQDV
LM3: V2 =0.0448 + 0.947V1 - 3.06e-7P1 - 1.35e-4Q1 + 1.29e-6DQDV
LM4: V2 =-0.0378 + 1.01V1 - 9.45e-8P1 - 1.43e-4Q1 + 3.89e-6DQDV

V1, pre-trip voltage; V2, post-trip voltage; P1, pre-trip active power; Q1, pre-trip reactive power;
DQDV, slope of the V-Q curve calculated at the pre-trip conditions

Figure 5-6
Regression Tree Developed for Post-Trip Voltage Prediction at San Onofre

The regression tree has found a stronger effect of reactive power than active power on the post-
trip voltage (the coefficient of P1 and Q1 show that the effect of active power is much smaller
than the reactive power output of the unit on the post-trip voltage). Another interesting finding of
the regression tree is the selection of the top node—that is, the slope of the V-Q curve. This has
been the main point in the application of simplified methods based on the V-Q curve.

The application of a regression tree for predicting post-trip voltage after the loss of a nuclear unit
appears promising and deserves further investigation. The regression tree is less accurate than the
V-Q curve method in predicting post-trip voltage; however, the regression tree method is
perceived to be a complement to the V-Q method when the measurement of the slope of V-Q
curve is not available.
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CONCLUSIONS

This research project investigated methods of predicting post-trip voltage at NPPs following a
unit loss. The main objective of evaluating the adequacy of the V-Q curve method was achieved
through a comprehensive power system simulation study. An alternative technique using a
regression tree was also proposed, and its validity was assessed. Literature surveys in the areas of
the post-trip voltage prediction and data mining technique using decision or regression trees were
carried out as well. Finally, a survey was designed in order to identify the need for prediction of
post-trip voltage at NPPs as well as to determine the tools that are currently used at NPPs. The
results of this project can be summarized as follows:

e The simplified V-Q curve method yields accurate results [5]. For a weak or heavily stressed
power system, however, it requires frequent on-line measurement of the slope of the V-Q
curve. The accuracy of the V-Q curve method was evaluated through a large number of
power flow simulations of the post-trip voltage prediction for two NPPs with different
available fault levels in the WECC and NERC systems.

e The power flow or RTCA is the most accurate steady-state analysis for predicting post-trip
voltage; however, it depends on the reliability and availability of a state estimator and is not
easily accessible to most NPP operators because it is expensive and its use requires expertise.

e Regression trees are less accurate than the V-Q method, and they can be trained off-line. A
regression tree can be developed through the results of extensive offline simulations. The
developed trees can then be used on-line. This method can be considered a complement to
the V-Q curve method, especially when a V-Q slope measurement is not available.
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SURVEY ON POST-TRIP VOLTAGE PREDICTION
METHODS AND DEGRADED VOLTAGE RELAY
SETTINGS AT NUCLEAR POWER PLANTS

A.1 Background Information

In the event of a postulated tripping of a nuclear power plant (NPP), it is preferred that the safety
equipment be fed from the offsite power systems [IEEE std. 765—1995, NUREG-0800]. A
subsequent voltage depression will appear at the offsite circuits as a result of reduced voltage
support from the NPP. The essential auxiliaries (e.g., pumps, fans, control valves, etc.) are
sensitive to both voltage and frequency of their supplies. If the post-trip voltage levels are
inadequate to support the critical plant equipment, the degraded voltage relay scheme will initiate
the onsite emergency generation units, violating the federal regulation on “preferred source of
power” (offsite).

Salem Nuclear Generating Station’s tripping on July 29, 2003 (similar event at Callaway plant in
INPO on August 11, 1999) illuminates an undesirable risk factor associated with an unexpected
loss of offsite power circuits. It is being realized that real-time voltage monitoring may deem
insufficient in ensuring the availability of the offsite circuits. Thus, there exists a need for
developing a more effective methodology using predictive approach [H.C. Leake, APS]. Use of
real time contingency analysis (RTCA) is one solution to this problem [NRC GL 2006-02],
however no NPPs currently have this tool and neither do all transmission system operators with
NPPs in their operating area. If validated, the approach that uses the sensitivity of voltage to
reactive power (V-Q curve) in predicting the post-trip voltage levels as outlined in [H.C. Leake,
APS] could fill this gap in the ability of the NPP to meet NRC expectations.

EPRI has contracted Powertech Labs Inc to investigate the applicability of the V-Q curve method
for predicting post-trip voltage levels, and possible improvements to this approach. The proposed
alternative method uses a minimum set of local measurements, whereas RTCA schemes require
more measurements and are more expensive. However, the accuracy and reliability of this
method needs to be established. The alternative method will include use of data mining and
decision trees to identify the key quantities/attributes that contribute to the post-trip voltage
prediction. While static analysis (power flow) will be carried out to determine the post-trip
voltages, time domain analysis software package will also be utilized to simulate the postulated
events. In order to demonstrate the reliability and accuracy of the proposed scheme in predicting
post-trip voltages, two typical NPPs will be studied.

In the subsequent section, your feedback on existing industry practices and desire for alternative
voltage prediction solutions is sought.
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IEEE Std. 765-1995, IEEE Standard for Preferred Power Supply (PPS) for Nuclear Power
Generating Stations.

NUREG-0800; US NRC, Standard Review Plan, Section: 8.2 Offsite Power System.

H.C. Leake, A Simplified Method to Predict Post-Trip Switchyard Voltage at Nuclear
Generating Stations, Arizona Public Service.

NRC GL 2006-02. Grid Reliability and the Impact on Plant Risk and the Operability of Offsite
Power.
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A.2 Survey

Power Plant Name

Contact Name and Email (Optional)

1. Does your plant utilize any post-trip voltage prediction method?

O Yes

O No

2. If your answer to question 1 is ‘yes,” please indicate which approach do you follow presently?
Informal communication with transmission system operators (TSO) to monitor real-time operability
Use of in-house RTCA solutions to monitor real-time operability

O Grid reliability evaluations as part of maintenance risk assessment
O Use of long-term periodic studies, operating experience and training

Other methods. Please provide brief description below:

3. If your answer to question 1 is ‘no,” please indicate if your NPP is

O Planning to work with transmission system operators (TSO) to utilize RTCA solutions
O Planning to use in-house RTCA solutions

O Not using any RTCA tool

4. Please indicate what method does your NPP follow in selecting the degraded voltage relay set points (voltage
levels, time delays etc.)

[Please provide one example of your NPP’s relay settings: voltage time delay |
O Based on systematic comprehensive study

O Based on experience

O Based on existing standards

O Others (please explain)

5. Is your NPP interested in the post-trip voltage prediction method outlined in the preceding section (third
paragraph of Part I)?

O Yes
O No

6. Please indicate if your NPP would be interested in participating in an EPRI/Powertech sponsored workshop (June
2008) to discuss the result of this research work for post-trip voltage prediction?

O Yes
O No

Please provide additional comments in light of the discussions and questionnaire presented so far.

Thank you.
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DESCRIPTION DU PRODUIT

Ce projet de I’Electric Power Research Institute (EPRI) a pour objet de rechercher la possibilité
de prédire la tension a un poste extérieur d’interconnexion dans une centrale nucléaire a la suite
du déclenchement d’une unité nucléaire. Deux méthodes de prévision de tension apres
déclenchement font I’objet de cette recherche. La premiere méthode nommée Méthode V-Q
utilise une information minimale de la centrale locale (comme les conditions de fonctionnement
de I'unité—puissance de sortie active et réactive et tension avant déclenchement) pour prévoir la
tension apres déclenchement en se basant sur la sensibilité de la tension par rapport a la
puissance de sortie réactive de 1’unité. Cette méthode fournit d’excellents résultats si la pente de
V-Q peut étre évaluée en ligne et de facon périodique. La deuxieéme méthode, appelée méthode
par arbre de régression, utilise des techniques d’exploration de données par le biais d’arbres de
régression mis au point en différé. Cette méthode exige, en plus de I’information de la centrale
locale, certains renseignements du voisinage de la centrale (comme 1'état des unités voisines et
des installations de transmission). L’utilisation d’arbres de régression comme complément a la
méthode V-Q a été proposée pour évaluer la tension apres déclenchement lorsque la mise a jour
en direct de V-Q n’est pas possible ou disponible temporairement.

Résultats et conclusions

L’exactitude et I’applicabilité de la méthode V-Q et de la méthode par arbre de régression ont été
évaluées dans deux centrales nucléaires. Les résultats de la simulation V-Q ont prouvé qu’elle
était tres exacte. Cette méthode est applicable a la mise en ceuvre en ligne dans la salle de
commande des centrales nucléaires en utilisant des mesures minimales en direct de la central
locale. Les données locales nécessaires sont les suivantes : mesures de tension en ligne,
puissance de sortie réactive et pente V-Q de I'unité. La méthode par arbre de régression utilise
une base de données de tensions simulées apres déclenchement (par le biais d’un programme de
débit conventionnel de puissance) correspondant a un nombre important de scénarios,
notamment les variations de puissance de sortie de la centrale, les impondérables des unités
importantes et les installations de transmission au voisinage de la centrale nucléaire. La base de
données de cette méthode devrait étre mise au point en différé ; cependant, les arbres de
régression mis au point peuvent étre utilisés en direct pour prévoir la tension apres
déclenchement. L’exactitude de cette méthode n’est pas aussi élevée que celle de la méthode V-
Q, mais elle peut la complémenter a chaque fois que la pente de V-Q n’est pas disponible.

Défis et objectifs

L’importance de la prévision de la tension apres déclenchement dans les centrales nucléaires a
fait I’objet de nombreuses normes et directives de la part de la Nuclear Regulatory Commission
(Commission de réglementation de 1’énergie nucléaire) (NRC). La lettre générique 2006-02 de la
NRC, “Grid Reliability and the Impact on Plant Risk and the Operability of Offsite Power”
(Fiabilité des réseaux, répercussions sur les risques aux centrales et opérabilité de la puissance
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hors site), insistait sur la nécessité pour les exploitants de centrale de connaitre les conditions du
réseau qui pourraient influer sur la tension de bus a la centrale. Cette lettre générique a été
I’impulsion principale de ce projet. Les matériels auxiliaires essentiels des centrales nucléaires
sont sensibles tant a la tension qu’a la fréquence. Les pompes et les vannes de commande
peuvent offrir une circulation de refroidissement suffisante uniquement si la tension et la
fréquence sont plus élevées que les valeurs prédéfinies. Le fonctionnement du relais de tension
dégradée en vue d’assurer en temps opportun un transfert de bus et le démarrage des génératrices
Diesel de secours, table énormément sur la tension, notamment la tension apres déclenchement
qui en résulte. Par conséquent, les exploitants de centrales nucléaires doivent s’assurer que les
niveaux de tension apres déclenchement et des fréquences sont suffisants pour prendre en charge
I’équipement critique. La NRC a suggéré 1’application du logiciel d’analyse des impondérables
en temps réel pour I’évaluation des tensions apres déclenchement. Toutefois, cette analyse est
dispendieuse et exige des données systeme a grande échelle provenant de 1'acquisition des
données de supervision et de contrdle ainsi qu'un modele du systeme provenant de l'estimateur
d'état. L application de I’analyse des impondérables en temps réel dans les centrales nucléaires
peut dépasser les besoins et les compétences du personnel des centrales. Les méthodes qui ont
été étudiées dans ce projet de recherche sont a la fois simples et exactes, et exigent peu d’effort
pour une évaluation en direct. Ce projet de recherche a pour objet d’étudier la possibilité de
prédire la tension a un poste extérieur d’interconnexion dans une centrale nucléaire, a la suite du
déclenchement d’une unité.

Applications, valeur et utilisation

Les exploitants de centrales peuvent prédire avec exactitude la tension d’un poste extérieur
d’interconnexion a la suite de la perte d’une unité en mettant en ceuvre les méthodes mises au
point dans ce projet de recherche. Les méthodes sont simples et I’application en direct exige des
informations locales minimales. La mise en application de ces méthodes devrait aider les
centrales nucléaires a assurer une exploitation stre et fiable des composants auxiliaires
essentiels.

Point de vue de I'EPRI

La tension apres déclenchement suivant le démarrage de la génératrice d’une unité nucléaire est
tres importante pour les exploitants de centrales nucléaires. La Nuclear Regulatory Commission
a insisté sur I’importance de connaitre le niveau de tension hors site de maniere a assurer une
interruption siire et fiable des opérations aux centrales nucléaires. La plupart des centrales
doivent également s’assurer qu’elles posseédent une source fiable d’alimentation en cas de
déclenchement d’une centrale. L’EPRI a financé ce projet de recherche pour évaluer les
méthodes qui pourraient offrir aux exploitants de centrales nucléaires des méthodes simples et
exactes de prédiction de tension apres déclenchement dans les postes extérieurs
d’interconnexion.

Ce rapport présente des recommandations qui peuvent étre utilisées pour évaluer la tension apres
déclenchement ; toutefois, ces recommandations doivent étre étudiées par les exploitants de
centrales et les services de transmission pour déterminer si les données visant a appuyer les
évaluations proposées peuvent etre obtenues de facon pratique.

Approche

L’équipe de recherche a évalué I’application et I’exactitude des méthodes V-Q et d’arbre de
décision pour prédire la tension apres déclenchement dans deux centrales nucléaires. San Onofre
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fait partie du réseau électrique Western Electricity Coordinating Council (WECC) et Palisades,
du réseau North American Electric Reliability Council (NERC).

Mots-clés

Méthode par arbre décisionnel

Prévisions de tension apres déclenchement
Programme de débit de puissance
Programme de domaine temporel
Méthode par pente V-Q
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DESCRIPCION DEL PRODUCTO

Este proyecto del Electric Power Research Institute (Instituto de Investigacion de Energia
Eléctrica o EPRI) tiene como fin investigar la posibilidad de predecir la tension del parque
eléctrico de una central nuclear tras el disparo de una de sus unidades. Se han investigado dos
métodos para predecir dicha tension tras un disparo, el primero de los cuales se conoce como
método V-Q. Este método utiliza la informacion basica local de la central (por ejemplo, las
condiciones de operacion de la unidad, la salida de potencia activa y reactiva, y la tensién
anterior al disparo) para predecir la tension tras un disparo a partir de la sensibilidad de la tension
en la salida de potencia reactiva de la unidad. Este método proporciona excelentes resultados si
la pendiente de V-Q puede evaluarse en linea y de forma periddica. El segundo método se
conoce como el método de jerarquias de regresion y se vale de técnicas de recogida de datos
mediante jerarquias de regresion desarrolladas fuera de linea. Este método requiere, ademas de
los datos locales de la central, cierta informacion de la zona circundante (como el estado de las
unidades colindantes y las instalaciones de transmision). La utilizacion de las jerarquias de
regresion se propone como complemento del método V-Q para evaluar la tension tras un disparo
cuando resulte imposible actualizar la V-Q en linea o cuando no se disponga de ella
temporalmente.

Resultados y hallazgos

La precision y la capacidad de aplicacion de los métodos V-Q y de jerarquias de regresion se
evaluaron en dos centrales nucleares. Se observé que los resultados de la simulacién V-Q fueron
bastante precisos. Este método es adecuado para su implantacion en linea en las salas de control
de las centrales utilizando mediciones basicas locales de la central. Los datos locales necesarios
son las mediciones en linea de la tension, la salida de potencia reactiva y la pendiente de V-Q de
la unidad. El método de jerarquias de regresion utiliza una base de datos de simulacion de la
tension posterior al disparo (a través de un programa convencional de flujo de potencia) para
predecir un gran nimero de situaciones. Entre ellas se encuentran las variaciones en la salida
eléctrica de la central, las contingencias de las unidades importantes y las instalaciones de
transmision en la zona circundante a la central. La base de datos para este método debe
elaborarse fuera de linea. Sin embargo, las jerarquias de regresion desarrolladas pueden utilizarse
en un entorno en linea para predecir la tension tras un disparo. La precision de este método no es
tan alta como la del método V-Q, pero puede servir de complemento para éste ultimo cuando la
pendiente de V-Q no esté disponible.

Retos y objetivos

La importancia de la prediccion de la tension tras un disparo en centrales nucleares ha sido un
tema fundamental de muchos estandares y directrices de la Comisién Reguladora del Sector
Nuclear de los EE. UU (NRC). En la Carta Genérica 200602 de la NRC, Fiabilidad de las redes
e impacto sobre los riesgos para la central y la operabilidad de las instalaciones externas (Grid
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Reliability and the Impact on Plant Risk and the Operability of Offsite Power) se puso de
manifiesto la necesidad de que los operadores de las centrales conocieran las condiciones de las
redes que pudieran afectar a la tension de las barras de la central. La Carta Genérica es el
principal factor de impulso de este proyecto. Los sistemas auxiliares esenciales de las centrales
nucleares son sensibles tanto a la tension como a la frecuencia. Las bombas y las vélvulas de
control Unicamente pueden suministrar suficiente refrigeracion por circuito cerrado cuando la
tension y la frecuencia son mayores que los valores predefinidos. La operacion del relé de
tension degradada para garantizar una transferencia de las barras adecuada y el arranque de los
generadores diésel de emergencia depende en gran medida de la tension, incluida la tension tras
un disparo. Por esta razén los operadores de las centrales nucleares deben asegurarse de que los
niveles de tension y frecuencia posteriores al disparo son adecuados para el abastecimiento de los
equipos esenciales. La NRC recomienda la utilizacién de programas de anélisis de contingencias
en tiempo real (RTCA, por sus siglas en inglés) para evaluar las tensiones posteriores a los
disparos. Sin embargo, el coste de los programas de RTCA es alto y requieren una gran cantidad
de datos del sistema que deben obtenerse mediante actividades de adquisicion de datos y control
de vigilancia, ademds de un modelo de sistema de célculo de estado. La utilizacion de programas
RTCA en las centrales nucleares podria encontrarse fuera del alcance de sus plantillas, ya sea en
términos de necesidad o de capacidad de aplicacion. Los métodos investigados en este proyecto
son simples y precisos y requieren un esfuerzo minimo para realizar su evaluacién en linea. Este
proyecto de investigacion tiene como fin investigar la posibilidad de predecir la tension del
parque eléctrico de una central tras el disparo de una unidad.

Aplicaciones, valor y utilizacion

Al implantar los métodos desarrollados en este proyecto de investigacion, los operadores de las
centrales podran predecir con precision la tension del parque eléctrico tras la pérdida de una
unidad. Los métodos son sencillos y su aplicacién en linea requiere poca informacion local. La
utilizacion de estos métodos debe ayudar a las centrales nucleares a garantizar una operacion
segura y fiable de sus sistemas auxiliares esenciales.

La perspectiva de EPRI

La tension posterior a un disparo del generador de una unidad nuclear es de importancia vital
para los operadores de las centrales nucleares. La NRC ha puesto de manifiesto la importancia de
conocer el nivel de tensidn externa para asegurar paradas seguras y fiables en las centrales
nucleares. Ademads, la mayoria de las centrales estdn obligadas a contar con una fuente fiable de
energia externa para situaciones en las que se produzcan disparos. EPRI ha financiado este
proyecto de investigacidn para evaluar métodos que ofrecieran a los operadores de las centrales
nucleares la posibilidad de contar con formas sencillas y precisas de predecir la tension del
parque eléctrico tras un disparo.

En este informe se ofrecen recomendaciones que pueden emplearse para evaluar la tension tras
un disparo. Sin embargo, es necesario que los operadores y las entidades divulgadoras examinen
dichas recomendaciones para determinar si los datos para realizar dichas valoraciones pueden
obtenerse de forma préctica.

Enfoque

El equipo de investigacion examino la utilizacion y la precision de los métodos V-Q y de
jerarquias de decision para predecir la tension posterior a los disparos en dos centrales nucleares:
la central de San Onofre, que pertenece al Consejo Coordinador de Electricidad del Oeste de los
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EE.UU. (WECC), y la de Palisades, que forma parte del Consejo de Fiabilidad Eléctrica
Norteamericano (NERC).

Palabras clave

Meétodo jerarquico de toma de decisiones
Prediccion de la tension tras un disparo
Programa de flujo de potencia

Programa de dominio del tiempo
Meétodo de pendiente de V-Q
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