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Verification of Simulation Tools

Thierry RICHARD
EDF, France

Abstract

Before qualifying a simulation tool, the requirements shall first be clearly identified, i.e.:
e What type of study needs to be carried out?
e What phenomena need to be modeled?

This phase involves writing a precise technical specification. Once the requirements are defined, the
most adapted product shall be selected from the various software options available on the market.

Before using a particular version of a simulation tool to support the demonstration of nuclear safety
studies, the following requirements shall be met.

e An auditable quality assurance process complying with development international standards shall be
developed and maintained,

A process of verification and validation (V & V) shall be implemented. This approach requires:
o writing a report and/or executive summary of the V&YV activities,

o defining a validated domain (domain in which the difference between the results of the tools and
those of another qualified reference is considered satisfactory for its intended use).

Sufficient documentation shall be available,

A detailed and formal description of the product (software version number, user configuration, other
settings and parameters) in the targeted computing environment shall be available.

Source codes corresponding to the software shall be archived appropriately.

When these requirements are fulfilled, the version of the simulation tool shall be considered qualified
for a defined domain of validity, in a given computing environment.

The functional verification shall ensure that:

o the computer architecture of the tool does not include errors,
o the numerical solver correctly represents the physical mathematical model,

e equations are solved correctly.

The functional verification can be demonstrated through certification or report of Quality Assurance.
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The functional validation shall allow the user to ensure that the equations correctly represent the
physical phenomena in the perimeter of intended use.

The functional validation can be done by comparing simulation results with:

e actual test results,

o results obtained from other functionally validated simulation tools, supplemented if necessary by
expert analysis.

The documents used for functional validation shall be properly referenced.
To ensure proper use of qualified software, a user guide shall be written.

Finally, the people carrying out studies with the software shall be adequately trained, certified and
supervised. Quality audits shall be performed periodically to check the validity of the tool qualification
over time as well as its proper use.

Paper

The scientific computing tools or simulation tools enable the simulation of physical phenomena
requiring significant computing resources.

They consist of:

e calculation codes or solvers (for the mathematical treatment of physical equations),
e  preprocessors (for data entry calculation),
e  post-processors (for the exploitation of the results of calculation).

For each simulation tool, it’s important to define a main user (responsible for the use of the tool).
The objective is to have a sole expert in particular:

e to manage functional verifications and relationships with the developer or the seller,
e to write a user guide,

o to help and supervise less experienced users.

Before qualifying a simulation tool, the main user shall first clearly identify the requirements, i.e.:

o What type of study needs to be carried out?
e \What phenomena need to be modeled?
This phase involves writing a precise technical specification. Once the requirements are defined, the

most adapted product shall be selected from the various software options available on the market or be
developed by a third party based on the technical specification.
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A list of simulation tools allowing the study of the main electrical phenomena is proposed below.
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For the simulation tools, the red dotted parts indicate that the tools can be used within these fields
though they are not specifically designed for it.
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For example, the reasons are that:

o the data to be used is not suitable because it is too voluminous and complex,
e the models to be used are different,
¢ the calculation time is too long.

Before using a particular version of a simulation tool to support the demonstration of nuclear safety
studies, the following requirements shall be met (especially in case of the new development of a simulation
tool):

e an auditable quality assurance process complying with development international standards shall be
developed and maintained,

e aprocess of verification and validation (V & V) shall be implemented. This approach requires:
o writing a report and/or executive summary of the V&YV activities,

o defining a validated domain (domain in which the difference between the results of the tools and
those of another qualified reference is considered satisfactory for its intended use).

e sufficient documentation shall be available,

o a detailed and formal description of the product (software version number, user configuration, other
settings and parameters) in the targeted computing environment shall be available.

e source codes corresponding to the simulation shall be archived appropriately.

When these requirements are fulfilled, the version of the simulation tool shall be considered qualified
for a defined domain of validity, in a given computing environment.

When purchasing a commercial simulation tool, documentation shall be delivered by the seller. This
documentation shall, at a minimum, include:
e documents relating to the design of the simulation tool,

e an operator manual.

The design documents should describe:

o the objectives and scope of the simulation tool ,

e the descriptions and explanations of physical models ,

e the descriptions and explanations of numerical methods,

e the technical databases used,

o if applicable, organizational principles of the sequence of calculations.

The operator manual should describe:

e the input data (type and size),

e how to manage and interpret the output results,
o the list of error messages,

e how modelsare ma de and used.
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From the feedback obtained through use, the main user must complete this operator manual with
recommendations. This feedback must be included in user guide note intended for inexperienced users (see
here after).

The functional verification should be performed by the developer. This one shall ensure that:

e the software architecture of the tool does not include errors,
o the numerical solver correctly represents the physical mathematical model,
e equations are solved correctly.
The functional verification can be demonstrated through certification or report of Quality Assurance.

The functional validation should be performed by the main user. This one shall ensure that the
equations correctly represent the physical phenomena in the perimeter of intended use.

The functional validation can be done by comparing simulation results with:

e actual test results,
o results obtained from other functionally validated simulation tools, supplemented if necessary by
expert analysis.

The documents used for functional validation shall be properly referenced by the main user.

For each evolution of the simulation software or its environment, a study shall be carried out by the
main user to analyze the impact of this modification. The results of this study shall classify the impact as
minor or major.

e Inthe case of a minor impact (i.e. patch), non-regression tests shall be carried out,

¢ In the case of a major impact, all or part of the functional verification (by developer) and validation (by
main user) process shall be repeated, according to the modifications made.

If the test results or the functional V & V process is successful then the new version shall be put into
operation by the main user and the old version shall be archived and then removed from use.

To ensure proper use of qualified software, the main user shall write a user guide.
This user guide shall allow different users:

e to identify:
0 the different types of studies that should be performed with the software,
0 the models whose validity domain is consistent with the physical phenomena,
0 the necessary input data,
e to transform input data into a format recognized by the software (using spreadsheets),
e to create the necessary files to carry out the simulation,
e to achieve the same results, all other factors being equal.

The spreadsheets shall be also quality checked by the main user.
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In addition to the validation aspect of the simulation tools, the user shall adjust the number of
elements to be considered in the model depending on the type of study.

For example:

e For studies of transient behavior of auxiliaries supplied with alternative current (MV and LV):
o all buses and transformers shall be modeled,
o the load shall be divided according to its nature (rotating and non-rotating load),
o For transient stability studies, the model shall include:
o the main generator with its regulators (voltage and speed),
o the step-up transformer,
o The HV network grid (generally represented by an equivalent model).
Finally, the people carrying out studies with the software shall be adequately trained, certified and

supervised. Quality audits shall be performed periodically to check the validity of the tool qualification
over time as well as its proper use.
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T. RICHARD

EDF/SEPTEN -3

Under what circumstances shall one use
simulation tools?

o When the physical phenomena to be studied
are complex and / or numerous.

o When it is necessary to have significant
computing resources.

2112 SEPTENSE  CSNI intamationsl Workshop 0n ROEELSYS -4 Aorll 2014 OCDE Paris €DF
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: THE ORGANISATION AND OBJECTIVE

What organization can be set up to use a
simulation tool ?

o It's important to define a main user (responsible for
the use of the tool).

Why define a main user?

o To manage functional verifications and relationships
with the developer or the seller.

o To write a user guide.
o To help and supervise less experienced users.

3142 SEPTENSE  CINI imtemationsi Workshop on ROBELSYS  1-4 Acrll 2014 OCDE SPars €DF

+ 4 THE CHOICE

TPy
R

How should we go about selecting a
simulation tool?

The main user shall clearly identify the
requirements,i.e.:

oWhat type of study needs to be carried out?

oWhat phenomena need to be modeled?

This phase involves writing a precisetechnical
specification.

4112 SEPTENSE  CINI intemationsi Workshop on ROBELSYS  1-4 Acrll 2014 OCDE Sars €DF
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QLTS

THE SCOPE

List of simulation tools which allow the study of the main
electrical phenomena.
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"THE METHOD

Which requirements to be met before usinga
tool for safety related studies?

oAn auditable quality assurance process complying with development
international standards shall be developed and maintained.

oA process of verification and validation (V & V) shall be implemented.
This approach requires:

= writing a report and/or executive summary of the V&V activities,
= defining avalidated domain.

oSufficient documentation shall be available.

oA detailed and formal description of the product in the targeted
computing environment shall be available.

oSource codes corresponding to the software development shall be

archived appropriately. e
A
6112 SEPTENSE  CINI ivemationsi Workshop on ROBELSYS  1-4 Acrll 2014 OCDE SPars €DF
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_ THE FUNCTIONAL VERIFICATION

ho should perform this verification?
The developershall performand ensurethat:

othe software architecture of the tool does not include
errors,

othe numerical solver correctly represents the physical
mathematical model,

cequations are solved correctly.

The functional verification can be demonstrated
through certification or report of QA.

71142 SEPTENSE  CINI imtemationsi Workshop on ROBELSYS  1-4 Acrll 2014 OCDE SPars €DF

THE FUNCTIONAL VALIDATION
Who should perform this verification?

Themainuserandforit :

ohe shall ensure that the equations correctly represent the
physical phenomena in the perimeter of intended use,

ohe can do it by comparing simulation results with:
o actual test results,

o results obtained from other functionally validated simulation tools,
supplemented if necessary by expert analysis.

The documents used for functional validation

shall be properly referenced. < s
kYa
£ 12 SEPTEN'SE  CSNI ivemationsl Worsnop on ROBELSYS 14 Aorll 2014 OCDE Sars €DF
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NEW VERSION / UPDATES

Which actions to be performed?

The main user should analyze and classify the
impactas major or minor.

oln the case of minor impact (i.e. patch), the non-regression
tests shall be carried out.

oln the case of major impact, all or part of the functional
verification (by developer) and validation process (by main user)
shall be repeated, according to the modifications made.

If the test results or the functionalV & V process
are successful thenthe new versionshall be put
into operation. I~

b )
9112 SEPTENSE CSNI imemational Workshop on ROBELSYS 1-4 Aorli 2014 OCDE Pars eDF

~ GOOD USE

How ensure proper use of qualified tools?

The main user shall write a user guide which shall
allow differentusers:

o to identify the:
o different types of studies that should be performed with the software.

o models whose validity domain are consistent with the physical
phenomena.

o necessary input data,

o to transform input data into a format recognized by the
software (using spreadsheets),

o to create the necessary files to carry out the simulation,
o to achieve the same results, all other factors being equal. 3‘;

107 12 SEPTEN'SE  CSNI ivemetionsl Wordsnop on ROBELSYS 14 Aorll 2014 OCDE Sars €DF
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People carrying out studies with the software
shall be adequately:

ofrained,

ocertified,

oSupervised.

Quality audits shall be performed periodically to
checkoverthetime:

othe validity of the tool qualification,

oitS proper use.

11012 SEPTENSE  CINI imtemationsi Workshop on ROBELSYS  1-4 Acrll 2014 OCDE SPars €DF

Thank you for your attention

120 12 SEPTEN'SE  CSNI ivemationsl Wordsnop on ROBELSYS 14 Aorll 2014 OCDE Sars €DF
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Standard Procedure for Grid Interaction Analysis

Bertil Svensson, Sture Lindahl, Daniel Karlsson
Gothia Power AB, Sweden

Jonas Jonsson, Fredrik Heyman
OKG AB, Sweden

Abstract

Grid events, simultaneously affecting all safety related auxiliary systems in a nuclear power plant, are
critical and must be carefully addressed in the design, upgrading and operational processes. Up to now, the
connecting grid has often been treated as either fully available or totally unavailable, and too little attention
has been paid to specify the grid performance criteria. This paper deals with standard procedures for grid
interaction analysis, to derive tools and criteria to handle grid events challenging the safety systems of the
plant. Critical external power system events are investigated and characterised, with respect to severity and
rate of occurrence. These critical events are then grouped with respect to impact on the safety systems,
when a disturbance propagates into the plant. It is then important to make sure that 1) the impact of the
disturbance will never reach any critical system, 2) the impact of the disturbance will be eliminated before
it will hurt any critical system, or 3) the critical systems will be proven to be designed in such a way that
they can withstand the impact of the disturbance, and the associated control and protection systems can
withstand voltage and frequency transients associated with the disturbances. A number of representative
disturbance profiles, reflecting connecting grid conditions, are therefore derived, to be used for equipment
testing.

1. Introduction

The Fukushima Daiichi accident, very clearly pointed out the importance of the common cause failure
in the planning and operation of auxiliary and safety systems of nuclear power plants. The connecting grid
during normal operational conditions is such a common factor for many important auxiliary systems. The
analysis within the nuclear power industry has for long been focused on the two very distinct conditions,
the connecting grid available or the connecting grid not available. However, very little focus has been put
on how to distinguish a fully reliable and healthy connecting grid from a situation where the power plant
auxiliary systems have to be disconnected from the grid. The disconnection criteria must be based on the
compatibility between the grid and the auxiliary equipment.

The need to enhance the analyses of grid and plant interaction is recognized in order to better define
the enveloping profiles that could challenge the plant’s safety systems. Simulations of dynamic behaviour
outside and inside the plant as well as testing are important methods. The proposed standard procedure is
based on experience from studies of the interaction between the Swedish transmission grid and the three
nuclear power plants at Ringhals, Forsmark and Oskarshamn, [1]. Two different typical grid connections
and auxiliary system supplies are shown in Figure 1, Oskarshamn 2 (O02) and Oskarshamn 3 (O3). For O3
the auxiliary system can also be partly supplied from the 130 kV system, as backup, and totally supplied
from the 130 kV system during maintenance.

16
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Figure 1 Typical NPP grid connection and auxiliary system supply (O2 and O3)
2. System compatibility and equipment testing

The proposed standard procedure focuses on the calculation of temporary voltages on the buses in the
auxiliary power systems of the nuclear power plants caused by events in the external power system (the
transmission network, the step-up transformer, and the main generator). There is a need to verify that the
safety related equipment energized from the auxiliary power system can withstand the transients caused by
credible events on the external power system. Equipment manufacturers are not keen to provide detailed
simulation models, and testing of the physical equipment may be the only way to verify the required
withstand capability. For such testing, well defined, relevant, and generally accepted, test profiles are
needed. These profiles must be based on recordings of credible events and simulations of a large number of
possible incidents.

The main steps for the proposed standard procedure for grid interaction analysis are listed below.

1) Collect necessary data
a. Data for fault calculation
b. Data for dynamic simulation
c. Information about protection systems
d. Transformer data
e. Motor data

2) Derive the grid dynamic equivalent

3) Define events and blackout scenarios, and the corresponding grid disturbance profiles
4) Perform dynamic simulations of grid disturbances

5) Study the simulation results at different levels in the internal auxiliary systems

6) Specify disturbance profiles for equipment testing

7) Verify withstand capability of the equipment by full scale testing

17
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3. Disturbance profile Method

The use of synthetic disturbance profiles has not been very common within the nuclear power area, so
far. However, the use of statistics and probabilistic methods is very common, and disturbance profiles are
used within other segments of the electric power sector. The most typical and well known is probably the
lightning and switching impulses (IEC 60060-1), where an infinite number of possible impulses, caused by
lightning or switching, are condensed into two standard profiles; one for lightning and one for switching. A
distinction is made between lightning and switching impulses on the basis of the front duration. Impulses
with front duration up to 20 us are defined as lightning impulses and those with longer fronts are defined
as switching impulses, see Figure 2.

Figure 2 Standard lightning and switching impulse, according to IEC 60060-1

The standard lightning impulse is a full lightning impulse having a front time of 1.2 ps and a time to
half-value of 50 s (1.2/50 impulse). The standard switching impulse is an impulse having a time to peak
of 250 ps and a time to half-value of 2500 us (250/2500 impulse). A similar use of standardized profiles
and wave shapes are also used within control and protection specification and testing (e.g. IEC 60255-
26 "Measuring relays and protection equipment — Part 26: Electromagnetic compatibility requirements”).

Disturbance profiles, with respect to voltage magnitude and/or frequency, are also used in many grid
codes, especially to illustrate the fault-ride-through criteria. The fault-ride-through requirements are a bit
different in different systems. The Swedish fault-ride-through requirement applicable to all nuclear units is
shown in Figure 3. It has to be emphasized that the profile is not at all any power quality indication of the
grid properties. It is a pure requirement, stating that the connected generating unit must be able to remain
grid connected and continue its power output, as long as the voltage, on all the phases in the connected
closest meshed network point, stays above the voltage profile shown in Figure 3.

18
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Figure 3 The Swedish grid code fault-ride-through requirement for large plants (SVKFS 2005:2)

Based on earlier experience with synthetic profiles, 13 disturbance profiles, derived for the OKG
NPP, are described and evaluated, as well as their tentative impact on the auxiliary power system. In this
section a number of critical grid disturbances affecting the operation of the nuclear unit auxiliary power
system are analysed. The specific profile derived for a group of events, should in a “reasonable way”
represent “the worst case”. Figure 4 illustrates how a number of offsite grid disturbances are grouped to be
represented by one disturbance profile; 400 kV line fault with backup clearance due to breaker failure
(left), and 400 kV busbar fault with backup clearance due to failure to operate of the busbar protection

(right).
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Figure 4 Different scenarios represented by one profile, line fault (left), bus fault (right)
3.1 Procedure overview

The procedure proposed is focused on the evaluation of the connecting grid conditions. As long as the
auxiliary and safety systems are supplied from the connecting grid, the connecting grid is a common
source. The problem is to decide when the connecting grid is not reliable and the auxiliary power system
should be disconnected from the external power system, and to specify the related conditions. The
procedure can be split into a number of steps:

1) Study the connecting grid, and evaluate what could happen. Here it is very important not to stop
the evaluation with disturbances regarded as credible within the grid companies. Disturbance

19
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occurrences as once every twenty year or once every hundred year are, among grid companies,
regarded as extremely rare, while such incident rates within the nuclear power industry are highly
frequent. The following events, affecting the conditions on the generator bus or in the grid
connection point of the NPP, and thereby the auxiliary and safety system supplies, should be
regarded:
a. Load rejection, i.e. disconnection of the unit and its auxiliary systems from the grid.
b. Primary shunt disturbance faults, such as short circuits and earth faults,
= cleared by the ordinary protection system
= cleared by the backup protection system
c. Abnormal system frequency in the connection point,
»  due to loss of generation — dynamic / static
»  due to loss of load — dynamic / static
d. Abnormal operational voltage in the connection point,
* high voltage due to external conditions
= Jow voltage due to external conditions

2) Group the events, studied in 1), with respect to the resulting voltage stress, with respect to
magnitude and frequency level, structure, and duration, on the auxiliary and safety systems, into a
limited number of groups.

3) Assign a synthetic, well defined, disturbance profile (voltage magnitude/frequency) for each
group, according to 2).

4) Study the impact on the auxiliary and safety systems, when the disturbance profiles according to
3) are applied.

5) Derive the corresponding event rate of occurrence for each of the disturbance profile impacts
derived in 4).

6) For all credible disturbances, according to the event rate of occurrence derived in 5), it has to be
ensured that the equipment can either withstand the stress caused by the disturbance profile, or
that the unit will be disconnected from the grid.

The work was organized in a number of packages, and each unit was studied separately (in the OKG
NPP there are three units). Firstly the disturbance profiles were defined and characterized. For the OKG
units 13 profiles were identified, while for other NPPs the number of disturbance profiles might be
different, since the disturbance profile will be different for a unit with a static exciter, compared to a unit
with a rotating exciter. When the disturbance profiles, as they appear at the unit connection point or on the
generator bus, are defined, a simulation study is initiated to investigate how the applied disturbance profile
propagates into the auxiliary systems. A large part of this study is to compare the disturbance profile
propagation and resulting stress at different levels and points in the auxiliary system with the protection
relay characteristics and settings, to really see the impact of the disturbance profile under study. For the
simulation study, where a transient analysis program like PSCAD/EMTDC has to be used, the modelling
of the components in the auxiliary system, such as transformers, induction machines, and power electronic
converters, is extremely important, and large efforts have been made to achieve accurate models for the
extreme conditions studied, such as high and low voltage magnitudes, and high and low frequencies. In
parallel with the simulation study, the event rate of occurrence for each disturbance profile was calculated,
as the sum of the event rates of occurrence for the group of events represented by that specific disturbance
profile. For load rejection there are quite reliable statistics available. For short circuits and earth faults in
the connecting grid, statistics are available for each type of power system component, and a lot of unit
specific calculations have to be performed. For abnormal grid conditions with respect to frequency and

20
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voltage magnitude, often referred to as wide area disturbances, operational experience and “degree of
belief” are applied.

When the stress on each voltage level in the auxiliary system, and the corresponding event rate of
occurrence are determined, the stress, with respect to actions from the protection system, has to be
compared to the withstand capability of the critical appliances, such as induction machines and power
electronics. If shortcomings are identified, there are basically three ways to proceed, 1) to eliminate the
stress on the critical level, e.g. surge arresters on higher levels to limit overvoltages, 2) enhanced protection
systems to transfer to emergency diesel supply, e.g. for long duration low voltage situations to avoid
induction motor stalling, and 3) to reinforce the appliance to make sure it will withstand the stress, e.g.
redesign of power electronics and UPS appliances. This analysis is made separately for safety systems and
for operational systems.

If severe shortcomings are identified, the unit has to be stopped to eliminate the shortcoming
identified. If less severe insufficiencies or potential improvements are identified, these are listed in so
called Recommendation reports, one for each unit. These recommendations are then handled within the
normal plant organization and action plans for implementations are set. Finally, the improvements for
increased robustness are implemented in the plant.

3.2 Load rejection

Load rejection, e.g. trip of the unit, most likely at full load and unwantedly, with the unit circuit-
breaker, causes a temporary overvoltage on the generator bus. The shape, peak and duration of this
overvoltage depend on the excitation system. With the automatic voltage regulator (AVR) in operation, the
overvoltage will be limited to some 20-25%, while with the AVR in field current control mode, the
overvoltage might reach 50%, and last for quite a long time. Load rejection, for a unit with a static exciter,
is shown with and without AVR control in Figure 5.
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Figure 5 Generator bus voltage at load rejection with AVR (left) and with fixed field current (right)
3.3 Symmetrical and unsymmetrical short circuits in the grid

Short circuits and earth faults in the connecting grid, see Figure 1, might appear at different locations,
thus triggering different fault clearing procedures. Furthermore, correctly cleared faults, as well as backup
fault clearance, have to be addressed. Figure 6 shows the disturbance profile representing correctly cleared
nearby short circuits. The left figure illustrates a trip of the unit circuit-breaker (100 ms), and transfer to
house load operation. The disturbance profile is valid for a single bus or a double bus system with one of
the busses out of operation. The right figure shows a correctly cleared (100 ms) nearby line fault, where the
generator remains connected to the grid, and the voltage magnitude slowly returns to a level slightly below
the pre-fault level.
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Bus fault, one bus out of operation Mearby line faull
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Figure 6 Correctly cleared, busbar fault, one bus out of operation (left), and nearby line fault (right)

Figure 7 shows backup fault clearance of busbar and line faults, with fault duration of 500 ms. For the
busbar fault (left), one bus is out of operation, the bus protection is supposed to fail to operate and the fault
is cleared by remote zone 2 distance protection, thus the long fault clearing time. Finally the unit is
supposed to successfully transfer to house load operation, with a slight overshoot in voltage. For the
remote end line fault (right), all telecommunication is supposed to be out of service, and the fault is cleared
by the remote zone 2 distance protection, after about 500 ms. The voltage recovery is slower than for the
correctly cleared fault due to the longer deceleration time for the rotating machines and the corresponding
more demanding reacceleration. This fault illustrates that the fault duration might be longer than according
to the fault-ride-through requirement as stated by the grid code, see Figure 3. Therefore, the generator is
allowed to trip due to such a long duration fault. With double busbar protection and double communication
channels, which is the present design level in the Swedish transmission system, the probability for these
long fault duration times will be negligible. Thus, the circuit-breaker is the only component without
redundancy.

Bus fault, one bus out of operation Remote end line fault

-
B

.38 {5 |
E'” i:mu
gl”q. ;ll'n:g /
; (L] §lnl:l

B3y 5 ]

2
z

L 1] 0.5 Lr ] 4 1] -4 | R Ba [ B s L] e a8

£
-

Time [%] Tirma [&]

Figure 7 Backup cleared, busbar fault, one bus out of operation (left), and remote end line fault (right)

Unsymmetrical shunt faults, i.e. earth faults and two-phase faults, cause, not only a voltage dip, but
also a phase shift, at the fault occurrence, and at the fault clearance. Also symmetrical faults might cause
phase angle jumps. Such a phase shift might be critical for power electronic based equipment, such as
switched converters or UPS devices. A nearby single phase-to-earth fault is shown in Figure 8 for backup
clearance due to a breaker failure. The voltage reduction during the fault is quite moderate, while the phase
angle jump, especially at the fault clearance is quite significant.
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Single phase nearby line fault Single phase fault, phase angle
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Figure 8 Single phase nearby fault with backup clearance, magnitude (left) and phase angle (right)
3.4 Loss of generation

Sudden loss of a large amount of generation (or load) causes a significant frequency dip (rise). The
lowest credible frequency in the Nordic system is 47.5 Hz. If the frequency goes lower, some nuclear units
have to be tripped. Frequency rises are regarded as less critical than frequency dips. In Figure 9, the
frequency dip after a very large loss of generation is shown. The frequency goes almost all the way down
to 47.5 Hz, and then slowly recovers to something around 49.5 Hz after about one minute. This frequency
disturbance profile describes a worst case scenario, since there is a load shedding scheme in five steps
starting at 48.8 Hz, and disconnecting 50% of the load by 48.0 Hz. This load shedding scheme has
operated a few times in the seventies. In 1979, two steps of the load shedding scheme operated and saved
the system from a blackout, see the right part of Figure 9.
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Figure 9 Frequency drop due to a large loss of generation, profile (left) and recording (right)
3.5 Voltage instability conditions

Voltage instability conditions are the most probable cause of a wide-area disturbance in the Nordic
system. Blackouts have been experienced in 1983 and 2003. A voltage instability incident could be
characterized as short-term or long-term, depending on the disturbance as such, but also on the point of
observation. In the south end of the Swedish system there are some large generators, capable of keeping up
the local voltage in case of loss of transmission capacity in the middle or north part of the country,
resulting in a disturbance recognized as a slow voltage collapse (in the range of minute) in the middle of
the system where the voltage depression is observed and realised, and a fast voltage collapse (in the range
of seconds) in the south part, only observed at the final breakdown. Figure 10 shows the voltage magnitude
and frequency profiles, for a fast or short-term voltage collapse.
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Figure 10 Short-term voltage instability, magnitude (left) and frequency (right)

The long-term voltage instability scenario is characterised by a sudden transmission capacity
reduction, large enough to significantly reduce the voltage at the load end of the system, but not large
enough to immediately ruin the system stability. The initial voltage reduction is typically 10 to 15%.
However, the load recovery and the tap-changer control in the distribution system will partly restore the
load and further reduce the transmission system voltages. After a while the voltage is so low and the
current is so high that some distance protection relay picks up and trips a transmission line. Parallel paths
will then be overloaded and we have a cascaded tripping, resulting in a blackout. Figure 11 shows the
synthetic profiles for the voltage magnitude and frequency, for a slow or long-term voltage collapse. A
more rare form of voltage instability is voltage depression, where the voltage magnitude slowly goes down
to about 80%, with a corresponding increase in frequency to about 51 Hz. These conditions are very
similar to the initial phase of the slow voltage collapse, but the voltage depression stops, the voltage stays
low, and for some reason the voltage recovers and a collapse is avoided.
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Figure 11 Long-term voltage instability, magnitude (left) and frequency (right)
4. Conclusions and future work

The proposed standard procedure for grid interaction analysis has been applied and refined in
connection with analysis of the propagation of transients caused by symmetrical and unsymmetrical faults,
from the external power system into the AC auxiliary power systems in three nuclear power plants in
Sweden. Experience shows that analysis of steady-state performance is not sufficient. It is also necessary to
verify withstand capability of the auxiliary systems for unbalanced faults. It is concluded that it is
necessary to calculate the instantaneous values of currents and voltages. Based on the standard procedure
presented in this paper a number of actions to improve the plant robustness, such as revised settings of
voltage protection, introduction of complementary undervoltage protection, and more robust design of the
auxiliary transformers, have been taken within OKG.
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The present paper and work carried out so far have been focused on primary shunt faults and
abnormal symmetrical conditions in the connecting grid, which need attention in order to decide if the
connecting grid is to be regarded as healthy and fully reliable or if transfer to emergency diesel systems
should take place. We have also learned that phase interruptions (one or two phases) on all voltage levels
in the supply chain of the auxiliary systems cause operational situations hard to detect but hazardous for
continued grid supplied operation. Such unsymmetrical phase interruptions are suitable for future work;
identify the safe operational boarders, and methods to detect situations when the borders are violated.

So far focus has been very much on dependability, i.e. make sure to trip for every critical situation,
and not so much on security, i.e. make sure not to trip when trip is not wanted. The security issue is more
related to operation and economy but unselective protection operations have caused generator tripping and
dynamic instability. The dependability is more related to safety and especially the risk to subject all parts
of the auxiliary system to severe voltage dips. Therefore protection schemes to increase the security, which
have been focused for the transmission systems lately, will need more attention in the future for generation
plants. A first attempt has been made at OKG unit 2, where a dual two out of two protection design has
been implemented [2].

Today’s protection design comprises a high level of redundancy. However, design that makes the
circuit-breaker redundant is still not common. More research on design principles, costs and benefits, as
well as on performance and power system design and requirements, is needed.
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Oskarshamn NPP, Sweden —— okg

P Syviem Lorymert

| ] | ] ] |
—, = = =
— G L ] . -
Power System e Nt Sowet Lum
Equvadent
130 &Y Y o I’I:"."‘
@ "
" = = = -
- ] - ] | |
T "= = = =
| . | -  J
B T 8| = .
G
™ "= = : ' pow @ |
L. L. .. A 1 " Py s
- . P It .
01-1972 y . o o By 8 B8
492 MW I g
02-1974 03-1985
661 MW 1450 MW
Upgrade 2015 Upgraded 2012 sty

4 . okg
External Grid —- Common Sm—

- The Fukushima Daiichi accident, very clearly pointed out the
importance of common cause failures in the planning and
operation of auxiliary and safety systems of nuclear power
plants.

- The connecting grid, during normal operational conditions, is
such a common factor for many important auxiliary systems.

- The analysis within the nuclear power industry has for long
been focused on the two very distinct conditions, the
connecting grid available or the connecting grid not available.

- However, very little focus has been put on how to distinguish
a fully reliable and healthy connecting grid from a situation
where the power plant auxiliary systems have to be
disconnected from the grid.

- The disconnection criteria must be based on the
compatibility between the grid and the auxiliary equipment.

gothia [Felsiai
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Disturbance Profiles e okg
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Main Steps for the Standard Procedure

1) Collect necessary data
a) Data forfault calculation
b) Data for dynamic simulation
c) Information about protection systems
d) Transformerdata
e) Motordata

2) Derive the grid dynamic equivalent

3) Define events and blackout scenarios, and the
corresponding grid disturbance profiles

4) Perform dynamic simulations of grid disturbances

5) Study the simulation results at different levels in the
internal auxiliary systems

6) Specify disturbance profiles for equipment testing
7) \Verify withstand capability of the equipment by full scale

testin
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2 okg
Study Grid Disturbance EVents\—

Study the connecting grid, and evaluate possible scenarios. The
following events, affecting the conditions on the generatorbus orin
the grid connection point of the NPP, and thereby the auxiliary and
safety system supplies, should be regarded:

— Load rejection, i.e. disconnection of the unit and its auxiliary
systems from the grid.

— Primary shunt disturbance faults, such as short circuits and
earth-faults,

+ cleared by the ordinary protection system
+ cleared by the backup protection system
— Abnormal system frequency in the connection point,
+ dueto loss of generation—dynamic/ static
* dueto loss ofload— dynamic/ static
— Abnormal operational voltage in the connection point,

* highvoltage dueto external conditions
+ lowvoltage due to external conditions

okg
Derive the Grid Disturbance Profiles

Group the grid disturbance events studied,

with respectto the resulting voltage stress,i.e.
- magnitude and frequency level, as well as

- structure, and duration,

on the auxiliary and safety systems,

into a limited number of groups

Assign a synthetic, well defined, disturbance profile
-voltage magnitude/frequency -
for each group

gothia [Felsiai
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2 okg
Verify Equipment Compatim—

Study the impact on the auxiliary e Seuse Plast Mool Update———————
and safety systems, when the o I |
grid disturbance profiles are \
applied. | )| e | Pm o
= el . "

Derive the corresponding event T I E:;ﬂ Flecornmen | Upyace
rate of occurrence for each of the | ’f‘ : Bobustrass L ROTS
grid disturbance profile impacts. B | | | Red ‘

Eqizl'c: | Response PIu 0(
For all credible disturbances, | LeveiN L
according to the event rate of | L
occurrence, it has to be ensured L Rate of Octusmance——t- Bk
that the equipment can either 3 " o
withstand the stress caused by Plant and Ged Upgrade and Changes ~
the disturbance profile, or that = w('m&“m PO - "OLF’
the unit will be disconnected

from the grid.

okg
Disturbance Profiles — Load Rejection

Generator bus voltage st load rejection with AVR (left) and in field current control mode (right)

Generator Bus veltage Ganeratorn Bus votage

gothia [Felsiai
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e okg

Short-circuits — Correctly Cleared

Correctly cleared, busber fault, one bus out of operation (left), and nearby fine fault [right)
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Short-circuits — Backup Clearance

Beckup clesred, busber fault, one bus out of operation (left), and remote end fline fault [right)

Bus fault, one bus out of operation Remote end line fault
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okg
Short-circuits — Unsymmetrical

Single phese nearby fault with beckup clearance, megnitude (left) and phase angle [right)
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Disturbance Profiles — Loss of Generation

Frequency drop due to s large loss of generation, profile (left) and recording (right)
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okg
Disturbance Profiles — Voltage Instability
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3 okg
OKG Work Outline (1) Tee—

« Firstly the disturbance profiles were defined and
characterized.
- For the OKG units 13 profiles were identified

« Then asimulation study was initiated to investigate how
the applied disturbance profiles propagate into the
auxiliary systems.

- A large part of this study is to compare each disturbance
profile propagation and the resulting stress at different
levels and points in the auxiliary system with the
protection relay characteristics and settings, to really see
the full impact of the disturbance profile under study.

* For the simulation study, a transient analysis program like
PSCAD/EMTDC has to be used

gothia [Felsiai
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OKG Work Outline (2) \_0"_9_

In parallel with the simulation study, the event rate of
occurrence for each disturbance profile was calculated.

When the stress on each voltage level in the auxiliary
system, with respect to actions from the protection
system, and the corresponding event rate of occurrence
are determined, the stress has to be compared to the
withstand capability of the critical appliances, such as
induction machines and power electronics.

If shortcomings are identified, there are basically three
ways to proceed,

1) to eliminate the stress on the critical level, e.g. surge
arresters on higher levels to limit overvoltage,

2) enhanced protection systems to transfer to emergency
diesel supply, e.g. for long duration low voltage situations
to avoid induction motor stalling, or

3) to reinforce the appliance to make sure it will withstand
the stress, e.g.redesign of power electronics and UPS

appliances. gothia

OKG Work Outline (3) — okg

If severe shortcomings are identified, the unit has to be
stopped to eliminate the shortcoming identified.

If less severe insufficiencies or potential improvements are
identified, these are listed in so called Recommendation
reports, one for each unit. These recommendations are
then handled within the normal plant organization and
action plans for implementations are set. Finally, the
improvements for increased robustness are implemented
in the plant.

gothia [Felsiai
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3 okg
Results \—

* 13 disturbance profiles have been derived for Oskarshamn NPP

* Present plant auxiliary systems have been checked with respect
to these disturbance profiles
* One severe shortcoming was once identified —and 03 was immediately stopped

* Robustness improvements have been identified and implemented, such as
- Complementary under-voltage protection
- Revised protection settings
- Complementary surge arrestors on the 10 kV level
- Revised transformer design

* Adequate robustness levels have been verified

* New auxiliary system equipment is regularly exposed to full
scale tests with respect to the disturbance profiles

. . ok
Conclusions e Se——

Based on the standard procedure presented in this paper a number
of actions to improve the plant robustness, such as
- more robust design of the auxiliary transformers,
- revised settings of voltage protection,
- introduction of complementary undervoltage protection, and
)

- more robust design of protection systems — “dual two out of two”,
have been taken within OKG.

Rl —w ‘
| — - |
System 1 = & |—» TripCoil 1
R2 } - ‘
Protection system - Dual two out of two
R3 ; - :
System 2 y x & |—» TripCoit 2 !

R4 I— gothia el
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Future Work (1) g okg

Work carried out so far have been focused on primary shunt
faults and abnormal symmetrical conditions in the connecting
grid.

- We have also learned that phase interruptions (one ortwo
phases) on any voltage level in the supply of the auxiliary
systems might cause operational situations hard to detect but
hazardous for continued grid supplied operation.

- Future work: Identify the safe operational borders, with
respect to phase interruptions, and methods to detect
situations when the borders are violated.

So far focus has been very much on dependability, i.e. make
sure to trip for every critical situation, and not so much on
security, i.e. make sure not to trip when trip is not wanted.

- The security issue is more related to operation and economy
but unselective protection operations have caused generator
tripping and dynamic instability.

- Future work: Protection schemes toincrease the security.

gothia [Felsias

Future Work (2) \_""_9_

Today’s protection design comprises a high level of
redundancy.

- However, design that makes the circuit-breaker redundant is
still not common.

- Future work: Research and development on design principles,
costs and benefits, as well as on performance and power
system design and requirements, that makes the circuit-
breaker redundant.

gothia [Felsiai
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— okg

Thank vou tor vour attention

- Comments?

- Questions?
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Electrical Dynamic Simulation Activities in Forsmark NPP

Per Lamell
Forsmarks Kraftgrupp AB, Sweden

Abstract

The original power system analysis was done in the seventies in former ASEA AB software. For
approximate twenty years no major new studies was done because of limited numbers of renewal projects.
In the end of the nineties the plant started to update the selectivity planning and study of the loading of the
safety busbars. The simulation and start of the development of simulation models was done in a tool named
Simpow. Simpow was also an ASEA/ABB AB software developed from the program used in the seventies.
To continue to work with Simpow was a decision made after doing an extensive review of on the marked
available commercially software. Also at that time we start to do our first attempt building electrical
simulation models of unit 1 and 2 according to the original documentation.

The development of models for the unit 1, 2 and 3 became more intensive some years after the
millennium. Partly because of event July 25, 2006 and also because of the renewal of unit 1 and 2 and had
subsequently been initiated for unit 3 also. Today we have initiated a conversion of our models to a new
program called PowerFactory. That due to the withdrawal of support and development on SIMPOW a
couple of years ago. To development relevance, accuracy and detail, models are an important issue for
FKA (Forsmark Kraftgrupp AB). The model is initially created according to the plant documentation and
also including requested information from the original supplier. Continued development and updates of the
model is done according to the data received from the contractors via the demands according to
requirements in our technical documents on different electrical components in renewal projects. The
development of the model is driven by known weaknesses, depending of the type of studies and necessary
data related to events.

An important part that will be described is to have a verified simulation tool and validated models. An
example is that the models have been validated by making start and loading test of the safety busbars at the
units and compared with the results of the simulations.

Forsmark has made studies with the developed models to support renewal projects to present the
behaviour of the plant of proposed logic and to determine the specification and requirement on contracting
function and also on including components. Power system simulation have also been used to analyse the
different incidents that have challenged the electrical systems on the three different units, with dependence
on the different initiators and causes of the disturbances to find similar weak points that can cause failure
in the plants. The simulation tool is also used to study plants compliance with the authority requirements.
Now after the latest event at May 30, 2013, Forsmark is working to develop a new strategy on throw to
approach these studies in a more general, unconditional way. The input are review of the description how
plants originally design. Review of the units relay protection design to bring out any weaknesses or
inaccuracy, and compare with other plant relay protection design and study the possibilities with extended
functionality of modern protection compared with the relay protection of the seventies. To find out if it is
any differences in the level in the voltage, current or frequency level and duration between the result of
simulation and the implemented protection scheme. Renewed evaluation of electrical related disturbance
from existing experience feedback handling. Especially focusing on avoiding jeopardizes the safety
function, defence in-depth regarding electrical disturbances and also on availability.
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1. Events
During the last years Forsmark NPP has suffered from electrical related incidents, such as:

Forsmark 1, 25 July 2006) Loss of external power and loss of power supply from 2 of 4 diesel
generators Forsmark 1, 25-07-2006 (Event Analysis Report, WANO Paris Centre, 2006-0027 revision
number 01)

On July 25th, a two-phase
short circuit occurred during
ongoing operations in the 400 kV
switchyard. The opening of a
section disconnector under full
load caused an arc and a short
circuit. The unit circuit-breakers
disconnected the plant
generators, and the plant
automatically inserted selected
control rods for a partial scram,
initiated pump runback and
switched over to house load
turbine power supply. Shortly
after the initial event, the plant
was scrammed and  the
containment was isolated.

Figure 1. The fault in the switchyard.

Two out of four power supply divisions (A and B) in the internal grid (500 V, diesel backup) were
without power for approximately 20 minutes. When the two 500 V diesel busbars were connected
manually to the 6 kV system, all four divisions of the internal power supply system regained power, and
the plant could go safely to a safe, hot shutdown state.

Shortly after the initial event, before the scram, one turbine tripped due to low hydraulic pressure in
the turbine control valve system. The turbine speed fell to 2820 r/min, which should have opened the
generator circuit-breaker due to low frequency (47.5 Hz). However, the breaker failed to open. A few
moments later, due to further decrease in frequency, the feeder breakers between the main internal bus bars
and the diesel supported 500 V bus bars disconnect.

During the electrical transient, two UPS (Uninterruptible Power Supply) units tripped. Equipment
supported by the units includes the speed measurement control logics to the diesel engines, which
subsequently failed to start. The loss of power resulted in loss of two auxiliary feed water pumps. Water
was throughout the event pumped in at 2 x 22.5 kg/s by the two remaining auxiliary feed water pumps.
During the transient, the pressure in the reactor vessel was reduced to 6 bar over a period of 30 minutes.
The level in the vessel stabilized at +1.9 m over the core after 15 minutes, and was restored to the normal
level after another 15 minutes.
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As the two UPS-units failed (A and B), two trains of the internal 220 V system also failed.
Components supported by the 220 V systems in two out of four divisions failed due to loss of power, as
follows:

- Sensors, transmitters, controllers, trend and event recorders

- Indicators and supervisory facilities in the control room

- Fine motion control rod drives (all the rods were inserted by the hydraulic scram system)

- Half of the control rod drive indication was lost, i.e. therefore not providing indication of
control rods fully inserted in the core

- Four out of eight reactor main circulation pump motors tripped

- Four out of eight reactor low power measuring (WRNM, Wide Range Neutron Monitors)
units lost power

- The power station's internal public address and warning systems failed due to loss of power.

Lightning strike tripped all eight main circulation pumps at Forsmark 2.(Forsmark 2; 13 June
2008) Forsmark 2, 13-06-2008 (Miscellaneous Event Report, WANO Paris Centre, 2008-0128 revision

number 00) Nitonsl &
wational grid \

A thunderstorm over central 400 KV
Sweden caused a lightning strike to
the main grid about 50 km from
Forsmark NPP, causing a three-
phase short circuit and a voltage dip
to about 50 % for about 90
milliseconds. The short circuit
activated the rectifiers protection :
relays due to that the phase angel " Rectifier! Y]
deviated from 120 degrees with 8 T
degrees in  more than 80
milliseconds and the rectifier |
tripped. When the rectifiers tripped " Inverter | {|  Inverter
the rotating energy stores continued '

to produce energy resulted in that
; Main recirculation Main recirculation-
two of the rotating energy stores to iryser) . u . pump®
trip on undervoltage and the other 3 - B
. f":l.'lllf'l[_: 2mergi storad
two to trip on overcurrent.

21,5V

Main- B\

genaralor

Figure 2. The lightning strike affects the frequency
converter for the main recirculation pumps

This caused the main recirculation pumps to stop and run down to stop faster than anticipated in the
safety analyses. With the main recirculation pumps stopped the reactor power fell to 39 % after the initial
event, and the reactor power then had an increasing oscillation with amplitude of up to 10 % before a
manual scram was initiated. There is no automatic main recirculation pump run down signal or an
automatic scram from the reactor protection system if the rectifiers trip. With all main recirculation pumps
stopped, there was a risk of thermal stratification in the RPV, and thus of uneven temperature distribution.

After assessment of the transient risks, it was decided to restart two of the main recirculation pumps.
The maximum temperature difference was 18°C. The six other main recirculation pumps were restarted
after the temperature in the RPV had been evened out. It was decided to shut down the reactor to the cold
shut down state.
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Forsmark 3 July 13, 2012 Lightning strike causing voltage transient in station AC net
Forsmark 3, 13-07-2012 (WANO Event Report, WANO Paris Centre, 2012-0217 revision number 00)

During the Forsmark 3 refueling outage, operating mode cold shutdown reactor, with work underway
in trains B/D (Forsmark 3 has four redundant safety trains A, B, C and D) 400 kV power supply is isolated
for scheduled work and electricity is supplied from the external grid from the 70 kV mains. A lightning
strike occurs in the 70 kV mains near the startup transformer.

At normal operation the station is connected to

the 400 kV off-site grid which is protected by both surge BE2. WD
arrester and earth/shield wire at the lattice tower of the
overhead line to mitigate consequences of lightning
strikes. The cable and overhead line connection for unit 3
to the 70 kV switchyard and network includes several
surge arresters, but the overhead line has not any
earth/shield wire.

In the time of the event it is a thunder storm in the [
area and a lightning strike occurs in the 70 kV mains near = [
the startup transformer. |
| o
The lightning strike apparently caused a voltage e77woiwt ... %: _|BTTWD2.W1

transient to propagate in the station internal net and caused
damage to a number of thyristors for the battery-supplied
AC net. Figure 3.The affected UPS system

Safety Mon-safety

The event had in this case no operational consequence as the plant was in refueling mode.

Forsmark 3 May 30, 2013: Loss of two phases of the external grid during outage shutdown
with loss of decay heat removal (WANO Event Report, WANO Paris Centre, 2013-0139 revision number
02)

During cold shutdown, established on 2013-05-19, the 70-kV grid was shut down for connection to
new switchgear. Work was underway on the 400 kV D bus. A and B trains were ready for operation. The
diesels in C and D trains were ready for operation. Relay testing was underway on the excitation system for
the generator during which a spurious signal was sent to the unit breaker.

At 10:01 a.m. on May 30 an intermediate position was detected on the unit breaker indication for the
E bus, due to one phase not being tripped. It was due to a loose cable in a tripping device for one of the
phases. The main transformer configuration (Y/D) to the external grid resulted in discrepancy between the
phases inside the plant. The operating plant components equipped with phase discrepancy protection
tripped, whereupon decay heat removal was lost.
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Figure 4. The event and the effect

The fuel was removed from the core and the fuel storage pool gates were open. The plant can go
about one day before boiling starts. The temperature increase rate at 34°C was approximate 0.7°C/h. In
conjunction with diesel start local resetting of the phase discrepancy protection for the diesel cooling water
systems was required. At 10:44 a.m. the supply from the 400 kV E bus was restored. The incident is not
analysed in the safety analysis report, which means that the plant is not designed to automatically handle
the situation that arose. The INES classification is assessed as (1) as there was an impact on defence in-
depth. Basic classification is zero and an additional factor for CCF. The incident did not have any
operational consequences.

These events have an incitement to increase the efforts to make models of the plants and the off-site
grid and continue to do studies.
2. Requirement

The following fundamental requirements are the base for the interpretation of the analysis of the

studies:

- Swedish Radiation Safety Authority’s regulation

- Keeping the integrity of the safety system and defence in-depth
- Svenska kraftnat (Swedish national grid) regulation

- Availability of the plant

It affects what studies to be performed and development of the models, and as well as how detailed
the models need to be.

3. Original studies

The original simulation for unit 3 included as reference reports to the safety analysis report are as
follows:
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- Plant condition at grid disturbance:
According to a special grid voltage profile: which from the beginning include an instant voltage drop
on the generator busbar down to a level of 25 % for 0.25 s and then linear increase to 95 % for 0.5 s.

- Short circuit on each AC-busbar
Feeding from auxiliary transformer and start-up transformer and an initial nominal voltage to find the
maximum short-circuit currents.

- Start-up of the largest electrical machine:
The purpose is to verify the start of the largest engine at the worst allowable ratio (0.9 p.u. voltage and
at a specified short circuit power), while not interfering other motor drives with protection tripping,
etc.

- Start-up sequence of the safety and non-safety busbar.

Similar studies have been done for the unit 1 and 2. These original studies have used a simulation tool
from ASEA called MOSTA.

The original studies are few and can be seen as basic studies how the plant will be behave at design
cases as disturbance in the off-site grid, internal short circuits and start-up sequences. In this case faults in
off-site grid have been simplified to only apply to be executed as one case.

4. Activity plan

Each year is an activity plan updated to describe the planned power system simulation and analysis
activities for the next three years. The activity plan presents the work done during the past year, as well as
ongoing and planned activities in the areas of structuring working procedure, modelling and studies.

Because of the recent years events increased focus has been on planning a base activity which
unconditionally analyses of the plant behaviour during different electricity-related incidents/disturbances,
to ensure that we have models and data to assess all, or as many initial events as possible to make the
plants more resilient and better protected. Basis for analysis are developed from original design philosophy
to find out if some knowledge has disappeared or if it was not possible to include the functionality because
of limitation in the existing technology imprinted weaknesses in the functionality or design of the systems.
Also included as sources of experience and knowledge is a review of events in other plants and
participations in conferences and meetings. If the result reveals weaknesses in the protection configuration,
it must be evaluated if there is a need to introduce new protection equipment or if there is a need to modify
existing. It is important to evaluate any changes in the protection scheme to keep selectivity.

Attempted simulations will focus primarily on studying applied events impact on safety systems,
specifically on the objects connected to, and disconnection of, the safety busbar, also including defence in-
depth for the non-safety system/busbar and how it is affected.

FKA have an existing tool to performing studies of electrical faults in both the internal power system
in the units and off-site gridFaults caused by thunderstorms that have been assumed to have affected F3 at
the event July 13, 2012 requires completely different models and tools to be studied. To study how external
lightning spreading in the plant is something that will not be regularly used. This is the reason to try to
develop a generic model useful for all plants and in cooperation with the other plants in Sweden.

After each study is performed, it will be evaluated if, or how, the result will affect the safety reports,
either included directly or referenced via separate reports
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5. Development of simulation models

When the units began modernisation in the late nineties it was as a beginning to building own
competence in the area of power system simulation and analysis. Initial work was to carry out a scan of the
market of different power system simulation and analysis software available. ABB's simulation tool
Simpow was chosen due to proximity of support. An important factor was to have a program with the
property to perform both power frequency modelling, which saves computer time, and instantaneous
modelling, which gives results with more detailed time resolution. It is of importance to be able to interrupt
and freeze the simulation at any time and change between the two model parameters. Also the possibility
to do user defined modelling to get additional flexibility not available in the corresponding standard model.
A Master Thesis was also performed which included collection of model data from existing documentation
and from the original suppliers of primarily electrical machines and cables. The project also included a
comparative study of the established model with a previously performed study.

The modelling of the units restarted after some years. In the meantime FKA started using contractors
to performing diesel start sequence studies for the units F1 and F3 to verify the fulfilment of the loading
requirement according to RG 1.9. Also some work was done to study the internal selectivity planning.

In 2005 the number of people in Forsmark working with these issues increased and working with
plant modelling, was intensified with the help of the software developer. The goal was to develop a more
detailed model of the Forsmark 1 unit, which later was converted to be a Forsmark 2 model. There are just
some few differences between these two units. The year after FKA bought the the Oskarshamn 3 model,
which is a similar unit as Forsmark 3. Oskarshamn 3 model were reviewed and converted to be a Forsmark
3 model. The models have been developed from existing documentation. When it has been a lack of model
data the original suppliers, at the time of when the units was build, has been contacted to try to receive
further information. The models have later been compared to the document load compilation. A document
was developed by, and kept updated in connection with, the renewal projects by the system design group.

The ownership of the used software has changed and since two-three years it is not any support and
development of the tool. FKA has been forced to transfer and develop models in a new tool called
PowerFactory from DIgSILENT. In the market there are a variety of codes and suppliers to choose
between and the choice of the code has been made strategically, especially for us in Forsmark which are
few working in this area, based on a number of aspects as: competence, development, support,
perseverance at the supplier, the capacity of code, number of users (total and locally), the ability to make
own models, possibility to do make and change between RMS and instantaneous calculations etc.

The models have been validated by making start-up and loading test of the safety busbars at the units
and compared with the results of the simulations. Further validation of the models has been done to the
event of 13 June 2008 and also to the case of start-up of larger motor the feed water pump.

6. Model data

Initially developed models based on information in existing documentation. Further development of
the models made by help from the original supplier. For some object e.g. electrical machines for the unit 1
and 2 similar motor size from unit 3 has been used when it has not been possible to find any original design
documentation.
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The work with the modelling of each unit has included very much effort to development of document
including modelling and dynamic analyses requirement as:

- Modelling and Dynamic Analyses - Mandatory Information for Electrical Motor

- Modelling and Dynamic Analyses - Mandatory Information for Power Transformer
- Modelling and Dynamic Analyses - Mandatory Information for Cable

- Modelling and Dynamic Analyses - Mandatory Information for Motor Load

For some equipment that is seldom renewed as the main generators and related excitation equipment
has some special requirement documents been developed. The document has been successively updated
dependent on new knowledge. The requirement has also in some cases also included some extraordinary
testing to get the extended data or to verify the theoretically determined model data.

The off-site grid is divided into three different parts as follows:

- Main 400 kV grid which is a physical correct model up to 3-4 switchyards away from the units. The
remaining power grid is modelled as various equivalents for different parts of Sweden grid and its
Nordic countries.

- The 220 kV grid is a quasi-physical model.

- The units stand-by 70 kV grid uses the TSO model as a base and includes more extended model data of
the included hydro power plant and the most important the closed located gas-turbine station.

In recent years an intensive work is in progress to get into a continuously operating process to include
the requirement of component data as a requirement in the contract with our suppliers to continuously
update the models of the units. A major difficulty is to get a good understanding of the reason to why it is
importance to develop electrical dynamic simulation models with sufficient good models to give
simulation results.

A lot of effort has also been done to document the models, which is divided into different parts; one
for each unit and the one for the 400 kV, 220 kV and 70 kV grid.
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7. Studies

Around the millennium the focus on the studies was to verify the capacity of the diesel-generator set
for the safety busbar according to RG 1.9. It has continued been an important study to make and to develop
the accuracy of the modelled object in diesel supplied safety busbar, including the speed and voltage

regulator of the diesel-generator set.

Network disturbances occur occasionally and are of various kinds. The nuclear power plants are
designed to cope with a majority of the disturbances with which occurs with different frequencies. Further

in the report some of the studies that have been made at Forsmark will be described.

After the event of 25 July 2006 a major
study of disturbances in the off-site grid that
can affect two or multiple trains of the
internal power system was started. The
incident shows that failure other than the
three-phase short-circuit may affect internal
power system in a negative way. The study
included calculation of voltage profile in the
generator busbar and internal grid e.g. the
non-safety busbar in Forsmark 1, 2 and 3 at
one-, two-and three-phase fault in the off-
site grid.
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Figure 6. Generator busbar voltage at load rejection unit 1 and the remotely three-phase fault at

unit 3.
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One other condition that has been studied is 4o
behaviour of motors in the units at decreasing network ~ [J=  [l. = é
voltage in the cases of generator not connected and %~ X
generator in-service. The first case with the generator ™
not connected is a worst case scenario and the trip
times for thermal motor overload protections in the
auxiliary system has been calculated. The simulation
was performed with all motors connected to both the
safety and non-safety busbar. The used voltage profile
had a slope of -0.015 p.u./min and -0.03 p.u./min and
different active power operating points. Initially the
bus voltage at the safety busbar was 85 % and then it
decreased to 65 % of nominal voltage for calculation
of minimum delays to thermal trip with decreasing
voltage. The value 85 % is because of it is the lowest
voltage value according to the TSO regulation and
65 % is the voltage value at which the diesel-generator set ~ Figure 7. Principal sketch of the network
set will receive the order to start. modelled at slow decr. voltage.

The study shows that the shortest delay is 48.9 s for unit 3 which was the basis for the introduction of an
under-voltage protection at 85 % and trip time of 10 s.

The second study which is a more realistic case deals with slowly decreasing network voltage in the
400 kV off-site grid with the generator in operation and how this can affect the auxiliary power system
with special attention of the motors on the diesel feed safety busbar. Normally, when the main generator is
in service, a situation with slowly decreasing network voltage should occur. The voltage on the generator
busbar is kept constant up to the level of the stator and/or rotor current limiters. There may be several
causes of decreasing network voltage but a high load level in combination with branch elements and
production sources out of-service are often involved.

It is very difficult to predict the risk for slowly decreasing network voltage but the risk cannot be
disregarded. The result is to reveal if motor thermal overload protection will start and possibly trip or
asynchronous motors to stall or if it is a risk for an out-of-step condition.

At the renewal of the new switchyard at the 70 kV second source different type of studies has been
done as:

- F1 - Restart of internal auxiliary power system via the 70 kV grid

- F3 - Restart of internal auxiliary power system via the 70 kV grid

- F1/F2/F3 - Restart of three blocks through 70 kV grid

- F1/F2/F3 — SBO (Station Black-Out) and restart of all three units by the 70 kV grid

- Reactive compensation in new 70 kV switchyard based on the needs of the F1, F2 and F3

The purpose of the simulation was to study necessarily short-circuit power in the 70 kV grid to restart
the internal auxiliary power system. Also to develop the logic to senses when the grid starts to be weak
which for unit 3 is a signal that it is necessary to limit-the non-safety start sequence? The study also include
testing of the logic to restart the three unit in sequence, to cope with the transformer inrush current to not
affect the relay protection in the gas turbine station connected to the 70 kV switchyard.
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Last year the focus has been on open-phase condition studies. According to the event in unit 3 May
30, 2013 has a studied the cases includes that one or two breaker poles still is closed when the signal to the
breaker has to trip (open all three phases). The studies that have been performed for unit 3 and similar
cases have been studied for unit 1.

- Single pole failure (still closed) at 400 kV unit breaker during outage

- Single pole failure just before synchronize of the generator breaker after outage

- Single pole failure at 400 kV unit breaker at low active power from the generator

- Single pole failure at 400 kV unit breaker during normal power operation equivalent

- Two pole failure (still closed) at 400 kV unit breaker during outage

- Single pole failure (one pole does not close) of 400 kV unit breaker at synchronization after house load
operation

- A case similar to Byron 2 event, with one phase open at the unit breaker and an earth fault on the
generator step-up transformer side of the breaker

- Sensitivity study of the electrical machine model because we do not have any negative sequence data
of the machines

There are some technical differences between unit 1 and 2 and unit 3. The first two units have each
two turbin-generator trains with splitting of the switchyard with different transmission line of the off-site
grid. The unit 3 has one turbin-generator train and the off-site grid has two lines from the switchyard.
Precondition for the simulations has been to have reasonable low short circuit power (worst case scenario)
for each study case of the external grid. Different loading condition in the internal distribution system
depending on the studied case.

The conclusion so far is to include equipment that detect unbalanced condition at cold and hot
shutdown reactor and at heating before synchronizing and secure that the generator quickly will be
disconnected from the external grid at out-of-step condition caused by unbalanced condition. FKA has an
ongoing project to include a protection for the open phase case.

The studies of the open phase condition will continued with this type of fault in the internal power
system and in the 70 kV grid, when the units has it power supply from the 70 kV grid.

8. Conclusion

As has been presented in this paper, Forsmark has been working for some years to developing detailed
models and carrying out studies. An experience related to the disturbances Forsmark has suffering from is
that these events, based on what we know, are initially not analysed.

The future planning is focused on unconditional work with participants to find out faults that need to
be analysed in order to obtain weaknesses in the units’ electrical system, which can then be addressed with
some form of protection function.

The models will continue to be developed depending on the modernisation of the units, and continued

be more detailed, depending on what will be needed for the future studies and limited to what can be
received from the contractors or subcontractors.
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ELECTRICAL DYNAMIC SIMULATION
ACTIVITIES IN FORSMARK

CSNI International workshop on
ROBUSTNESS OF ELECTRICAL SYSTEMS OF NPPs
in Light ofthe Fukushima Daiichi Accident

OECD Conference Centre, 2 Rue André Pascal, Paris, France, 1 — 4 April2014
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+ Original studies
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«  Software

» Model development, model data and validation of the model
« Presentation of made studies

- Different type of disturbance

« Questions?
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» Loss of external power and loss of power supply
from 2 of 4 diesel generators Forsmark 1 (25 July 2006)

= Lightning strike tripped all eight main

circulation pumps at Forsmark 2 (13 June 2008) =%
- Lightning strike causing voltage transient L

in station AC net Forsmark 3, (July 2012 ) -*"* =
 Loss of two phases of the external grid during outage _——— A

shutdown with loss of decay heat removal (30 May 2013)
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Requirements at analysis

- Swedish Radiation Safety Authority’s regulation

« Keeping the integrity of the safety system and defence in depth

- Svenska kraftnat (Swedish national grid) regulation

« Studies for renewal project and the system and plant requirement.
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Original studies, at the time of when the units was build

- Plant condition at grid disturbance:
According to a special grid voltage profile: which from the beginning
include an instant voltage drop on the generator busbar down to a
level of 25 % for 0.25 s and then linear increase to 95 % for 0.5 s.

= Short circuit on each AC-busbar:
Feeding from auxiliary transformer and start-up transformer and an
initial nominal voltage to find the maximum short-circuit currents.

« Start-up of the largest electrical machine:
The purpose is to verify the start of the largest electrical machine at
the worst allowable condition (0.9 p.u. voltage and at a specified
short circuit power), while not interfering other motor drives with
protection tripping, etc.

- Start-up sequence of the safety and non-safety busbar.
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Activity plan

» Increased focus on unconditionally analyses of the plant behaviour
during different electricity-related incidents/disturbances:

- To make the plants more resilient and better protected.
- Basis for analysis:
- original design philosophy to find out
« if some knowledge has disappeared

- if it was not possible to include the functionality because of
limitation in the existing technology

- reveal weaknesses in the functionality or design of the systems
- renewed review of events in other plants
- participations in conferences and meetings
« If the result reveals weaknesses evaluated:
- need to introduce new protection equipment
- modify existing protection configuration
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Original Mosta, ASEA
Simpow, ABB - STRI
PowerFactory from DIgSILENT

The choice of the code has been made strategically based on a
number of aspects as:

- competence

- development

- support

- perseverance at the supplier

- the capacity of code

- number of users (total and locally)
- the ability to make own models,

- possibility to do make and change between RMS and
instantaneous calculations etc
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Model development, model data and validation of the model

« Developed model for F1, which converted to be a F2 model
= Converting O3 model to be F3
= External grid 400 kV, 220 kV and 70 kV.

» Much effort to development of document including modelling and dynamic
analyses requirement as:

- MO?elling and Dynamic Analyses - Mandatory Information for Electrical
otor

- Modelling and Dynamic Analyses - Mandatory Information for Power
Transformer

- Modelling and Dynamic Analyses - Mandatory Information for Cable
- Modelling and Dynamic Analyses - Mandatory Information for Motor Load
«  Work with the issue to get into a continuously process:
- How to work between groups/section in FKA
- requirement in the contract with our
= Goal is to continuously update the models of the units
= Validation of model:
- by making start-up and loading test of the safety busbar
- event of 13 June 2008
- start-up of larger motor as for example the feed water pump
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Presentation of made studies

Verify the capacity of the diesel-generator set for the safety busbar
according toRG 1.9

A study to analysis the level of voltage in units internal power grid
after load rejection after one-, two- and three-phase fault in the off-
site grid
Slow decreasing voltage with:
- generator not connected
- generator in-senvice
Renewal of the stand-by 70 kV switchyard:
- F1-Restart of internal auxiliary power systemvia the 70 kV grid
- F3 - Restart of internal auxiliary power systemwvia the 70 kV grid
- F1/F2/F3 - Restart of three blocks through 70 kV grid

- F1/F2/F3 — SBO (Station Black-Out) and restart of all three units
by the 70 kV grid

9 | 2 Ao 2014 | EECTRICALDYNANC SMU_ATION ACTIVTIES N FORSMARK | FTT-2014-0430 | Rer Lamel

~.
= e VATTENFALL —_—

Presentation of made studies cont.

Open-phase condition studies:
- Single pole failure (still closed) at 400 kV unit breaker during outage
- Single pole failure just before synchronize of the generator breaker
after outage

- Single pole failure at 400 kV unit breaker at low active power from
the generator

- Single pole failure at 400 kV unit breaker during normal power
operation equivalent

- Two pole failure (still closed) at 400 kV unit breaker during outage

- Single pole failure (one pole does not close) of 400 kV unit breaker
at synchronization after house load operation

- Acase similarto Byron 2 event, with one phase open at the unit
breaker and an earth fault on the generator step-up transformer
side of the breaker

- Sensitivity study of the electrical machine model because we do not
have any negative sequence data of the machines
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Different type of disturbance

The approach for e !
analyseto find out A I
differenttypes of Main 200KV grid +ouse bad opemtion
disturbance:

- Analysis the defence
In depthregarding
electrical incidents.

- Availability aspects
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Conclusion

- Forsmark has been working for some years to developing detailed
models and carrying out studies.
» An experience from the events, based on what we know, that they are
initially not analysed.
= The future planning is focused on unconditional to find out faults
cases that need to be analysed:
- in order to obtain weaknesses in the units electrical system
- which can then be addressed with some form of protection
function
« The models will continue to be developed depending on the
modernisation of the units, and continued be more detailed:
- depending on what will be needed for the future studies and
limited to what can be received from the contractors or
subcontractors
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Questions?
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THANKS!
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Abstract

The purpose of this paper is fo introduce the simulation methods and tools to analyze and
predict the performance of the electric power distribution system for nuclear power plants (INPPs) m
Korea. Electrical system design engineers are to evaluate the load flow, bus voltage profiles, short
circutt levels, motor starting, and fast bus transfer under varous plant operating conditions and to
verify the adequacy of power distribution system for a reliable power supply to plant loads under
various disturbances which could jeopardize a safe and reliable operation of nuclear power plants.

1. Introduction

The various plant operating and power supply conditions should be considered for a reliable
auxiliary power system design and load allocations. The plant operating conditions have been
classified to six different loading categories in power system simulation tool (Normal Operation, Plant
Start-up, LOCA, Hot Standby, LOOP, and SBO). The islanded system operation with the onsite
standby power supplies (e.g., emergency diesel generators and AAC diesel generators) 1s also
evaluated. Load flow, short circuit, motor starting under all these operating conditions are simulated
and evaluated for integrity of power distribution system design by use of ETAP (Electrical Transient
Analyzer Program) program based on ANSI (American National Standards Institute) requirements.

2. System Configuration
2.1 Main Power (MP) System Configuration

The main power (MP) system includes essentially of the main generator, the generator
circuit breaker (GCB), and the 1solated phase bus (IPB). The MP system 1s designed to deliver
generator output power to the grid interconnected with the extra lugh voltage switchyard (EHV
SWYD) at the site through the main transformer, and to provide power supply for the plant electrical
loads required for nuclear power plant operation through the unit ausiliary power transformer (UAT).
This MP system 1s served as one of the preferred power supply (PPS) circuits.

In the event of generator circuit breaker open, the preferred power supply (PPS) circuit 1s
still mamtained since all requuired power supply will be fed from the gnid through the main transformer
and the UAT.
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2.2 Auxiliary Power (AP) System Configuration

The auxiliary power (AP) system consists of subsystems: the wmt auxiliary transformers
(UATSs), standby auxiliary transformers (SATs), 13.8 kV power system, 4.16 kV Non-Class 1E and
Class 1E system, 480 V load center Non-Class 1E and Class 1E system, 480 V motor control
center/low voltage Non-Class 1E and Class 1E system, diesel generators, and alternate AC power
supply.

Various nonunal system voltages are selected for the AP system based on the ratings of plant
loads in order to ensure mimmal voltage drop during the steady state and largest motor starting
conditions. In nuclear power plants in Korea, the following voltage levels are typically selected for
various plant loads.

» 138KV distribution system:  Motors rated for 1,500 Hp and larger

7  4.16kV distribution system:  Motors rated for 250Hp to 1,250 Hp except for the control
rod drive motor generator sets

» 480V distribution systeni: Motors rated for 0.5Hp to 225Hp, all MOWVs, lighting
transformers and the control rod drive motor generator sets

» 120V distribution systemni: Motors rated for 0.5 Hp and below

3. Loading Category and Study Case
3.1 Loading Category
3.1.1 Plant Start-up(Category 1)

All start-up loads required for the turbine generator operation are identified and considered
m this loading category. During the plant start-up stage, offsite electrical power is supplied to plant
auxihary loads via main transformer (MT) and vt auxiliary transformers (UATs) with the generator
circuit breaker (GCB) open. The energy required for generator excitation system 1s also fed from the
grid through the mam transformer (MT). With all required start-up loads runmng, the turbine-
generator can be brought up to, or near its synchronous speed so that the generator will be ready for
synchromzing with the grid. Typically, an approxumate 10~15% of the unit rated power are considered
as plant start-up loads required for starting the umit. It 15 important to consider this condition especially
when the power plant is remotely located from the fransnussion network, and the start-up power 1s
supplied through a long and linuted capacity of transmussion lines. Therefore, the design engineer
should coordmate with the grid operator to obtain the grid operatmg conditions and critena for the
transmussion network.

3.1.2 Normal Operation (Category 2)

Once the turbine generator is ready for synchronizing to the grid, there are typically two
ways of generator synchronizing available, 1e. automatic or manual synchronizing of generator
provided by the turbine/generator control system. In automatic synchromzing, generator speed and
voltage will be automatically adjusted by the turbine/generator control system so that oncomung
generator can be automatically synchromized to and interconnected with the grid. In manual
synchromizing, all control activities including the initiation of breaker close command should be
performed by an experienced and authorized plant operator.

After the generator 1s connected to the grid by closing the generator circuit breaker, plant
operators can gradually but smoothly increase generator output up to its rated power so that all plant
loads will be fed by the generator other than by the grid.
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This case models the unit at 100% load. The Normal Operation loading case 1s generally not
as severe as the LOCA case, unless large motors are tripped on a LOCA signal. Tripping large motors
on a LOCA signal 1s not a common design practice and 1s not recommended because of the impact or
mechamical systems and equipment. One of the primary purposes of the Normal Operation loading
case 15 to serve as the base loading for development of the LOCA case. A decision is required tc
model summer or winter HVAC loads. Alternately, two separate cases may be run to model botk
summer and winter HVAC loading to confirm which loading case 15 more severe.

3.1.3 LOCA (Loss of Coolant Accident) Condition (Category 3)

The LOCA case uses the Normal Operation loading case as a base. In this loading category.
the plant operating load will be the most severe operating condition smce 1t will further consides
additional loads, which are required for supporting the LOCA condition, m addition to norma!
operating loads (Category 2).

Upon receipt of the LOCA signal, all required medium voltage motors will be sequentially
started but all required low voltage motors will be accelerated simultaneously. Therefore, the low
voltage power distribution system will consequently experience a significant voltage drop during the
acceleration period of these motors following the LOCA condition. It 15 important to ensure that the
distribution system 1s properly designed to mitigate this significant voltage drop within an acceptable
level 1 the event of the LOCA.

3.1.4 Hot Standby Condition (Category 4)

In this loadmng category, all conditions are the same as those of normal operation (Category
2) but the generator 1s tripped, 1.e. generator circuit breaker (GCB) 1s also tripped as a result of
generator frip. This case simulates a bit more severe loading than that of start-up condition, and is very
effective to evaluate the adequacy of SAT (Stand-by Auxiliary Transformer) rating if 1t 15 less than the
UAT (Umt Auxihiary Transformer) rating.

3.1.5 Cold Shutdown Condition (Category 5)

This loading category 1s used to sumulate the plant minimal loading condition during the v
shutdown period, and 15 used to analyze bus voltages to evaluate if there are any buses experiencing
overvoltage, which could be detrimental effect on insulation system of electrical equipment.

The plant loads required only for supporting plant utility functions (HVAC, lighting, wates
supply, air supply, etc.) are modeled in this loading category. All process loads required for othes
loading conditions are deactivated mn this loading category.

A hand calculation may be an alternative method to computer simulation, and it is ¢
simplified evaluation with no load condition. In this alternative method, bus voltage can be calculatec
based on transformer voltage ratio and tap position only. Smce plant minimal loads are neglected i
the hand calculation, the calculated bus voltage profiles are the lhughest values. If these values remair
within the acceptable range of electrical equipment ratings, the computer simulations are not requirec
for a precise calculation. In Korea, this loading category 1s typically not modeled i the compute
program.

3.1.6 LOOP (Loss of Offsite Power) Condition (Category 6)
When all offsite power 1s lost and House Load Operation (HLO) 1s failed, GCB 1s trippec

and the normal source of power to the Class 1E auxiliary power subsystem 1s lost. Then the principal
standby power of the emergency diesel generators are provided to the Class 1E buses.
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Following the loss of voltage or prolonged degraded voltage due to a loss of power supply,
the incoming breakers for the Class 1E switchgears are tripped. all the medium voltage motor loads
are shed except the low voltage load centers, all Non-Class 1E bus and loads fed from the Class 1E
bus will also be shed. All Non-Class 1E buses fed from the Class 1E buses will be disconnected as
well. As a consequence of loss of power supply, the Class 1E emergency diesel generators (EDGs) are
started.

Each Class 1E emergency diesel generator 1s capable of achieving the rated voltage and
frequency and ready to accept loads within 20 seconds upon receipt of automatic starting command.
Once the rated voltage and speed of Class 1E EDGs have been established, 1t 1s connected to the Class
1E bus in order to restore power supply to the Class 1E low voltage load centers first. Then the
required medium voltage Class 1E motors are sequentially started.

For the critical Non-Class 1E loads, such as turbine-generator auxihiaries (turming gear oil
pumps, turbine turning gear, and turbine-generator bearing oil Lift pumps) and plant security lighting,
etc., a Non-Class 1E diesel generator will automatically be started in order to restore those critical
Non-Class 1E loads.

All the above scenarios are modelled in this loading category, and this category is used to
simulate and evaluate the capability of the Class 1E emergency diesel generator, and Non-Class 1E
diesel generator.

3.1.7 SBO (Station Blackout) Condition (Category 7)

When the Class 1E EDGs failed to start, or is unintentionally tripped during the LOOP
condition, 1t 15 considered as the SBO condition, which 1s the worst operating condition for nuclear
power plant. Once the SBO condition 15 detected, one common AAC diesel generator (DG) will be
used for an alternative power source m order to cope with station blackout (SBO). The AAC will be
available to restore power supply to the required Class 1E loads withn 10 nunutes in the event of the
SBO condition. The AAC DG 1s connected to one division's loads of the Class 1E auxiliary power
subsystem related to SBO coping for the selected umit. This loading category 1s used to simulate and
evaluate the capability of AAC diesel generator.

3.2 Study Case

Based on the loadmg categories, six different sources can be classified as shown in figures 1
through 6. These sources and the valid load conditions are as follows:

o Source 1: Main generator connected to offsite power system. It represents a valid power source for
normal loading condition.

o Source 2: Unit auxiliary transformers connected to offsite power system through the mam
transformer. It represents a valid power source for Start-up, LOCA & Hot standby loading

conditions.

o Source 3: Standby auxihiary transformers connected to offsite power system. It represents a valid
power source for LOCA & Hot standby loading conditions.

o Source 4: Class 1E emergency diesel generator. If represents a valid power source for LOOP
loading condition.

o Source 5: Non-1E diesel generator. It represents a valid power source for LOOP loading condition.

o Source 6: AAC diesel generator. It represents a valid power source for SBO loading condition.
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The various study cases can be defined by a combmation of loading category and power

source condition and are summarised in the following table.

ource Cond.

Load Cond.

1
{(Main Gen)

2
(UAT)

3
(SAT)

4
(1IE EDG)

(Non-1E
D/IG)

6
(AAC DG)

1 (Start-up)

5211

2 (Normal)

S11.2

3 (LOCA)

S2L3

S3L3

4 (Hot Standby)

S21L4

S3L4

6 (LOOP)

S4L6

S5L6

7 (SBO)

S6L7

S: Study case
L: Loadmg Category

4. Power System Analysis
4.1 Load Flow Analysis
4.1.1 Purpose

The mam purpose of load flow analysis is to simulate the bus voltage profiles, active &
reactive power flows between buses as well as losses. The simulation results are used to evaluate the
adequacy of plant auxiliary power distribution system design and design parameters for electrical
equipment sizing under various study cases.

4.1.2 Assumption

1) The minimum and maximum operating voltages of the grid should be considered for the worst case
scenarios. The minimum operating voltage of the prid (e.g. 95% of nonunal voltage) is used for the
worst case voltage drop and the maximum operating voltage of the grid (e.g. 105% of nominal
voltage) 1s used for the worst case bus overvoltage calculations.

2) Maximum factory measured data 1s used for transformer impedance.

4.1.3 Modeling and Consideration

We should focus on the minimum and maximum loading conditions of the awxliary power
system. The maximum loading 1s used to analyze undervoltage conditions, and the minimum loading
1s used to analyze overvoltage conditions. The normal operation (Category 2, Source 1) and LOCA
(Category 3, Source 2 or 3) conditions are generally considered as the maximum loading while cold
shutdown (Category 5, Source 2 or 3) condifion 1s considered as the minimum loading. However, a
hand calculation 15 generally performed for the worst case overvoltage calculation by assuming no
load condition.
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4.1.4 Acceptance Criteria

1) All distribution bus voltages should be maimntained between 0.9 p.u. and 1.1 p.u. under all study cases.

2) The calculated loading on the transformer and buses should not exceed the rated capacities.

3) The calculated kW and kVAR loading on the diesel generator and AAC DG should remain within
the active and reactive power capability linuts.

4.2 Short Circuit Current Analysis
4.2.1 Purpose

The purpose of the short circuit current calculation 15 to deternune prospective fault current
magnitudes at various locations throughout the system. Electrical equipment and system should be
able to withstand the thermal and mechanical stresses induced by the short circuit current although
protective devices should 1solate faults at a given location. The results of short circuit current analysis
are used to determine the short circuit ratings of electric equipment.

4.2.2 Assumption

1) Voltage factor: A 105% of pre-fault voltage is applied for the maximum short circuit current
calculations unless otherwise noted by the grid and/or the plant operator.
2) Minimum factory measured data 1s used for transformer impedance.

4.2.3 Modeling
4.2.3.1 Grid & Generator Modeling

The grid and generator are the most important inputs for the short eircuit current calculations
since these are major sources of short circwit current contribution to a fault location. Therefore, the
required inputs for short circuit current calculations must be obtained from the grid and generator
manufacturer respectively. Typical data required for short circuit current caleulations are as follows:

Grid — 3 Phase short cireutt capacity and X/R ratio
Generation — generator rating, impedances, and X/R ratio

4.2.3.2 Motor Modeling

Motors are the second major sources of short eircuit current contribution to a fault location.
Therefore, all medium and low voltage motors are modelled individually m the simulation program
based on the information provided by motor suppliers. Typical data required for mduction motors are
the rated power, voltage, and %LRC (Locked Rotor Current). ETAP uses ANSI C37.010" standard
multiplying factors for calculating the positive sequence short-circuit impedances.

1 [EEE Std C37.010, IEEE Application Guide for AC High-Voltage Circuit Breakers Rated on a Symmetrical Current Basis
Recommended Practice for Industrial and Commercial Power Systems Analysis, 1999(R2005)
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4.2.3.3 Lumped Load Modeling
Average %LRC (Locked Rotor Current) and % motor load in lumped load kVA are required
for calculations. The procedure for calculating positive sequence short circuit impedance 1s the same

as that of individual motor modeling.

4.2.4 Short Circuit Study Case

Short Circuit Study Case E|
Imfo | Standard | Arc Flash | &F Data | adistrnent | Alert
Standard Frefault Yoltage HY CB Interrupting Capability
S = & Mominal kY Adjust Based on Bus
EC = Fixed ns = = =
C_'}l | | oy Base kY & Mominal kY
= AN 2 Ymag ® MNominal kY (from Bus Editor? CMaminal kY 8 Wi
FTaro Sequence Rdl Plachine = R L% CB Interrupting Capability
[]lneluds Branch = Fired Ewaluate Based on Aated Max kN Limit
W & Static Load € Wariable LSt i s R | I
2 User-Deilined
Frotective Device Duty FAF for HY CB & Bus Momentary Doty

{=:Based on Calculated #/H
aSetto 1,6 & 2,6 (RME & Pealk) as Min,
.............................. 2 Setto 1,6 & 2,6 (RMS & Peak)
= Beeed en (e aleurl Foul Suren MF far LW CE (Molded & Insulated) Duty
e Based an Peak Current
{2Based on Asymmetrical Corrent

G CEM0 - 1999

C2CET 010 - 1973 and Older 2 Higher MF {Peak or Asymmetricsl)
[EC Marmal = Help [ or | Cancel

1) Prefault Voltage and Protective Device Duty
Apply 105% of nonunal voltage for the maximum short circuit current calculation. Calculation
results are based on “Total Bus Fault Current” option since this option is to calculate and summate
all contribution currents to a fault location for a conservative design.

2) MF for HV CB & Bus Momentary Duty
With “based on calculated X/R” option selected, the multiplication factors used to compute the
asymmetrical and peak duty for high-voltage circuit breakers and high-voltage buses are based on
calculated system X/R ratio.

3) MF for LV (Molded & Insulated) Duty
All LV circuit breakers used i Korean NPPs are classified as the unfused breaker type. So, “Based
on Peak Current” option 1s selected to calculate multiplication factor (MF) based on the peak
current, which 1s the same method used for calculating MF for an unfused low voltage power circuit
breaker.

4.2.5 Consideration

It 1s important to assume and define the most severe case for short circuit current calculations.
During the plant normal operation condition, the Class 1E emergency DG 1s not synchronized to the
system. But, the periodic load-run test 1s required for the Class 1E EDG to ensure its infended
functions i accordance with IEEE durmg the plant operation m service. In such that case, the Class
1E EDG under load-run test, which means synchronized to plant power distribution system, will
provide an additional short circuit contribution current throughout the system. It will increase the
system short circuit current levels and should be considered as the most severe condition for the short
circuit current calculations. Therefore, Category 2 and Source 1 condition with the Class 1E EDG
(Emergency diesel generator) should be considered in the caleulations.
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4.2.6 Acceptance Criteria

1) Results of short cireuit current calculations should not exceed the momentary and mterrupting
ratings of medium voltage and low voltage circuit breakers.
2) The short circuit rating of buses should not be less than the prospective fault currents.

4.3 Motor Starting Analysis

4.3.1 Purpose

Large induction motors draw six (6) or seven (7) times their full load cwrents from their
power supply under starting conditions, which may last up to several seconds. One of the resulting
effects of this current surge 15 a voltage drop in the network which may disturb the normal operation of
other loads, flickering of lights, contactors dropping out and voltage sensitive equipment
malfunctioning. The purpose of motor starting calculations is to ensure that the voltage profile of the
electrical network remains within the specified limits and that the motor can be accelerated to its rated
speed.

4.3.2 Assumptions

1) The munimum grid operating voltage should be taken into consideration. It should be assumed to be
95% of system nonunal voltage unless otherwise noted by the grid and/or plant operator.
2) Maximum factory measured data 1s used for transformer impedance.

4.3.3 Modeling

There are two types of motor starting calculations: Dynamic Motor Acceleration and Static
Motor Starting. In the Dynamic Motor Acceleration calculation, the entire process of acceleration is
shown. This method 1s used to analyse fast bus fransfer. In the Static Motor Starting method, the
starting motors are modeled by locked-rotor current. This model 1s used to confirm voltage at the
moment of starting and after finishing motor starting.

In Korean NPP design, the Static Motor Starting method 15 generally carried out for the early
stage of power distribution system design since the dynamic motor starting method requires extensive
motor mnformation to be provided by motor supplier. Therefore, the dynamic motor modeling 1s
typically applied to the fast bus transfer study.

4.3.4 Motor Starting Study Case
Irvio Evant | Model | adiustment|| slar

iy U=me Individusl LTC Time DelaEy

3 Use Global Time Delay

[ During & After Motor Acceleration
¢ Tima = O+ 3

Starting Load of mccalarating Motors

s Basad on MMotor Electrical Rating
tEy Based on hMotor viechanical Load
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1) Transformer LTC
It 1s assumed OLTC(on load tap changer) 1s not operated during starting tume. If “For Prestart Load
Flow™ option 1s selected, voltage regulation actions reflected only prestart loading conditions.

2) Starting Load of Accelerating Motors
“Based on Motor Mechanical load™ option 15 selected for dynanuc motor starting method because
actual load torque based on rated output 1s used. In this option the load curve will be applied as 1t 15
without any adjustments.

4.3.5 Consideration

Generally, a starting of the largest motor will result in the most severe voltage drops on the
distribution power system. Therefore, it 1s considered if the largest motor can start successfully, 1t 15
reasonably acceptable to assume that other smaller motors will also start successfully. Normal
(Category 2, Source 1) and start-up (Category 1, Source 2 or 3) conditions are typically used for moto:
starting study.

In the event of the LOCA condition, a group of low voltage motors are started
simultaneously upon receipt of LOCA signal. The associated low voltage power distribution system
will experience the most significant voltage drops with the low voltage motors starting. Therefore,
this condition 15 also essential to demonstrate that power distribution system 1s adequately designed for
successful motor starting so that all motors can perform their safety functions copmg with the LOCA
condition.

4.3.6 Acceptance Criteria

The minimum required motor terminal voltage for Non-Class 1E motors and the Class 1E
motors should not be less than 80% and 75% of motor rated voltage respectively.

4.4 Fast Bus Transfer Analysis
4.4.1 Purpaose

For nuclear power plants in Korea, the main purpose of the motor bus transfer is to transfe:
the Class 1E motor loads from one power source to an alternate power source in order to maintain
continuous power supply for the Class 1E motor loads without power interruptions. Therefore, a fast
bus transfer scheme 1s typically employed at nuclear power plants in Korea.

During the fast bus transfer process, there would be high nisk of excessive shaft torque which
could cause mechanical damages and/or increase the shaft fatigues resulting in motor lifetime
reduction. Therefore, the fast bus transfer study 1s to simulate and evaluate the effect of loss of normal
power source (fed from the UAT) and see 1f the fast bus transfer 1s electrically feasible to an alternate
power source (fed from the SAT) for the Class 1E motor bus, and to determine if ANSI C50.41°
criteria can be satisfied. If fast bus transfer fails and residual voltage 1s below 30% of rated voltage,
residual voltage transfer 1s conducted.

2 IEEE Std C50.41, American National Standard for Polyphase Induction Motors for Power Generating Stations, 2000
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4.4.2 Assumptions

1) The system voltage angle and pu V/Hz are assumed as zero (0) degree and a 1 p.u. respectively for
conservative results for the resultant pu V/Hz.

2) Any faults on the Class 1E motor bus (Switchgear/MCC) shall not inifiate the fast bus transfer
process.

3) For breaker opening and closing time, the minimum incomer opening time and the maximum
alternative mcomer closing time should be used for conservative calculations of the worst case out
of phase condition.

4) Assume there 1s a fault on the primary and/or secondary windings of the UAT so that the fast bus
transfer scheme can start bus transfer process to an alternate power source (1.e. SAT.)

4.4.3 Modeling and Consideration

1) All medium voltage motors are individually modelled in equivalent circuit representing stator and
rotor windings, and load torque characteristics are modelled in the simulation program. This
mformation should be provided by the suppliers for a precise model.

2) Plant normal operation loading and configuration (Category 2, Source 1) are considered for the fast
bus transfer study.

4.4.4 Acceptance Criteria

1) Fast transfer occurs within a time period of 10 cycles or less.

2) The maximum phase angle between the motor residual V/Hz vector and the system equivalent V/Hz
vector does not exceed 90 degrees.

3) The resultant V/Hz between the motor residual V/Hz phasor and the imncoming source V/Hz phasor
at the mstant of transfer completion does not exceed 1.33 pu V/Hz on the motor rated voltage and
frequency basis.

4) Class 1E motors should be able to re-accelerate to its rated speed as a result of the fast bus fransfer
process.

5) During the fast bus transfer processing, any nuisance operations of protective relaying system
should be avoided. If it would be unavoidable, proper changes to relay settings should be
recommended.

5. Conclusions and Recommendations

This paper has introduced typical studies for power distribution system design applied to
nuclear power plants in Korea. In addition, protective relay coordmation study, power system
harmonic analysis, DC short circuit current study and transient stability, etc. are also carried out during
the detail engineering phase although those studies are not presented in this paper. Throughout
various power system studies, power distribution system 1s adequately designed for a reliable and safe
operation of nuclear power plants.

During design and engineening phase, it is often difficult to obtain a final confirmed data, 1.e.
tested values for critical equipment parameters such as final transformer impedance, etc., for power
system and equipment modeling required for simulation and analysis. Therefore, as-built calculations
with the final tested values are very important step to ensure adequacy of power distribution system
design.

Once the as-built calculations are carried out, the next step 1s to verify simulation results and
all assumptions used in power systems studies in comparison with the actual measurement in the field
prior to commencing initial full-power reactor operation. The recommended procedures for field
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verification and test are well elaborated in NUREG-0800 BTP 8-6°, “Adequacy of Station Electric
Distribution System Voltages.

Throughout all above steps, a reliable and safe design of electrical power distribution system

will be eventually ensured for nuclear power plant operation.
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Nuclear Safety First,
Last and Always

System Configuration

| Hadmr Safrry First,

System Configuration

#» Offsite Power System
Switchyard system is desined as inferface Scility befween the muclear powwer plant and
transmission system. and provide a functions as follows;
= Sends a power plant output to the transmission system
* Provides a offste power to plant amliary loads
#  Onsite Power System
Onsite power system consists of Main Power (MP), Awiliary Power (AP), DCIP and
Emetgency Power Sources, and provides a function as follows;
= Toprovide arelable power toplant ambary loads
* Toprovide a emerpency power for safe shutdown

€3 KEPCO
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e A
Loading Category(Plant Start-up)
> Plant Startup (Category )
1 - ‘—'LJ-
raquiramanis of 10

PPS*] e
PPS-2 wm

Prafarred Power
Supply

u CFRS50App. A
) ece Mt CV cabdle
( : >—D_—-———9= Div. pr——Div. i (S2ame 33 DiV )
Main Generator Il -
v o ==
e TN 4 M',“.M““,uf Division |
1385V 4188V
NIE EWOR 1ENIE IWOR
£ 2 KEPCO
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Loading Category(Plant Start-up)

» Plant Startup (Category 1)

The start-up operating condition is considersd important especially when the
power plant is at a remote location and the start-up power is supplied through a
long and limited capacity transmission lines. The design engineer should have
the client's accurate operating criteria for the transmission network.

€3 KEPCO
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motors are tripped on a LOCA signal. Tripping large motors on a LOCA
signal is nota common design practice.

One of the primary putposes of the Normal Operation leading case is to
serve as the base loading for development of the LOCA case.

l LNa‘:m Safety First,
Loading Category(Normal Operation)
# Normal Operation (Category 2)
* Thiscase models the unit at 100% loading.
= This loading case is generally not as severe as the LOCA case, unless large
X * Tiwo separate cases may be run to model both summer and winter HVAC
loading to confirm which loading case is more severe.

2 €3 KeEPCO
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Hudcar Safrly First,
Loading Category(LOCA)
#» LOCA(Loss of Coolant Accident) Condition(Category 3)
= The LOCA case uses the Normal Operation loading case as a base.

= This case generally models the most severe loading on the auxiliary power
system.

= Upon receipt of the LOCA signal, all required medium veltage motors will
be sequentially started.

voltage drops during the motor acceleration period for these motors.

l wt;dcar Safety First,
Loading Category(Hot Standby)
» Hot Standby Condition(Category 4)
= Thisloading case models theloading immediately after a unit trip.

= All required low voltage motors will be accelerated simultaneously.
I * The low voltage power distribution system can experience significant

€3 KEPCO

. 'I'he Hot Standby loading case uses the Normal Operation loading case asa

= Inmany instances, this case can be a more severe case than Start Up.
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when the unit is shutdown. It is used to evaluate bus voltages to confirm
that no equipment experiences overvoltage conditions.

= Only those loads required to support plant utility functions (HVAC, lighting,
water supply. air supply. etc.) are modeled as “on” for the Cold Shutdown
loading case.

A hand calculation can be used for a simplified version of this case. All
loads are assumed off, and the calculation confirms that no buses are

Hackar Safrry First,
Loading Category(Cold Shutdown)
#» Cold Shutdown Condition(Category 5)
= This case models the lightest expected loading for the unit during times

overvoltaged based on transformer turns ratios and tap position only.

If voltage remain within the acceptable range of electrical equipment
ratings. the computer simulations are not required.

€ 5 XEDCO
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| Z;:m Safety First,
Loading Category(LOOP)
> LOOP(Loss of Offsite Powef) Condition(Categor_vG)
= This case is used to evaluate the capability of emergency diesel generators

and Non-Class 1E diesel generator.

Loading Category(SBO)
> SBO(Station Blackout) Condition (Category 7)
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Loading Category(SBO)

Hudcar Safrly First,
> SBO(Statlon Blackout) Condition (Categon 7
= Thiscase is used to evaluate the capability of AAC diesel generator.

€ 5 XEDCO

Study Case

Based on loading category six

l adcarSafuyhnt.
Last and Always
» Study Case S ",
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classified These sources are
follows: cs
Source 1 2 i‘
e MT
Main generator connected j
to offsite power system.

This source is valid for
normal loading condition.

can be

Main Gomutor

CV cadie
DN 1l (Same 35 DI

133V
NIE SWGR

A SAT  Division |

4 16y
1EWN1IE SWGR

€5KEPCO

76



NEA/CSNI/R(2015)4/ADD1

l Nuclear Safety First,
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Study Case
e Y = &
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Study Case
* Source 3 S o —5)
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I Nuclear Safety First,
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Study Case
——tF 0
Emergency diesel generator. T
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Study Case

= Source 5 SiSasss AAAAN
Non-1E diesel generator. This
source is valid for LOOP
loading condition.

Sreaker 3tatus ] Cose [ Ooen
" €3 PO
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Study Case
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results are used to evaluate the adequacy of plant auxiliary power distribution
system design and design parameters for electrical equipment sizing under
various study cases.

Hudcar Safrly First,
Analysis(Load Flow)
#» Purpose
The main putpose of load flow analysis is to simulate the bus voltage profiles,
active & reactive power flows between buses as well as losses. The simulation

mnnptim
The anticipatad voltaz= range at the connaction of NPP should b considarad.
- When raviawing voltaga drop, 93% of ofsite powar voltaga rating should be applisd.
- When reviswing over voltaze, 105% of offsite powsr voltage rating should be applisd.
= Maximum measurad data is vsed for transformer impadance.
€3 xEpco

is important. The heaviest loading is generally normal operation (Category 2,
Source 1) and LOCA(Category 3. Source 2 or 3). The lightest loading is cold
shutdown operation(Category 3. Source 2 or 3).

Loading Diversity Factorapplied none.

l wt;dcar Safety First,
Analysis(Load Flow)
» \Iodelmg and Consideration
Almost loads except 120V distribution panel are modeled using load capability.
Considering lightest loading and heaviest loading on the auxiliary power system
' > %wpame Criteria

All distribution bus voltage should maintain 0.9 p.u. to 1.1 p.u. under the
minimum and maximum voltage of generator and offsite power.

The calculated loading on the transformer and buses should not exceed their
capability.
The calculated kW and kVAR loading on diesel generator and AAC DG
should be within the active and reactive power capability limit.

€31Ep0
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' Nuclear Safety First,
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nalysis(Load Flow)
A
= Ve vt i Lot Lo § b AP
o w |~ UN e W e =) W e Awp WM Ty
[RTp— ™ ™ IR . . . PR TE—— T TR
-~ . o oo
MG R TR BENGROV D om & Wi e
[RAPPPa - 18T . ¢ Wt e semacens D S
S0 TR 0 . aes wes s
RSr— e T
Heamblosding Summars Hepset
Trosformer
CRT  Busach Cabde & Reanvon
». "‘.‘.T — _",'.'.-.' € g Loalinyg Ouguny Linmdag  atgns
o Tige Ay Asy . ovar MYVA - MVA .~
O E-TROIM- T Trmmdoran 1 000 199 L LD 1 "
SR TN Trdonme 1 o o il “ 2
LOAD JLOW RIPOK)
par ; Noboge Gomrntben Lok Land 1w ” APME
B W WMa A uw [T i [ © oy [P - "W NTe
R ) LR - ’ ’ ) LY L RV N 0 ez M e
SANALIN AN - - s . . ’ DB Sal BF o ) B g "o e« ce
T ¥ " - " oo T . 2 LA SWMA s 1% T T
DA VERON - - w7 "
R R e e R ) LRL B 2 - T L . LR R A0 ) LR L Ll A -
5 €3 KeEDCO
- e:=C

' Nuclear Safety First,
Last and Aays

Analysis(Short Circuit Current)

> Purpose
The putpose of the shott circuit current calculation is to determine prospective
fault current magnitudes at various locations throughout the system. Electrical
equipment and system should be able to withstand the thermal and mechanical
stresses induced by the short circuit current although protective devices should
isolate faults at a given location. The results of short circuit current analysis are
used to determine the short circuit ratings of electric equipment.

7 Assumption
= \bltage Factor
Use 105% of the sach bus as pre-fault voltage unless the actual maximum
operating voltage is known.
= Minimum measured data is used for transformer impedance

25 €3 xepc0
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Nuclear Safety First,
3 Always
Analysis(Short Circuit Current)
» Modeling
= Utility Grid & Generation Modeling
Utility Grid - 3 Phass= short circuit capacityand XUR ratio
Genaration - genarator rating, impadances and /R ratio

= Motor Modeling
All madivm and low voltaze motors are modalad using LRC(Locksd Rotor Current)
of supplier’s tachnical data

' Multiplying Factors is cakeulated in accordance with IEEE 8td C37.010 by salecting

Sta MFin ETAP.

* Lumped Load Modeling
Average LRC(Locksd Rotor Currant)and % total load of Constant KVA.
Caleulating method of Multiplvineg Factors is the same as inductionload by selacting
Std MF.

s € 5 XEDCO
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l LNa‘:m Safety First,
Analysis(Short Circuit Current)
#  Short Circuit Study Case
[ Bron Cirounawavcooe 8%
] (5 tarmal - [(pew ) [ | [(Cances )
= Prefault \oltage & Protective Device Duty
Apply 103% of nominal voltaze for the maximum short circuit current caleslation

Calculation rasults are basad on “Total Bus Fault Current’ option since this option iz
to calevlat= 2nd summata all contribution currents to 2 Gult location for 2

consarvative dasizn.

... €5 xERCO
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Analysis(Short Circuit Current)

»  Short Circuit Study Case

l Nuclear Safety First,
Lastand
Al LV circuit breakers vsed in Korean NPPs are classified as the unfused breaker

=  MF for HV CB & Bus Momentary Duty
With “based on caleulatad X/R™ option sslacted, the multiplication factors vsad to
compute the asymmetrical and paak duty for hizh-voltage circutt breakars and hizh-
voltaze buses ar= basad on caleulatad system X/R ratio.

MF for LV(Molded & Insulated) Duty

I
tvpe. So, “Basad on Pazk Cument” option is sslacted to caleslatz multiplication
factor (MF) basaé onthe peak cumrant, which isthe same method vsad for calevlating
MF for an unfus=d low voltags power circuit braakar

= Transformer Tap
“Use Nominal Tap” option iz used since minimum transformer impedances are
enterad without z tolarance Transformer impadancss ars not adjustad i cas of
Nominal Tap option.

2 € 510epCO

l LNa‘:m Safety First,
Analysis(Short Circuit Current)
> Considerafi
When analysing short circuit current. it’s important to assume the most severs
case. During normal operation in the power plant, the emergency DG is not
o

synchronized to system. But, when there is synchronization test of the
emergency DG. a fault current at this time will be the most severe case. So.
Category 2 and Source 1 condition including EDG(Emergency diesel generator)
source should be considered to analysis short circuit current as the most severe
case.

= Calculated short circuit current should not exceed the momentary and
interrupting ratings of medium voltage and low voltage circuit breakers.

= (Calculated short circuit current should not exceed the short time current
rating of buses.

2 €300
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Analysis(Short Circuit Current)
#» Report of Short Circuit Current
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Hudcar Safrly First,
Analysis(Motor Starting)
#» Purpose
Large induction motors draw six (6) or seven (7) times their full load currents
from their power supply under starting conditions, which may last up to several
seconds. Motor starting study can guarantee the stable operation of onsite power

system by analyzing the voltage drop during the large motor staring.

. 'I‘he minimum system voltage should be taken into consideration. It should
be assumed tobe 93% of system nominal voltage.
=  Maximum measured data is used for transformer impedance.
€ ICEPCO

motor starting.
#» Motor Startmg Study Case

l wt;dcar Safety First,
Analysis(Motor Starting)
» Moddmg
There are two types of motor starting calculations: Dynamic Motor Acceleration
and Static motor Starting. Since the purpose of motor statting analysis is to
confirm veltage drop. static motor starting method can be used for analysis of

) A et b TE Flire thabaw

P et v Grafay

. Ttansfo:ma LTC
It i3 assumed OLTC iz not operatad during starting time. If “ForPrestart Load Flow™
optionis selactad, voltage razulationactions reflact=d only prastart loading
conditions.

€3 KEPCO
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load curva will be applisd as it is without any adjustments.
» Considerats
When evaluating the startinz of 2 motor connectad in the same bus, we analyze only the

Nuclear Safety First,
5
Analysis(Motor Starting)
#» Motor Starting Study Case
= Starting Load of Accelerating Motors
“Basad on Motor Machanical load” option is szlectad for dynamic motor starting
mathod bacause actual load torqua based on ratad output is vsed. In this option the

effacts of starting the larzast motor. Logically ifthe largaet motor can start suecessfully, it
. i3 safe to assume that the rest of the motors will successfully start too. Nomal (Catzzory
2, Sourca 1) and start-vp(Category 1.Souces 2 or 3) prastart loading category 15 considerad
as the prastart loading cass.
»  Acceptance Criteria

= The mintmum raquirad motor temminal voltage for Non-Class 1E motors and ths
Class IE motors should not bz less than 80% and 73% of motor rated woltaze
raspactivaly.

€ 5 XEDCO
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Analysis(Motor Starting)

» Report of Motor Starting
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Analysis(Fast Bus Transfer)

Hudcar Safrly First,

> Purpose
For nuclear power plants in Korea, the main putpose of the fast bus transfer is to
transfer the aux. loads from one power source to an alternate power source in
order to maintain continuous power supply without power interruptions.
m:mptim

The systam voltags anzle and pu V/Hz are assumad as zaro (0) dezrez and 2 1 pou.

raspectivaly for conservative rasults for therasultant pu V/Hz.

Any faults on the Class 1E motor bus (Switchgear/NMCC) shall not initiate the fast

bus transferprocass.

For braaker opening and closing time the minimum incomer opening tims and the
maximom zltsmative icomer closing time should be used for consarvative
calculations of the worst cass out of phasa condition.

Assume thers is a fault on the primary and/or secondary windings of the UAT.

€3 0EPCO

Analysis(Fast Bus Transfer)

lear Safety First,
lLa‘;( ar tly irs
: B S ks
Fast transferoccurs withina time peniod of 10cyclas or lass.

» ModelmgandConsdenﬂm

All medivm voltaze motors ars individvally modalled i equivalent circutt
reprazenting stator and rotor windings, and load torque characteristics are modellad
in the simulationprogram.

Plant nommal opsmtion loading and confizuration (Catesory 2. Soures 1) are
considarad for the fast bus transfarstudy

i»!mqnmmeCm

=  The maximum phase angls batwaen the motor rasidual V/Hz vactor and the sygtem
squivalent V/Hz vector dozs not excasd 90 dagrass.

= Therassltant V/Hz batween the motor rasidual V/Hz phasor and the incoming soures
V/Hz phasor at theinstant oftransfer complation doas not excaed 1.33 pu V/Hz.

= (lass 1E motors should be able to re-accelzrate toits rated speed.

= During the fast bus transfer processing, any nuisance oparations of protactive
relaying system should be avoidad.

€3 10epcO
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Conclusion

l Nuclear
Lastand
>

Conclusion

This presentation has introduced typical studies for power distribution system
design applied to nuclear power plants in Korsa. Once above analysis is carried
out, the next step is to verify simulation results and all assumptions used in
power systems studies in comparison with the actual measurement.

The recommended procedures for field verification and test are well elaborated
in NUREG-0800 BTP 8-6, ““Adequacy of Station Electric Distribution System
Voltages.” Throughout all above steps. a reliable and safe design of electrical
power distribution system will be eventually ensured for nuclear power plant
operation.

€3 KEPCO
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Computer Simulation of Complex Power System Faults under various Operating Conditions
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Abstract

A power system is normally treated as a balanced symmetrical three-phase network. When a fault
occurs, the symmetry is normally upset, resulting in unbalanced currents and voltages appearing in the
network. For the correct application of protection equipment, it is essential to know the fault current
distribution throughout the system and the voltages in different parts of the system due to the fault. There
may be situations where protection engineers have to analyze faults that are more complex than simple
shunt faults. One type of complex fault is an open phase condition that can result from a fallen conductor
or failure of a breaker pole. In the former case, the condition is often accompanied by a fault detectable
with normal relaying. In the latter case, the condition may be undetected by standard line relaying. The
effect on a generator is dependent on the location of the open phase and the load level. If an open phase
occurs between the generator terminals and the high-voltage side of the GSU in the switchyard, and the
generator is at full load, damaging negative sequence current can be generated. However, for the same
operating condition, an open conductor at the incoming transmission lines located in the switchyard can
result in minimal negative sequence current. In 2012, a nuclear power generating station (NPGS) suffered
series or open phase fault due to insulator mechanical failure in the 345 kV switchyard. This resulted in
both reactor units tripping offline in two separate incidents. Series fault on one of the phases resulted in
voltage imbalance that was not detected by the degraded voltage relays. These undervoltage relays did not
initiate a start signal to the emergency diesel generators (EDG) because they sensed adequate voltage on
the remaining phases exposing a design vulnerability. This paper is intended to help protection engineers
calculate complex circuit faults like open phase condition using computer program. The impact of this type
of fault will be analyzed and for various system operating conditions and possible mitigation methods will
be discussed.

1. Introduction

Electric power systems are generally designed to server loads in a safe and reliable manner. One of
the major considerations in the design of the power system is determination and adequate protection
against short circuits. Uncontrolled short circuits can cause serve outages, interruption of vital services,
equipment damage, and possible personnel injury. There are four basic sources of short circuit current
contribution in an electrical power system:

Generators

Synchronous Motors

Induction Motors

Electric Utility Systems

Short-circuit programs provide the equipment voltages and fault currents, in the sequence and phase
domain, for simple balanced and unbalanced short circuits in the network under study. The results from
short circuit programs are used for selecting power system equipment ratings and for setting and
coordinating protective relays. Frequently, protection engineers have to analyze faults that are more
complex than simple shunt faults. In many cases, they have to analyze simultaneous shunt and/or series
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faults, study systems with unbalanced network elements, and calculate equivalent impedances required to
study the stability of a network during system faults and during single-phase open conditions.

Major advances in short-circuit computations in the last 20 years have resulted in new short-circuit
computer programs that handle different fault types and very large networks with very small computation
times. However most standard short-circuit programs do not handle most complex faults, such as
simultaneous shunt and/or series-faults. Engineers have traditionally resorted to complex hand calculations
or to more advanced programs such as the Electromagnetic Transient Program (EMTP) to solve protection
problems. Though this approach is acceptable, it requires protection engineers to also have expertise on the
dynamics of power systems. In addition, for new engineers attempting to solve complex faults under
various operating conditions is an overwhelming task. This paper will include an example analysis of open
phase fault on system under various operating conditions and include comparison of results against EMTP.
The time savings over EMTP modeling will also be highlighted.

2. Short circuit analysis — sequence networks

The classical short-circuit method models the power system network using the bus impedance matrix,
Zys. The steps required to calculate the short-circuit voltages and currents are as follows:

1. Compute the sequence network bus impedance matrices.

2. Extract the sequence network single-port Thevenin equivalent impedances of the faulted bus, given by

the diagonal terms, Z;, of the respective sequence network Z,,s matrices, where i is the index of the

faulted bus.

Use the sequence equivalent networks to compute the sequence fault currents at the faulted bus.

4. Use the computed sequence fault currents as compensating currents to calculate the network post fault
voltages and currents.

w

w

. Complex faults

In a poly-phase system, a fault may affect all phases equally which is a "symmetrical fault”. If only
some phases are affected, the resulting “unsymmetrical fault" becomes more complicated to analyze due to
the simplifying assumption of equal current magnitude in all phases being no longer applicable. The
analysis of this type of fault is often simplified by using methods such as symmetrical components.

A symmetric or balanced fault affects each of the three phases equally. In transmission systems,
symmetrical faults occur infrequently (roughly 5%). In practice, most faults in power systems are
unbalanced or unsymmetrical where the three phases are not affected equally. With this in mind,
symmetrical faults can be viewed as somewhat of an abstraction; however, as unsymmetrical faults are
difficult to analyze, analysis of asymmetric faults is built up from a thorough understanding of symmetric
faults.

Common types of asymmetric faults, and their causes:

e line-to-line - a short circuit between lines, caused by ionization of air, or when lines come into
physical contact, for example due to a broken insulator.

¢ line-to-ground - a short circuit between one line and ground, very often caused by physical contact,
for example due to lightning or other storm damage

e double line-to-ground - two lines come into contact with the ground (and each other), also commonly
due to storm damage.

91



NEA/CSNI/R(2015)4/ADD1

An asymmetric fault breaks the underlying assumptions used in three-phase power, namely that the
load is balanced on all three phases. Further complication is introduced while modeling simultaneous faults
such as open phase or series fault in conjunction with a line to ground fault or shunt fault. Consequently, it
has been difficult to directly use software tools such as the one-line diagram, where only one phase is
considered. This paper describes a computer simulation program used to model, analyze and report such
asymmetric or complex faults.

4. Design vulnerability in electric power system

On January 30, 2012, Byron Station, Unit 2, experienced an automatic reactor trip from full power
because the reactor protection scheme detected an undervoltage condition on the 6.9-kilovolt (kV) buses
that power reactor coolant pumps (RCPs) B and C (two of four RCPs trip initiate a reactor trip). A broken
insulator stack of the phase C conductor for the 345-kV power circuit that supplies both station auxiliary
transformers (SATs 242-1 and 242-2) caused the undervoltage condition as shown in Fig 2. This insulator
stack failure caused the phase C conductor to break off from the power line disconnect switch, resulting in
a phase C open circuit and a high impedance ground path. Specifically, the parted phase C connection
remained electrically connected on the transformer side, and the loose bus bar conductor end fell to the
ground. This ground was a direct result of the broken insulator and not an independent event. The
connected loose bus bar provided a path to ground for the transformer high-voltage terminal, but did not
result in a detectable ground fault (i.e., neither solid nor impedance) as seen from the source. Since the
switchyard (i.e., source side) relaying was electrically isolated from the fault, it did not detect a fault;
therefore, it did not operate.
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Fig 2. Byron Unit 2 Insulator Failure

After the reactor trip, the two 6.9-kV buses that power RCPs A and D, which were aligned to the unit
auxiliary transformers (UATS), automatically transferred to the SATS, as designed.
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Fig 3. Byron Unit 2 Single Line Diagram

Because phase C was on an open circuit condition, the flow of current on phases A and B increased
because of unbalanced voltage and caused all four RCPs to trip on phase overcurrent. Even though phase C
was on an open circuit condition, the SATs continued to provide power to the 4.16-kV ESF buses A and B.
The open circuit created an unbalanced voltage condition on the two 6.9-kV nonsafety-related RCP buses
and the two 4.16-kV ESF buses. ESF loads remained energized momentarily, relying on equipment
protective devices to prevent damage from an unbalanced overcurrent condition. The overload condition
caused several ESF loads to trip.

With no RCPs functioning, control room operators performed a natural-circulation cool down of the
unit. Approximately 8 minutes after the reactor trip, the control room operators diagnosed the loss of phase
C condition and manually tripped breakers to separate the unit buses from the offsite power source. When
the operators opened the SAT feeder breakers to the two 4.16-kV ESF buses, the loss of ESF bus voltage
caused the emergency diesel generators to start automatically and restore power to the ESF buses.

Byron NPGS reviewed the event and identified design vulnerabilities in the protection scheme for the
4.16-kV ESF buses. The loss of power instrumentation protection scheme is designed with two
undervoltage relays on each of the two ESF buses. These relays are part of a two-out-of-two trip logic
based on the voltages being monitored between phases A—B and B-C of ESF buses. Even though phase C
was on open circuit, the voltage between phases A—B was normal; therefore, the situation did not satisfy
the trip logic. Because the conditions of the two-out-of-two trip logic were not met, the protection system
generated no protective trip signals to automatically separate the ESF buses from the offsite power source.

A second event occurred at Byron Station Unit 1 on February 28, 2012 (approximately a month
apart). This event was also initiated by a failed inverted porcelain insulator. In this event, the 4.16-kV ESF
buses did sense fault condition and separated SATs from the 4.16-kV buses. The 1A and 1B DGs started
and energized the 4.16-kV ESF buses as designed.
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At Byron, a failure to design the electric power system’s protection scheme to sense the loss of a
single phase between the transmission network and the onsite power distribution system resulted in
unbalanced voltage at both ESF buses (degraded offsite power system), trip of several safety-related pieces
of equipment such as essential service water pumps, centrifugal charging pumps, and component cooling
water pumps and the unavailability of the onsite electric power system. This situation resulted in neither
the onsite nor the offsite electric power system being able to perform its intended safety functions (i.e., to
provide electric power to the ESF buses with sufficient capacity and capability to permit functioning of
structures, systems, and components important to safety).

Since loss of a single phase on the offsite power source can potentially damage both trains of the
emergency core cooling system, the protection scheme must automatically initiate isolation of the degraded
offsite power source and transfer the safety buses to the emergency power source within the time period
assumed in the accident analysis.

The United States Nuclear Regulatory Commission took regulatory actions to require licensees to
provide design features to detect and automatically respond to a single-phase open circuit or high
impedance fault condition on the high voltage side of a credited offsite circuit. This would ensure that an
offsite and an onsite electric power system with adequate capacity and capability will be immediately
available to permit the functioning of structures, systems, and components important to safety in the event
of anticipated operational occurrences and postulated accidents.

It was determined that evaluations based on the industry guidance are generic assessments cannot be
formally credited as a basis for an accurate response.

Hence without formalized engineering calculations the electrical consequences of such an open-phase
event, including plant response could not be sufficiently evaluated.

A need for detailed plant-specific models was identified (e.g., transformer magnetic circuit models,
electric distribution models, motor models; including positive, negative, and zero sequence impedances,
voltage, and currents). Further, the models and calculations were also required to be validated, and
analyzed for the plant-specific Class 1E electric distribution system.

5. Open phase fault modeling

INPO Event Reports IER L2-12-14, IER L3-13-13, and NRC Bulletin 2012-01 describe a nuclear
safety concern involving an open-phase fault occurring on the offsite power supply of a nuclear plant. This
is a previously unanalyzed failure mode for nuclear station offsite power and there has previously been no
standard method for analyzing the effects of such faults. An OPF is considered to be an open-phase
condition, with or without ground, located on the high-voltage (switchyard) side of each offsite power
(OSP) transformer.

It should be noted that there are two aspects to an open-phase fault analysis: “acceptability” and
“detectability”. Acceptability involves the ability continue functioning during the open-phase condition
without damage and/or spurious operations. Detectability involves the ability of protection systems to
detect the open-phase condition. The outcome of OPF analysis is to identify levels of unbalance (voltage
and current) during an OPF condition throughout the plant auxiliary power system and determine if
existing protective systems will sense the OPF condition. For any cases where the open-phase condition
cannot be detected with existing protection systems, this should be identified as a potential vulnerability.

The overall analytical method is a steady-state load flow technique, which of course cannot determine
the immediate transient response of the power system to an open-phase fault. However, that is usually not
necessary as the steady-state (~30 cycle) voltages and currents (phase and sequence quantities) throughout

94



NEA/CSNI/R(2015)4/ADD1

the plant power system (including at load terminals) can typically be used to properly characterize the
potential vulnerabilities to an OPF condition. These results, which are indicative of the system’s response
to the open-phase condition with all loads remaining in their initial condition (i.e. running or starting) can
be compared to a given criteria for either detectability or acceptability. Because it would take an almost
unlimited number of simulations to produce “accurate” results for every eventuality (various loading
conditions, temperature variations of cable impedance, transformer and machine impedance tolerances,
grid voltage variation, grid voltage balance, etc.) bounding techniques can be used to account for the
competing conservatisms needed to address these variations and tolerances. In addition, margins can be
applied to the results when determining the ability of protective devices to detect the open-phase condition.

The OPF analysis should consider all pertinent plant operating scenarios (events/loading), alignments
(configurations), and also the amount of potential voltage unbalance in the incoming plant power supplies
(grid unbalance).

6. Example of nuclear plant analytical bases for opf study

Enter additional transformer data® (beyond that typically needed):

o Zero-Sequence Impedances (%Z and X/R), obtained from zero-sequence short-circuit tests, but
for transformer with “buried delta” regulating winding, also need zero-sequence open-circuit tests
(e.g. Pri-regulating, Sec-regulating, Pri-Sec)

o Zero Sequence No Load Losses (%FLA and kW)

o Ensure induction motors have all required data to support the OPF analysis, especially

negative-sequence reactance (X2). If exact values are not know, this can be approximated as
Xy = Xip

e The amount of impedance between open phase and ground (transformer side of the open) can be
simulated in ETAP by adding a “phase adapter” and a single phase “infinite load” referenced to ground
(see inset). The impedance can be varied to simulate any situation from true open to sold ground
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o Determine the voltage unbalance at each critical bus by the formula (line-to-line magnitudes):

Maximuwm Deviation From Average
= 100=*

ub Average

o Determine the motor on each bus with the worst-case current unbalance (use motor with smallest A2

which is indicative of the Iargest}‘2 ) by the formula:

1 In most cases, actual data must be used or meaningful OPFA is not possible (it cannot be assumed). It is
recommended that each transformer model be validated by simulating the factory short-circuit tests in ETAP, both
positive and zero sequence, and comparing to the actual test reports.
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i, where [ is the negative sequence current and If; is the motor full load current

Consider both balanced and unbalanced grid conditions.
Ensure sufficient study cases are run to bound all combinations of OSP transformers, amount of
transformer loading, and amount of open-phase ground impedance. For example:
o Two offsite power sources
- Startup/Shutdown Transformer
- Main Transformer with connected Unit Auxiliary Transformer (consider with and without
main generator connected)
o Three transformer loading scenarios
- Heaviest (e.g. LOCA loading with any extra plant buses connected)
- Normal Operation (normal alignment)
- Lightest (e.g. Refuel loading)
o Two types of open-phase faults®
- Open
- Open w/ solid ground
e For detectability, compare the OPF results to existing plant protective device schemes/settings in order
to determine if the open-phase condition is adequately detected. This typically involves transformer
differential (87T), transformer neutral overcurrent (51N), transmission line negative-sequence, and in-
plant bus undervoltage relays. In order to account for various unknowns such as modelling inaccuracy,
data inaccuracy, and competing conservatisms (e.g. cable impedance, load diversity, grid voltage
level/unbalance) consider application of margins when determining acceptability. Suggested values®
are:
o undervoltage detection 10%
o overcurrent detection 10%
o differential detection 5%

~

. Example results

This table provides an example of an overall summary of the OPF analysis results by identifying areas
where detectability is achieved and also highlighting areas of vulnerability.

OPFA Results for Shutdown Transformer XYZ

Transformer Loading

OPF Type Light (Refuel) Normal Heavy (LOCA)
Grounded Detectable Detectable Detectable
Ungrounded(1) | Not Detectable(2) Not Detectable(3) Not Detectable(3)

(1) Bus voltage unbalance within NEMA MG-1 allowable values for transformer 13% or less.
(2) Motor current unbalance indicates potential tripping (motors overcurrent).
(3) Motor current unbalance indicates potential motor damage.

2 Further study can be done as needed to determine the outcome for other amounts of ground impedance.

% the ETAP Nuclear Utility User Group determined that similar analytical techniques with ETAP could simulate
transformer factory short-circuit test results (positive and zero-sequence) as well as actual results from the open-phase
condition at Byron Station with close correlation (within these margins).
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Which can be visually displayed as:
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However, this two-dimensional view of limited case studies does not fully characterize the outcome of
an OPF on a given transformer. A more complete characterization (i.e. all eventualities for both
detectability and acceptability) can be thought of as five “dimensions”, which are:

Transformer loading (analysis variable)

Open-phase grounding (analysis variable)

Worst-case bus voltage unbalance (analysis result)

Protective device detectability (analysis result)

Acceptability of worst-case current unbalance on motor loads (analysis result)

agkrwbdE

Since ETAP allows quick and efficient simulation of the analysis variables and relatively easy
evaluation of the results, multiple OPF simulations can be performed for the analysis variables
(transformer loading and open-phase grounding) to allow plotting these five dimensions in sufficient detail
to fully characterize the OPF analysis (see example).

Voltage Unbalance vs Resistance to Ground and Transformer Loading
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8. Comparison of ETAP VS EMTP

Detailed modeling required for open phase fault simulation is possible in EMTP however it is

impractical to do so due to a number of reasons:

1.

Open phase fault like any other fault has a transient and stead-state component. The transient
component only lasts a few cycles as compared to the steady state fault current. It is not necessary to
include these transients in the calculation since the protective relaying settings will be based on steady
state values in order to avoid nuisance tripping.
EMTP requires considerable amount of time to model a complete power electrical system with
accurate operating load conditions to fully understand the impact of current and voltage changes in an
open phase condition.
Most of the electrical systems from HV to LV have already been modeled in ETAP and minimal data
entry is need in order to expand the model to perform open phase fault simulation.
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EMTP analysis was carried out for one of the facilities using simpliocation of the electrical system as

shown in Fig 4. The following simplified test system was dervied from one of the nuclear generation
facilities and was modeled in EMTP. This particular system took months of simplication and data entry in
order to perform transient caluclations of the open phase condition. The cost for performing such
calculations was over hundreds of thousands of dollars. However, as shown, all MV motors were
simplified into lumped motor model. This is not accureate since open phase fault calculations is affected by
motor and transformer models as well as the operating load of the system.
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Fig 4. Test System created in EMTP and duplicated in ETAP

It was evident that the entire plant simulation was necessary in order to determine the voltages and
currents with high degree of accuracy. Hence the same test system was created in ETAP software once
again depicted in Fig 4. The motor circuit parameters were updated in the ETAP model with correct
negative sequence impedances and initial loading as shown in Fig 5.
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Fig 5. Machine parameters in ETAP and EMTP

The software simulation was performed in ETAP using Mtrl at 100% load and the motor terminal
line-neutral voltages and currents were compared as shown in Fig 6 and Fig 7 below.
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From Fig 6 and 7 it can be see that ETAP simulation is a steady state simulation as compared to

EMTP however for determining protection relaying, the transients have to be neglected since they only last
for a few cycles. The steady state values from both calculation programs that were used to set the
protection relays were identical.

Several other comparison tests were conducted into those with Mtrl at 50% loading to understand the

impact of open phase condition under lightly loaded system. Fig 8 is the comparison of ETAP simulation
results versus response from EMTP program.
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Fig 8. Mtrl (50% loading) terminal L-N voltages
. Computer simulation software requirements

Graphical Placement of the Open-Phase on the One-Line Diagram — Power system simulation
software should allow user to easily place open-phase faults (phase A, B, or C) at any terminal of the
three-phase branches, including two-winding and three-winding transformers, cables, transmission
lines, impedances, and reactors.

Induction Motor Modeling — The modeling of induction motors should be capable of handling severe
unbalanced system conditions caused by an open-phase fault, including the effects of negative-
sequence current.

Transformer Type - The capability to model various types of transformers, including Shell and Core
with 3, 4, and 5 limbs, for both 2-winding and 3-winding transformers should be available.
Transformer Magnetization Coupling - Based on the no-load data, the magnetizing impedance for
positive, negative, and zero sequence couplings should be calculated and taken into account.
Transformer Embedded Winding - The effects of an embedded (buried) winding, for two and three
winding transformers should be included.

Report Current Flows inside Transformer Embedded Winding - The zero-sequence current
circulating inside the embedded delta—connected winding should be calculated and reported.

Ground Impedance - Simulate open-phase faults with any ground type and with specific values of
ground impedance.

10 Findings

Leading to the development of the software module and, as part of the verification and validation

(V&V) process, humerous studies and benchmarks were created to simulate open-phase conditions in
various networks, including the off-site power supply system of a nuclear power plant. V&YV test cases
have been created to simulate electrical network behavior with different models and under various
operating conditions. The following is a summary of findings:
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1. Under low loading, certain transformer configurations, and depending on the amount of impedance
between the open transformer phase and ground, detection of an open-phase condition on the primary
side of a transformer can be difficult on the secondary side.

2. In some cases, detection of the fault in not possible by monitoring the phase currents and voltages.
Under voltage relay schemes are not always able to detect a single open phase.

3. Depending on the location of the relays/monitoring devices, the effects of motor back-emf and voltage
drop across cables can be significant for detection.

4. Better accuracy of simulation results is obtained with an actual detailed system model rather than a
simplified model.

5. Motor and transformer modeling changes are essential. These expanded models are currently
unavailable in other software tools and are essential for obtaining accurate results.

6. The user of the tool must understand that the accuracy of the open phase fault simulation is directly
affected by the unavailable, incorrect or incomplete transformer data.

11 Conclusions

In the event of a broken conductor, series or open phase fault, the load currents cannot be neglected,
as these are the only currents that are flowing in the network and expanded models are needed for motors
and transformers in order to accurately simulate the effect of open phase fault on bus voltages and
sequence currents. Without accurate steady state values, it will not be possible to set undervoltage and
negative sequence relays properly. The developed software has been validated to perform qualitative
analysis of plant response to open phase fault event and provide steady state sequence current and voltages
throughout the model. The software was shown to accurately simulate transformer factory impedance tests
(positive and zero-sequence short circuit tests) as well as actual open-phase “events”. The software has
also been enhanced to calculation asymmetric faults such as LL, LG, LLG on unbalanced systems. Further
development is in progress to simulate simultaneous fault such as combination of series and shunt fault.
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yelap Introduction

* A power systemis normally treated as a balanced
symmetrical three-phase network

* During a fault the symmetry is upset, resulting in
unbalanced currents and voltages

* Complex faults include open phase condition

* Open phase may be undetected by standard line
relaying

* Damaging negative sequence currentcan be
generated for fault at generator terminals

D014 STA. PACERSTARY, UNPLUGLISE0, SCONAICANTI A
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4

velap  Short Circuit Analysis

Compute the sequence network bus impedance
matrices.

Extract the sequence network single-port Thevenin
equivalent impedances of the faulted bus

Use the sequence equivalent networks to compute
the sequence fault currents at the faulted bus

Use the computed sequence fault currents as
compensating currents to calculate the network post
fault voltages and currents.
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velap Fault Types

Most faults in power systems are unbalanced or
unsymmetrical where three phases are not affected
equally

Assumption of equal current magnitude in all phases
being no longer applicable

In transmission systems, symmetrical faults occur
infrequently (roughly 5%)

An asymmetric fault breaks the underlying
assumptions used in three-phase power that all
three phases are balanced
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yelap Fault Types

* line-to-line- a shortcircuit between lines, caused by
ionization of air, or when lines come into physical
contact, for example due to a broken insulator.

* line-to-ground - a short circuit between one line and
ground, very often caused by physical contact, for
example due to lightning or other storm damage

* double line-to-ground - two lines come into contact
with the ground (and each other), also commonly
due to storm damage.
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&>
¥€lap  Open Phase — Event 1

* OnlJanuary 30, 2012, Byron Station, Unit 2,
experienced an automatic reactor trip
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¥e€lap  Design Vulnerability

* A 345-kV phase Cinsulator stack failed mechanically

* Resulted in a phase C open circuit and a high
impedance ground path

* Transformer HV terminal had a ground path, but did
not result in a detectable ground fault

* Since the switchyard (i.e., source side) relaying was
electrically isolated from the fault, it did not detect a
fault; therefore, it did not operate

* Flow of currenton phases A and B increased because
of unbalanced voltage

D014 TTA PROSA CTANY, NP SED, LOONE SN A

ve€l@p  Design Vulnerability

* Caused all four Reactor Coolant Pumps (RCPs) to trip
on phase overcurrent

* Control room operators performed a natural-
circulation cool down of the unit

* Approximately 8 minutes after the reactor trip, the
control room operators diagnosed the loss of phase C
condition

* Operators manually tripped breakers to separate the
unit buses from the offsite power source

* Byron NPGS reviewed the event and identified design
vulnerabilities in the protection scheme

DI04 TR PROSA CTANY, NP SED, LOONEI ST A
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&
¥el@p  Open Phase — Event 2

* A second event occurred at Byron Station Unit 1 on
February 28, 2012 (approximately a month apart)

* Inthis event, the 4.16-kV ESF buses did sense fault
condition

* Loss of a single phase on the offsite power source
can potentially damage both trains of the emergency
core cooling system

* Protection scheme must automatically initiate
isolation of the degraded offsite power source and
transfer the safety buses to the emergency power
source

D014 TTA PROSA CTANY, NP SED, LOONE SN A

velap Event Impact

* The United States Nuclear Regulatory Commission
took regulatory actions to require licensees to
provide design features to detect and automatically
respond to a single-phase open circuit or high
impedance fault condition on the high voltage side of
a credited offsite circuit

* A need for detailed plant-specific models was
identified (e.g., transformer magnetic circuit models,
electric distribution models, motor models; including
positive, negative, and zero sequence impedances,
voltage, and currents)

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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4
¥€lap  QOpen Phase Fault (OPF)

* INPO Event Reports IER L2-12-14, IER L3-13-
13, and NRC Bulletin 2012-01 describe a
nuclear safety concern involving an open-
phase fault occurring on the offsite power
supply of a nuclear plant

* An OPF is considered to be an open-phase
condition, with or without ground, located on
the high-voltage (switchyard) side of each
offsite power (OSP) transformer

D014 TTA PROSA CTANY, NP SED, LOONE SN A

4
ve€lap  Open Phase Fault (OPF)

* Two aspects to an open-phase fault analysis:
— Acceptability
— Detectability

* Acceptability involves the ability continue
functioning during the open-phase condition without
damage and/or spurious operations

* Detectability involves the ability of protection
systems to detect the open-phase condition

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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4
¥€lap  OPF Study Objective

* Qutcome of OPF analysis is to identify levels of
unbalance (voltage and current) throughout
the plant auxiliary power system

* Determine if existing protective systems will
sense the OPF condition

* For any cases where the open-phase condition
cannot be detected with existing protection
systems, this should be identified as a
potential vulnerability

D014 TTA PROSA CTANY, NP SED, LOONE SN A

&>
velap OPF Study

* Qverall analytical method is a steady-state load flow
technique

* Cannot determine the immediate transient response
of the power system to an open-phase fault

* Usually not necessary as the steady-state (~30 cycle)
voltages and currents (phase and sequence
quantities) throughout the plant power system
(including at load terminals) can typically be used to
properly characterize the potential vulnerabilities to
an OPF condition

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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& :
¥€laP OPF Study Requirements

* The OPF analysis should consider
— operating scenarios (events/loading)
— alignments (configurations)

— Amount of potential voltage unbalance in the incoming
plant power supplies (grid unbalance)

* Enter additional transformer data

— Zero-Sequence Impedances (%Z and X/R), obtained from
zero-sequence short-circuit tests, but for transformer with
“buried delta” regulating winding, also need zero-
sequence open-circuit tests (e.g. Pri-regulating, Sec-
regulating, Pri-Sec)

— Zero Sequence No Load Losses (%FLA and kW)

DI04 TTA PROSA STANY, NP SRED, LOONEI SOV A

4 '
¥€laP QPF Study Requirements

* Ensureinduction motors have all required data to
support the OPF analysis, especially
negative-sequence reactance (X2)

* The amount of impedance between open phase and
ground (transformer side of the open) can be
simulated in ETAP by adding a “phase adapter” and a
single phase “infinite load” referenced to ground (see
inset). The impedance can be varied to simulate any
situation from true open to sold ground

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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4
¥elaP Computer Simulation Software

Requirements

Graphical Placement of the Open-Phase on the One
Line Diagram

Induction motor modeling.

Transformer type.

Transformer Embedded winding

Report current flow inside Transformer Embedded
winding

Ground Impedance

D014 TTA PROSA CTANY, NP SED, LOONE SN A

4 .
yetap OPF Analysis Steps

* Determine the voltage unbalance at each critical bus

* Determine the motor on each bus with the worst-
case currentunbalance

* Consider both balanced and unbalanced grid
conditions

* Ensure sufficient study cases are run to bound all
combinations of OSP transformers, amount of
transformer loading, and amount of open-phase
ground impedance

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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& .
yelap OPF Scenarios

*  Two offsite power sources
— Startup/Shutdown Transformer

— MainTransformer with connected Unit Auxiliary Transformer (consider
with and without main generator connected)

* Three transformer loadingscenarios
— Heaviest (e.g. LOCA loading with any extra plant buses connected)

— Normal Operation (normal alignment)
— Lightest (e.g. Refuel loading)
* Two types of open-phase faults
— Open
— Open wy solid ground

2014 STA. PACERSTARY, UNPLUGLISE0, SCONAICANTI A
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getap OPF Detectability

* Compare the OPF results to existing plant protective
device schemes/settings to determine if the open-
phase condition is adequately detected

* Transformer differential (87T), transformer neutral
overcurrent (51N), transmission line negative-
sequence, and in-plant bus undervoltage relays

* Consider application of margins when determining
acceptability. Suggested values are:

— undervoltage detection 10%
— overcurrent detection 10%
— differential detection 5%

D014 STA. PACERSTARY, UNPLUGLISE0, SCONAICANTI A
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yetap OPF Results

OPFA Resalts for Shutdown Transformer XYZ

Transformer Loading

OF¥ Type Light (Refuel) Normal Heavy (LOCA)
Grounded Detectable Detectable Detectable
Ungrounded(1) | Not Detectable(2) | Not Detectable(3) | Not Detectable(3)

No Load Light Norma! Heavy
Ungrounded Ungrounded  Ungrounded Ungrounded G
= = | | | |
s fe—]}« J
" |
Potential Potential Detectable
Acceptable Trip Damage

Yy s
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o
yelap OPF Results

* 2Dview of limited case studies does not fully
characterize outcome of an OPF on a given
transformer

* Complete characterization (i.e. all eventualities for
both detectability and acceptability) can be thought
of as five “dimensions”, which are:

— Transformer loading (analysis variable)

— Open-phase grounding (analysis variable)
— Worst-case bus voltage unbalance (analysis result)
— Protective device detectability (analysis result)

— Acceptability of worst-case current unbalance on motor
loads (analysis result)

D014 STAY PACERCTARY, LNPLGL 5.0 LOONS SOV A
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4
vetap Why ETAP?

ETAP is the most commonly used analysis
software in US nuclear plants and has
established itself as the de facto standard:
60 out of 64 operating plants (94%) have
standardized on ETAP.
ETAP Nuclear is used throughout the world

by nuclear plants, research laboratories,

consulting firms, government agencies,
and other organizations.

D0 TR PAOSACTARY, INPLGL S-S LOoE VT A

&
volap ETAP NUUG

* ETAP NUUG began review of ETAP’s ability to perform
OPFA shortly after the Byron open-phase event in early
2012

* May 2012: ETAP developer (OTI) issued Informative
Report INFR-12-003 to identify limitations and future
enhancements related to OPFA

* February 2013: Revised version of ETAP issued to better
simulate open-phase faults

* March 2013: ETAP NUUG formed OPFA Task Force

D014 STAY PACERCTARY, LNPLGL 5.0 LOONS SOV A
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o
getap

OPFA Task Force Goals

* Assess the ability of ETAP 12 to perform
detailed quantitative analysis for the effects of
open-phase faults on a typical nuclear power

plant

* Develop a basic approach for using ETAP 12 to
perform OPFA

D014 TTA PROSA CTANY, NP SED, LOONE SN A

gelap

OPFA Task Force and
Peer Review Team”

Exelon
Duke
Southern Nuclear
TVA
Enercon
MPR Associates, Inc.
Sargent & Lundy

* Recognized industry experts

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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391_#7 OPFA Task Force Effort

3 month effort (March thru May 2013)

Performed “mock” OPFA using existing ETAP models
— Reviewed additional data entry needed

— Considered broad spectrum of plant types, offsite power
configurations, transformer types, and operating
conditions

— Developed basic approach for modeling open-phase faults
(open, open w/ gnd, open w/ hi-Z gnd)

Reviewed available results related to OPFA

— Voltage and current results: “L-1”, “L-N", and “sequences”

— Xfmr neutral and buried delta results

Format developed to evaluate the “mock” results

D014 TTA PROSA CTANY, NP SED, LOONE SN A
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getap ETAP Simulation

* ETAP allows quick and efficient simulation of
the analysis variables and relatively easy
evaluation of the results

* Multiple OPF simulations can be performed
for the analysis variables (transformer loading
and open-phase grounding) to allow plotting
these five dimensions in sufficient detail to
fully characterize the OPF analysis

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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getap ETAP Simulation

Voltage Unbalance vs Resistance to Ground and Transformer Loading

VoRage imbalance (%)

P e e e v 2 — 2

O m—— X TR

LT . Y
. - Detectable Gl .‘. ; 2 T —— y
¢ Red - Possible Motor Damage R e Rt
. - Possible Motor Tripping Beritance Vo Gosund (1)
o Dark Green = Adequate Voltage

& " .
getap ETAP Utilization

* Detailed modeling required for open phase fault
simulation is possible in EMTP however it is
impractical and not required:

— Protective relaying settings will be based on steady state
values in order to avoid nuisance tripping

— EMTP requires considerable amount of time to model a
complete power electrical system

— Most of the electrical systems from HV to LV have already
been modeled in ETAP and minimal data entry is need in
order to expand the model to perform open phase fault
simulation

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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yetap ETAP Interface
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getap Updated model

* Enter correct Z2 and initial powers

* Circuit parameters, update ETAP motor model
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o -
yetap ETAP Validation
* Mtrl (100% loading) terminal line-neutral
o, -
yetap ETAP Validation

* Mtr2 (100% loading) terminal line-neutral voltages:

i

D014 STAY PACERCTARY, LNPLGL 5.0 LOONS SOV A

119



NEA/CSNI/R(2015)4/ADD1

>
yetap ETAP Validation

* Mtrl (100% loading) Currents:
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yetap ETAP Validation

* Mtr2 (100% loading) Currents:

-

- Y pa— — s et
e —as [ —
"o
—r —_—
o ro—
o
1oe

o

. -

.- . . - " - 3 1o . i "o -

;i i1 il
1) 1
‘.{l

D014 STAY PACERCTARY, LNPLGL 5.0 LOONS SOV A

120




NEA/CSNI/R(2015)4/ADD1

&
yetap ETAP Validation

* Motor (100% loading) Powers:
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&
yetap ETAP Validation

* Mtrl (50% loading) terminal line-line voltages:

s N i ———
. = —
- t o ——
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& ) .
yetap ETAP Validation

Mtr2 (50% loading) terminal line-line voltages:

2014 STA. PACERSTARY, UNPLUGLISE0, SCONAICANTI A

4

setap OPFA Task Force Results

ETAP 12 is validated to perform OPFA (steady-state)

Minimal additional data entry needed for OPFA
(beyond a typical ETAP plant model)

ETAP 12 can simulate open-phase faults with specific
values of ground Z

ETAP 12 was shown to accurately simulate Xfmr factory
impedance tests (positive and zero-sequence short-
circuit tests) as well as actual open-phase “events”

Issues / Limitations
— Unavailable/incorrect/incomplete Xfmr data
— Not intended for dynamic/transient analysis

D014 STA. PACERSTARY, UNPLUGLISE0, SCONAICANTI A
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4
¥e€lap  Summary of Findings

* Under low loading, certain transformer
configurations, and depending on the amount of
impedance between the open transformer phase
and ground, detection of an open-phase condition
on the primary side of a transformer can be difficult
on the secondary side

* Insome cases, detection of the fault in not possible
by monitoring the phase currents and voltages.
Under voltage relay schemes are not always able to
detect a single open phase

D014 TTA PROSA CTANY, NP SED, LOONE SN A

¥€l@P  Symmary of Findings

» Depending on the location of the relays/monitoring
devices, the effects of motor back-emf and voltage
drop across cables can be significant for detection

* Better accuracy of simulation results is obtained with
an actual detailed system model rather than a
simplified model

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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4
¥€l@P  Summary of Findings

* Motor and transformer modeling changes are
essential. These expanded models are currently
unavailable in other software tools and are essential
for obtaining accurate results.

* The user of the tool must understand that the
accuracy of the open phase fault simulation is
directly affected by the unavailable, incorrect or
incomplete transformer data.

D014 TTA PROSA CTANY, NP SED, LOONE SN A

yetap Conclusion

* ETAP 12 is a validated analysis software
package that is now available to allow current
nuclear users to quickly move toward
performing a qualitative analysis of their
plant’s response to an open-phase fault

* ETAP 12.6 includes double phase open fault
simulation capability

* ETAP 14 includes simulation of simultaneous
complex faults

DI04 TR PROSR STANY, LNPLGLSED, LOONEI ST A
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Questions

Thank you
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Design Provisions for Station Blackout at Nuclear Power Plants

Alexander Duchac
IAEA, Vienna, Austria

Abstract

A station blackout (SBO) is generally known as “a plant condition with complete loss of all
alternating current (AC) power from off-site sources, from the main generator and from standby AC power
sources important to safety to the essential and nonessential switchgear buses. Direct current (DC) power
supplies and uninterruptible AC power supplies may be available as long as batteries can supply the loads.
Alternate AC power supplies are available”.

A draft Safety Guide DS 430 “Design of Electrical Power Systems for Nuclear Power Plants®
provides recommendations regarding the implementation of Specific Safety Requirements®: Design:
Requirement 68 for emergency power systems. The Safety Guide outlines several design measures which
are possible as a means of increasing the capability of the electrical power systems to cope with a station
blackout, without providing detailed implementation guidance.

A committee of international experts and advisors from numerous countries is currently working on
an IAEA Technical Document (TECDOC) whose objective is to provide a common international technical
basis from which the various criteria for SBO events need to be established, to support operation under
design basis and design extension conditions (DEC) at nuclear power plants, to document in a
comprehensive manner, all relevant aspects of SBO events at NPPs, and to outline critical issues which
reflect the lessons learned from the Fukushima Dai-ichi accident.

This paper discusses the commonly encountered difficulties associated with establishing the SBO
criteria, shares the best practices, and current strategies used in the design and implementation of SBO
provisions and outline the structure of the IAEA’s SBO TECDOC under development.

1. Introduction

As far back as 1985, the IAEA published a TECDOC on this subject — Safety Aspects of Station
Blackout at Nuclear Power Plants (IAEA-TECDOC-332). That TECDOC focused mainly on safety
aspects of SBO. Owing to the date of publication, it needs to be revised to account for lessons learned from
past SBO events, as well as from the Fukushima Daiichi accident.

The IAEA, in cooperation with Member States, is currently developing a Technical Document on the
“Design Provisions for Station Blackout for Nuclear Power Plants”.

This paper describes design philosophy, station blackout recovery strategies, as well as guidance for
existing plant designs that has been observed in Member State Countries participating in the development
of the TECDOC.

* It will supersede the Safety Guide “Design of Emergency Power Systems for Nuclear Power Plants”, Safety
Standards Series No. NS-G-1.8, IAEA, Vienna (2004).

® Safety of Nuclear Power Plants: Design, IAEA Safety Standards Series No. SSR-2/1, IAEA, Vienna (2012).
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The TECDOC aims to provide a common international technical basis to be considered when
establishing the various criteria for SBO events in line with recommendations from DS 430, Chapter 8
Alternate AC power source, regarding the design of electrical power systems for DEC and to provide
technical guidance for the design provisions to deal with SBO events at NPPs. This involves a description
of current plant practices and design provisions already implemented at some NPPs, as well as proposals
for improvement of current design bases and qualification requirements to better deal with an SBO event,
in order to further improve robustness of the plant electrical design.

The TECDOC provides a description of current plant practices and design provisions for SBO events
already implemented at some NPPs, as well as proposals for improvement of existing plant design and
qualification requirements to increase the robustness of the plant electrical design for contending with SBO
events.

2. Classification of SBO event

While a Loss of Off-site Power (LOOP) is considered to be within the design basis for all plants and
is managed through a range of redundant and diverse means, SBO is considered for most of existing NPP
designs as a design extension condition (DEC).

International operational experience has shown that loss of off-site power supply concurrent with a
turbine trip and unavailability of the emergency alternating current (AC) power system is a credible event.
Lessons learned from the past and recent station blackout events, as well as the analysis of the safety
margins performed as part of the ‘stress tests’ that have been conducted on European NPPs as a response to
the Fukushima Daiichi accident, have identified the station blackout (SBO) event as a limiting case for
most NPPs.

In the Fukushima Daiichi accident in 2011, the common cause failure of electrical power supply
systems due to flooding resulted in the melting of the core of three reactors at the Fukushima Daiichi NPP,
and severely restricted heat removal at the spent fuel pools for a long period of time. In addition, the
flooding caused the loss of DC power supply. The plant was left without essential instrumentation and
controls, and this made accident management for the plant operators very difficult. The operators remained
without information on the critical plant parameters until the power supply was restored from portable
batteries. The readings were discontinued, difficult to obtain.

Although the Fukushima Daiichi accident went well beyond SBO, many of the lessons learned from
that accident still remain to be addressed. The design of the electrical power systems for both operating
plants and new builds should account for both SBO and the full loss of all on-site AC and DC power.
Criteria for the two types of events will necessarily be different, as we want to limit the consequences of
SBO within the design basis envelope because the historical frequency of SBO is higher, while a total loss
of AC and DC for a prolonged period as at Fukushima Daiichi represents a design extension condition.

2.1 SBO coping time

A coping time for an SBO event of a specific NPP design determines the safety margin that the plant
has in response to the SBO event. A textbook definition of coping time is a “time available from loss of all
AC power to the safety bus until onset of core damage if no counter measures”.

The SBO coping time determines whether the effective countermeasures can be implemented to

prevent the core damage. For some NPP design the SBO coping time is very short (e.g. less than one hour),
which makes it difficult to implement effective measures to either restore the power supply or ensure the
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heat removal function. Besides that, plant SBO can challenge performance of the systems and components;
e.g. integrity of reactor coolant pump seals, loss of equipment due to loss of ventilation, etc.

SBO coping capability in term of design and organizational provisions currently implemented at NPPs
in Member States (MS) varies from country to country; some countries rely on additional diesel generators
or mobile means available on site; other countries have incorporated specific SBO provisions into the
design as a second protection level (e.g. bunkered systems qualified to anticipated external events). Sizing
of additional power sources to be used for SBO, and their qualification requirements are still subjects of
discussions.

2.2 SBO coping capability

The plant SBO coping capability determines a time during which the pant withstand SBO without fuel
damage. It also involves necessary design provisions, appropriate procedures and personnel training.

The Fukushima accident has showed that the external event which goes beyond the original plant
design basis could result in extended loss of all AC power sources. In this case, the important consideration
is how long can the plant cope without AC power to prevent core melt scenario.

3. SBO Management

This section describes challenges associated with SBO event, as well as design philosophy, and
station blackout recovery strategies that have been observed in Member State Countries participating in the
development of the TECDOC.

The objective of SBO management is to provide alternate AC power source to power necessary loads
in order to bring the plant to a safe controlled state and to maintain it in the controlled state to prevent a
core melt accident.

The SBO event management depends on several aspects, such as whether:

the plant was operating at full power before the SBO event; or

the plant was in the shutdown state for refuelling (including mid-loop operation); or

the AC power can be restored quickly; or

the restoration of AC power requires several hours but can still be accomplished within the coping
time.

The following three SBO cases are discussed;

1. SBO event which can be recovered from within the coping time.
2. Extended SBO event.
3. SBO event that leads to a core melt scenario.

3.1 SBO recovery within coping time
This case is characterized by a short recovery period; i.e. alternate AC power supply can be started

and connected to the plant safety bus(es) within 10-30 minutes. Regardless of the plant design, the heat
removal function should be accomplished by non-AC powered loads.
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SBO coping times varies between the different plant designs; therefore the coping strategies reflect
the initiating event that caused the SBO conditions, plant response to the SBO condition, and available
means, preferably stationary, which can be used.

For those plants equipped with turbine driven pumps for providing feedwater either to the SGs (PWRs
and PHWRS) or reactor vessel (BWRs), the heat removal continues without interruption after the SBO
event. The Uninterruptible Power Supply (UPS) buses provide enough power to ensure control and
monitoring functions needed for heat removal.

For those plants without turbine driven means, i.e. which depend fully on AC power supply, a fast
connection of alternate AC power or restoration of the grid is critical.

During the short duration SBO, the following challenges should be considered:

Reactor coolant inventory (RCS) is sufficiently maintained;
Re-criticality does not occur;
Integrity of reactor coolant pump seals is not challenged,;
Battery capacity is sufficient to power necessary DC/AC loads;
Alternate AC power source mission time is sufficient;
CST has enough capacity;
o Spent fuel pool (SFP) heat up is a slow process.
The following steps are recommended during short SBO event (to be performed in parallel):

Start up and connect the alternate AC power source to a safety bus;
Ensure SG (PWR) make up from Condensate Storage Tank (CST);
Ensure reactor vessel make up (BWR) from a suppression pool;
Try to recover the grid,;

e Tryto recover at least one division of stand-by AC power sources.

The mission time for PWR the turbine driven feedwater pumps which provide the SGs with water
from CST is typically several hours and therefore there is no concern with respect to heat removal in these
cases. However, for BWR a rapid depressurization of the BWR could cause starvation of the steam supply
to the feed pumps, causing them to trip. The mission time for the alternate AC power source is typically
several days, and therefore this mission time does not limit its operation during short duration SBO events.

Continuity of DC power supply is typically needed for several hours, and thus alternate AC power
supply can be restored before station battery banks are depleted.

It was observed that sizing of alternate AC power supply sources typically depends on the plant
design; for example, plants with turbine driven capabilities (e.g. feedwater can be provided by turbine
driven means into the SGs or reactor pressure vessel (BWR case) which means the alternate power source
does not have to be sized to power the feedwater pumps, or fully electric plants which means that sufficient
electrical power supply is necessary to power feedwater pumps. For PHWRs where SG makeup can be
provided by mobile means, the alternate power supply source is only required to power critical
instrumentation and monitoring loads.

The permanent pre-alignment of the alternate AC power source is desirable as this permit a shorter
connection time. The alternate AC power supply source should be connected to the safety bus(es) only
after it has been disconnected from other power supplies to prevent the alternate AC power source from
becoming overloaded.
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The alternate AC power source power capacity is limited and cannot supply large loads (e.g. cooling
the turbine condenser, or ensuring residual heat removal from suppression pool of BWR); this is not an
issue during the short SBO event, because the alternate power source is meant to be a temporary solution
until the power supply is recovered either from the grid or standby AC power sources.

3.2 Extended SBO

In a situation, where the alternate AC power source was connected, but it was neither possible to
recover the grid nor standby AC power sources, the plant enters the extended SBO condition which can
last from hours to several days.

During extended SBO events, the Reactor Coolant Pump (RCP) integrity may be challenged if
injections pump which provides water to the RCP seals remains unavailable. If RCP seals fail, the RCS
leak rate will be equivalent to a small break LOCA. If RCS seal failure occurs maintaining the RCS
inventory and sub-cooling margin may be a challenge. The autonomy of Condensate Storage Tank (CST)
is limited and typically will last for several hours; however the CST will need replenishing from the
external source, consequently, mobile equipment may be necessary.

The suppression pool heats up as steam is discharged into it and the residual heat removal system is
no longer in operation because it requires more power than the alternate AC power source is capable of
providing. High suppression pool temperatures may challenge the capability of the injection pumps
(BWR).

For PWRs or PHWRs, the decay heat produced in a SBO event is removed from the core through
natural circulation. A combination of two effects, i.e. shrinkage of RCS inventory due to temperature
decrease and expected leakage from the RCS, cause a drop in the RCS pressure. The rate of this pressure
decrease depends on the particular reactor design but is typically about 1MPa per hour. Maintaining the
RCS inventory and sufficient sub cooling margin is therefore important to avoid formation of a bubble
below the reactor pressure vessel (RPV) head which could potentially lead to loss of natural circulation.

During extended SBO, Spent Fuel Pool (SFP) cooling is necessary. If the alternate AC power source
has insufficient capacity to power loads in the SFP cooling chain, a contingency cooling strategies via
mobile pumps may be necessary.

3.3 SBO resulted in a core melt
There are several possible SBO scenarios which could lead to a severe accident, for example:

o Neither the grid nor stand-by AC power sources could successfully be restored within the
coping time;

e The alternate AC power source cannot be started and/or connected to the safety bus within
the coping time;

e The alternate AC power source was able to connect within the coping time, but it fails to
operate in long-term (e.g. insufficient diesel fuel, damage due to extreme external events,
etc.)

e If the entire grid, standby and alternate AC power sources are unavailable, and mobile
means were unable to deploy with the coping time.
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These scenarios may be caused by a combination of events including: multiple failures of plant
equipment and severe external events (e.g. earthquake, flooding beyond design bases, severe weather
conditions, airplane crash, etc). In addition to the reactor core, the on-site SFPs also require heat removal
capability.

The stationary equipment, including alternate AC power source remains unavailable. From an
electrical point of view, it may not be possible to provide power supply to the loads via the plant
distribution system and therefore certain predefined loads would require direct power supply connection
(via provisional cable connection).

4. Establishing Design Criteria for designated SBO equipment

This section describes SBO related design considerations as observed in countries participating in the
development of the SBO TECDOC. These are applicable for alternate AC power sources of different
voltage and power output, specific design features to better serve its purpose, i.e. mobility, connectivity,
accessibility to a specific load to be powered, and capacity to allow for starting and operating required
loads.

4.1 Safety classification

The alternate AC power sources, which provides for diversity, are classified, but not necessarily in the
same class as the standby AC power sources. The equipment which makes it possible to connect alternate
AC power source, including the connecting point to the plant buses have the same safety class as the
alternate AC power source. Mobile AC power sources are typically not safety classified; demonstrating the
functions associated with a safety class may be difficult.

4.2 Sizing criteria

The alternate AC power supplies have sufficient capacity to operate systems necessary for coping
with a station blackout for the time required to bring the plant to and maintain it in a controlled state. A
combination of postulated internal initiating events (e.g. LOCA) concurrent with a SBO is typically not
considered.

If an alternate AC power source serves more than one unit at a site where safety standby AC power
sources are shared between units, the alternate AC power source is designed to have sufficient capacity to
operate systems necessary for coping with a station blackout for the time required to bring all units that
share the safety AC power sources to, and maintain them in a controlled state. The alternate AC power
source for one unit is normally connected neither to the on-site power system of that unit nor off-site power
systems.

4.3 Qualification of SBO equipment
Equipment qualification includes functional qualification, qualification for the effects of internal
events, and qualification for the effects of external events. Qualification for the effects of internal events

and external events aims to ensure that these events do not result in common cause failure of alternate AC
power source.
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4.4 Storage of equipment

Plants in some Member States employ stationary alternate AC power sources. In these cases the
stationary AC power sources are housed in bunkers or the AC power source are hardened so that there are
adequately protected from external events.

Portable alternate power source(s) are stored in a location or locations such that it is reasonably
protected such that no one external event can reasonably damage all the portable AC supply source(s).
Reasonable protection is provided for example, through provision of multiple portable AC supply sources
stored in diverse locations or through storage in structures designed to reasonably protect from applicable
external events.

5. Differences for the new and existing plants

The integration of alternate AC Power sources is obviously easier and can be accomplished without
compromise for a new plant compared to a retrofit application at an existing plant. If design and
performance criteria are taken into consideration already in conceptual design of the plant, searching for
suitable place where alternate AC power source can be installed, providing additional connecting points,
additional spare batteries, raceway and sheltered locations for mobile power sources can be avoided. These
design features can be accomplished already into the early design phase.

6. Design provisions to increase robustness of existing plants

The improvement measures to further enhance the robustness of the plant electrical systems require
implementation of a complex solution, i.e. it should not be based just on supplying one additional alternate
AC power source. The SBO design provisions should be seen in greater perspective, i.e. from initiating
even or combination of events that actually caused SBO condition, protections against those events,
availability alternate AC power source with pre-installed connecting points, both qualified for anticipated
external events, availability of mobile power generating means that can be deployed on place, considering
possible site devastation.

The Final peer review report® on the Stress Tests performed on European nuclear power plants
underlined the “Necessary implementation of measures allowing prevention of accidents and limitation of
their consequences in case of extreme natural hazards is a finding of the peer review that national
regulators should consider. Typical measures which can be considered are bunkered equipment to prevent
and manage severe accident including instrumentation and communication means, mobile equipment
protected against extreme natural hazards, emergency response centres protected against extreme natural
hazards and contamination, rescue teams and equipment rapidly available to support local operators in long
duration events. Such possible measures, as identified by the peer review, are detailed in the report”.

6.1 Design provisions implemented to cope with SBO
By analysing different member states solutions to cope with SBO event in different nuclear power
plant designs, the following common level of defence were observed:

o Areliable (normal) power supply from the high voltage grid,;

® Final peer review report on the Stress Tests performed on European nuclear power plants, April 2012
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House load capability of the turbine and generator island;
At least two feeds from a backup grid (independent from the output grid);
Standby AC power sources (redundant);
A small generating nearby plants DGs (used for frequency control such as hydro, diesel
generator station, gas turbine with a power output around 30 MW);
e Alternate (dedicated) AC power source designed and qualified for anticipated external
events;
o Mobile diesel generators (high or low voltage);
o High capacity station batteries;
e Backup (charged) batteries stored on site.
The above level of defence appear to be sufficient to (i) minimize the occurrence of SBO event, or if
SBO event occurs (ii) to prevent fuel damage by providing technical means and organizational measures to
cope with SBO event and to prevent the fuel damage.

In order to cope with extended SBO duration, the following additional means or provisions have been
considered to enhance the plant SBO coping capability:

Medium size generators to re-energize battery chargers;

Emergency diesel engine driven pumps to replenish water sources, i.e. CST make-up;
Medium size generators and injection pumps to restore RCP seal cooling;

RCP Shutdown seal package designs to limit seal leakage;

Hardened wet well venting systems and suppression pool make-up with cold water (BWR);
Pre-plan and pre-stage more emergency equipment to make manual actions easier and train
more personnel to use it.

It is obvious that for extended SBO duration, it may be necessary to use alternative means of cooling
including alternate heat sinks. SG gravity feeding, or using other sources of water, supply from stored
condenser cooling water, alternate tanks or wells on the site, or water sources in the vicinity (reservoir,
lakes, etc.) is an additional way of enabling core cooling and prevention of fuel degradation.

6.2 Design provisions for non-electric equipment

It has been discussed already that nether either alternate or mobile AC power source itself, despite
their qualification to external events, may be insufficient to ensure a power supply function to designated
SBO mitigation equipment. The AC/DC power distribution system, connecting points, cables, etc. should
also be protected against effect of external or internal events.

Some plants have introduced improvement measures that better protects the electrical equipment from
adverse effect or external natural events such as tsunami. This includes the following design
improvements:

e Fastening outside transformers with anchor bolts to the grant to protect them from forces
generated by tsunami or earthquake;

e Improving outdoor switchyards that are vulnerable to external natural events such as
earthquake, tsunami;

o Installing water proof doors sealing the electrical compartments for stand-by and alternate
AC power sources, DC batteries, and switchgear rooms;

e Sealing external cable traces to prevent water intrusion into the electrical distribution
systems from the outside;
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e Mounting connection points for connecting external power sources in an elevation which
consider sufficient margin for the most severe flood anticipated in the design;

e Providing small floating transport means so that personnel is able to reach connecting points
on site;

e Providing heavy equipment that is able to clear the road after a devastating event
(earthquake, mud slides, etc.)

e Training the plant personnel for manual actions for as SBO duration increases.

6.3 Design provisions for extended mission time

The goal for SBO coping is to establish sufficient coping capability by relying upon installed
equipment, onsite portable equipment, and pre-staged offsite resources to ensure fuel cooling function. The
alternate as well as mobile AC power sources are deigned to operate autonomously, i.e. without need of
support system provided by the plant (e.g. component cooling, instrument air, DC power, etc.). Typically,
the equipment, procedures, and training necessary to implement an extended SBO consider mission time of
72 hours for core and spent fuel pool cooling and for reactor coolant system and primary containment
integrity.

The alternate stationary as well as portable AC power sources typically have a capacity which does
not allow powering all main and support systems needed for a standard heat removal function. For example
heat, ventilation and air-conditioning system is not included among loads powered in SBO conditions.
Some equipment credited in SBO cooping such as turbine driven pumps are enclosed in a small room, in
which without ventilation the ambient temperature may rise to values at which the equipment is outside the
design basis and which may fail to operate in a long term. Some member states implemented design
provisions to power loads ensuring ventilation functions (e.g. local ventilators and chillers) for designated
equipment.

7. Conclusions

This paper provides an outline of main topics that are discussed in the IAEA TECDOC on design
provisions for SBO event in greater details. Furthermore, the SBO TECDOC provides examples, including
illustrative figures, on design provisions that have already been implemented in participating Member State
Countries.

The improvement measures to further enhance the robustness of the plant electrical systems for SBO
event require implementation of a complex solution, i.e. it should not be based just on supplying one
additional alternate AC power source.

The SBO design provisions should be seen in greater perspective, i.e. from initiating even or
combination of events that actually caused SBO condition, protections against those events, availability
alternate AC power source with pre-installed connecting points, both qualified for anticipated external
events, availability of mobile power generating means that can be deployed on place, considering possible
site devastation.

A mission time for SBO equipment should be carefully considered in the design, especially for

extended SBO events. The only fact that the AC power sources has started and connected to the bus
successfully is not sufficient.
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Why SBO Topic?

* More than 10 (reported) events so far

Early recovery in most cases

Only Fukushima resulted in fuel melt

OEF show important precursors not to be ingored

EU Stress tests identified SBO as most limiting
SBO Classification
DBAvs DEC?

) IAEA

SBO vs IAEA Safety Standards

« 1985 -TECDOC 332 “Safety Aspects of Station Blackout”

« 2012 - DS 430 Design of Electrical power systems
(revision of NS-G-1.8)

« 2013 — DS 462 Revision of SSR 2/1 Design

* The design shall include an emergency power supply capable of
supplying the necessary power in AOO and DBAs, in the event of
the loss of off-site power. The design shall also include an alternate
power source to supply, in particular, the necessary power in DEC.

« 2014 —new TECDOC "Design Provisions for SBO"

£)1AEA
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SBO TECDOC Objectives

» Further develop Chpt 8 of DS 430 on Alternate power
source

* Provide common international technical basis
« Provide current regulatory basis

« Describe current plant practices and qualification
requirements

« Show examples “what and how"...

* Provide proposal to further increase
robustness

Our g0 Team ———

) IAEA

SBO TECDOC Content

« SBO management
* within coping time
* Extended SBO
* SBO leading to SA
« Design criteria for SBO equipment
* Classification
* Sizing
* Qualification
« Storage
« Differences between existing and new plant designs

» Design provisions to increase robustness

+ Operating experience
Qj IAEA
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SBO TECDOC Content

* Addresses SBO related issues:
« RCP seals integrity
» Fuel pool cooling
« DC power continuity
« Condensate supply to replenish EFT, or CST,;
* Instrument air
« HVAC
« Emergency illumination
* Power supply for communication.

£)I1AEA

Design & performance criteria

« Sizing?

« Qualification for external events?

« Storage and location on the site?

« Do diverse diesels have any advantage?
« What about power connections?

* How does possible failure of plant distribution systems
affect alternate AC power sources guidance?

« Sharing alternate AC power sources at multi unit sites?

£)1AEA
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Examples...

400kW

(£)1aEA

Examples...

142



NEA/CSNI/R(2015)4/ADD1

Preliminary results

No solution “one fit to all”

* A complexissue, not just a new EDG
* How to get AC/DC power to specific loads

* Protected pre-installed connection, power distribution
system, electrical protection, etc.

» Qualification, what hazards to be considered
* A missiontime not only for SBO equipment
RCP integrity, RCS inventory

When is it published?

* November 2013 — 15t CS meeting

* Mach 2014 —-2"¢ CS meeting

* June 17-20, 2014 — Technical Meeting
* October2014— 3" CS Meeting

* December2014 - Final Draft

* March 2015 - Internal review

* June 2015 - Publication
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Timing criteria for
supplemental BWR emergency response equipment

Dr. John H. Bickel
Evergreen Safety & Reliability Technologies, LLC, USA

Abstract

The Great Tohuku Earthquake and subsequent Tsunami represented a double failure event which
destroyed offsite power connections to Fukushima-Daiichi site and then destroyed on-site electrical
systems needed to run decay heat removal systems. The accident could have been mitigated had there been
supplemental portable battery chargers, supplemental pumps, and in-place piping connections to provide
alternate decay heat removal. In response to this event in the USA, two national response centers, one in
Memphis, Tennessee, and another in Phoenix, Arizona, will begin operation. They will be able to dispatch
supplemental emergency response equipment to any nuclear plant in the U.S. within 24 hours. In order to
define requirements for supplemental nuclear power plant emergency response equipment maintained on-
site vs. in a regional support center it is necessary to confirm: (a) the earliest time such equipment might be
needed depending on the specific scenario, (b) the nominal time to move the equipment from a storage
location either on-site or within the region of a nuclear power plant, and (c) the time required to connect in
the supplemental equipment to use it. This paper describes an evaluation process for a BWR-4 with a
Mark I Containment starting with: (a) severe accident simulation to define best estimate times available for
recovery based on the specific scenario, (b) identify the key supplemental response equipment needed at
specific times to accomplish recovery of key safety functions, and (c) evaluate what types of equipment
should be warehoused on-site vs. in regional response centers.

Introduction

The existing fleet of General Electric designed BWR-4s with Mark | containments were originally
designed to meet the requirements of a regulatory-driven design bases large break LOCA with subsequent
loss of offsite power. To address the requirements of such scenarios assumptions were made that batteries
would be sized to provide for uninterruptible instrument and control power to allow emergency diesel
starting and loading of essential coolant makeup and decay heat removal systems. While batteries were
typically designed for greater capacity than these diesel starting and loading sequences, they were not sized
to provide an indefinite source of DC instrumentation and control power to operate safety/relief valves
(SRVs) or start/stop control of steam driven pumps such as High Pressure Coolant Injection (HPCI) and
Reactor Core Isolation Cooling (RCIC).

Risk assessments, starting with the WASH-1400 Reactor Safety Study [Ref. 1] in the mid-1970's,
indicated that design bases LOCA scenarios for which the reactor plant was "over-designed for" were not
the greatest threat to reactor safety. It was the Station Blackout (SBO) and prolonged loss of decay heat
removal scenarios which relied upon existing DC power systems, SRVs, and HPCI/RCIC pumps that
posed the greater challenge to safety. Such scenarios involved:

e eventual loss of DC power due to slow battery discharge (below voltage levels required to operate
equipment),

e heat up of the suppression pool to the point containment back pressure causes the SRVs to re-close
(thus eliminating the key heat removal path from the reactor), and
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o eventual overpressure failure of the containment.

Risk assessments performed by US BWR owners in the 1980's as a result of USNRC requirements for
plant specific Individual Plant Examinations [Ref. 2] identified a number of modifications which could
dramatically reduce the risks of SBO and prolonged loss of decay heat removal. These included:

o alternate means of recharging station batteries without the emergency diesel generators

o installation of a high pressure hard pipe containment vent from the suppression pool to the atmosphere
to maintain containment pressures below the pressure where SRVs re-close

o installation/upgrading of piping connections to allow alternate water injection to the reactor vessel
from external sources such as site fire water systems which exist on all plant sites

o development of emergency procedures to better deal with beyond design bases accident scenarios.

In the aftermath of the September 11, 2001 terrorist attacks, the USNRC issued orders to all operating
US reactors to improve their ability to cope with extensive plant damage scenarios and its effects on spent
fuel pool, core, and containment cooling. Many of the supplemental features identified in the previous
1980's-1990's era risk assessments, such as: portable battery chargers were then credited as flexible or
"FLEX" mitigation devices which would be warehoused away from the specific plant locations where they
were to be used. In other cases new portable pumps were procured and strategically warehoused in
specified secure locations.

Critical Assumptions in Defining Timing Requirements

To systematically assess timing requirements the "Coping Time" will be used as the bases for
comparisons. For the purposes of this analysis, the Coping Time is the time available from the onset of the
accident scenario to the point where if some recovery action is not already taken, it is not possible to
recover without core damage as defined in Section SC-A2 of the ASME Risk Standard [Ref. 3]. Before
assessment of critical timing requirements it is necessary to define the key or bounding assumptions which
govern the timing requirements for mitigation strategies for Station AC Blackout or prolonged loss of
decay heat removal. These include:

the spectrum of accident scenarios to be considered (or excluded)

the consequential failure assumptions to be considered (or excluded)

limitations in equipment performance (e.g. pressure and or temperature limits)

time-dependent limitations on equipment performance such as battery depletion, fuel oil depletion

These are each discussed below.

Accident Scenario Assumptions

1. Seismic vs. Non-Seismic SBO scenario: a Seismic SBO would likely severely damage typical site fire
water systems’ rendering the typical diesel firewater pump unable to serve as an alternate makeup
source.

2. Seismic vs. Non-Seismic SBO scenario: a Seismic SBO would likely severely damage the Condensate
Storage Tank which is the normal water supply for the HPCI and RCIC pumps. This places reliance on
the Suppression pool as a water source for HPCI/RCIC pumps during Seismic events.

" Fire water systems in US nuclear power plants are not typically designed to cope with seismic events and piping sections would
be assumed to fail.
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3.

A prolonged Station AC Blackout leads to overpressurization of the reactor pressure vessel and the
slow boil-off of reactor coolant through the continuous cycling of SRVs. Consideration of larger
leakage rates (e.g. Small, Medium, Large LOCAs®) obviously results in much more rapid rates of
depletion of coolant inventory and hence significantly shorter Coping Times.

The simultaneous loss of DC power coincident with Station AC Blackout is not further analyzed as this
would eliminate the possibility of monitoring or operating HPCI, RCIC, SRVs, and Containment Hard
Pipe Vent valves. Effectively there would be very little coping time available for such scenarios.

Consequential Failure Assumptions

1.

The failure to automatically SCRAM given an SBO is not further analyzed as it is a very low
probability event and is assumed to yield insufficient Coping Time for any supplemental equipment to
be credited.

The continuous cycling of an SRV for the purposes of removing core decay heat presents a possible
scenario for a stuck upon SRV occurring at some time after the event has started. Obviously the more
limiting case is the consequential stuck open SRV occurring at the start of the scenario. This limiting
assumption is used for evaluating stuck open SRVs.

Miscellaneous coolant leakage into the Drywell: prolonged loss of cooling to the main recirculation
pump (RCP) seals may result in consequential RCP seal leakage. The amount of consequential RCP
seal leakage in BWR RCPs is subject to high uncertainties ranging from 130 gpm [Ref. 4] to 200 gpm
[Ref. 5].

Limitations on Equipment Performance

1.

If larger 4kV AC powered pumps (e.g.: LPCI/RHR, or Core Spray pumps) are to be used based upon
re-powering the safeguards buses, the reconnection of 4kV power must occur prior to the point where
pump Net Positive Suction Head (NPSH) is lost due to suppression pool temperature rise.

SRVs depend upon DC power and compressed Nitrogen gas to properly operate. In the event there is
insufficient DC power (e.g. DC voltages < ~92% Nominal) or Nitrogen gas pressure <90 psia, the
SRVs will only operate as mechanical spring loaded safety valves in the range of 1124 psia.

SRVs are located in the Drywell region and utilize electro-pneumatic controls to open and close. The
electro-pneumatic components are only qualified to a temperature of: 335°F. Proper operation above
this point is beyond their design bases and cannot be assured. Because of this limitation, BWR
emergency operating procedures require manual depressurization of the reactor if Drywell
temperatures exceed 281°F and no means exist to reduce temperature (such as RHR Sprays). This
Drywell temperature limitation becomes a critical limit in how long manual depressurization can be
avoided.

To assure availability of the Suppression Pool to control containment pressure rise from a subsequent
blowdown of the reactor pressure vessel, BWR emergency operating procedures require manual
depressurization below pressure limits according to a Heat Capacity Temperature Limit curve such as
shown in Figure 1.

8 LOCA sizes are as follows:

LOCA Classification Break Diameter Size

100 gpm to 2 inch steam

Small LOCA 100 gpm to 1 % inch water
2 - 3 inch steam
i L
Medium LOCA 1% - 3 inch water
-8
Large LOCA 3 -28inch steam

3 - 28 inch water
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@ Heat Capacity Limit (SPDS 78)
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Figure 1 — Heat Capacity Temperature Limit

5. When the containment pressure exceeds 89.7 psia, the electro-pneumatic controls for the SRVs cannot
open the SRVs in the control mode. SRVs will then only operate in the mechanical spring loaded
safety valve mode, cycling ~1124 psia.

6. When the water temperature to the RCIC pump exceeds 200°F, self cooling of the RCIC pump is
beyond the design bases and the pump is assumed to shutdown, necessitating use of the "FLEX pump".

Time Dependent Limitations on Equipment Performance

1. The rate of DC battery depletion is dependent on the assumed duty cycle of SRVs, HPCI/RCIC pumps,
and continuous instrumentation and control power consumption. Rather than evaluating hundreds of
possible duty cycles, one limiting duty cycle was chosen for evaluating the depletion times of the 125V
and 250V batteries. This is acknowledged to be a conservatism which could be re-visited if necessary
in the future. Making this assumption yielded: 5.75hrs for the Div. | 125VDC Battery (limits RCIC
operation), 5.5hrs for the Div. Il 125VDC Battery (limits HPCI operation), 7.0 hours for Div. |
250VDC Battery (limits SRV operation), and 8.0hrs for Div. Il 250vDC Battery (limits SRV
operation).

2. The rate of fuel oil consumption for the diesel fire pump (credited in Non-Seismic SBO scenarios) was
actually measured. It was determined that the existing day tank would require replenishment in ~11hrs
after the diesel fire pump is started.

3. Room Heat-up considerations: the diesel fire pump (credited in Non-Seismic SBO scenarios) is located
in an enclosure which must have a door opened within 30 minutes to maintain temperatures at a level
that would allow manual entry to top off the diesel fuel tank. This is addressed in SBO procedures.

4. Bottled Nitrogen gas supplies were estimated to require changing out bottles approximately every 9
hours if SRVs or containment Hard Pipe Vent valves were cycling. This is addressed in SBO
procedures.

Scenario Analysis

The analysis was performed for a 2004 MWt BWR using the MAAP4.0.6 code [Ref. 6] with best-
estimate decay heat loads and all of the previously noted operating limitations embodied as a part of the
control logic. The assumed water temperature and water levels in the suppression pool were chosen to
envelope 90% of observed normal plant operation. Similarly, the water temperature of the external heat
sink was chosen to envelope 90% of observed environmental conditions.

Approximately 80 separate scenarios and sensitivity cases were evaluated to separate out timing
requirements for connection of supplemental emergency response equipment. The approach taken was to
evaluate Coping Times to prevent core damage for SBOs in conjunction with Small and Medium LOCAs,
and Stuck Open Relief Valve scenarios which are assumed to occur coincident with the Loss of Offsite
Power and Subsequent SBO. The analyses postulated various successes/failures of the LPCI/RHR, HPCI,
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RCIC, Diesel Fire Water, and FLEX pumps by first determining the longest Coping Times available to
reconnect 4kV AC power to the main safety related safeguards buses while still avoiding a peak core
temperature of 1800°F.

Results of the Evaluation

Without analysis it was presumed that the following scenarios can not be mitigated without immediate
availability of AC power:

e Large Design Bases LOCA with SBO

e SBOand ATWS

For these cases, safety must be assured by providing robust design criteria to prevent large pipe failures or
SCRAM failure.

Table 1 provides a summary overview of the Coping Times to recover either 4kV power, or
installation of supplemental FLEX pumps, or battery chargers. The following is noted:

e Scenarios involving very short Coping Times (< 3.5 hours) and/or failure of HPCI cannot be mitigated
with FLEX equipment. Recovery of emergency diesel generators to power emergency safeguards
buses would be the only mitigation strategy possible from a timing perspective.

e For scenarios with Coping Times greater than ~4 hours, the use of portable FLEX pumps and battery
chargers becomes a very reasonable alternative, provided that the equipment is located on-site.

e Provision of mobile diesel generator sets from a regional support center would benefit longer term
scenarios where the issue becomes containment heat removal, if containment venting is not performed.

o If operation of the HPCI/RCIC pumps and containment venting is possible - and is supplemented by
portable battery chargers and a suitably sized FLEX pump, it is possible to cope with a seismic SBO
scenario indefinitely without external equipment, provided that sufficient quantities of fuel and
compressed Nitrogen are available.

Figure 2 shows one of the simulations of a successful strategy to cope with a Seismic SBO with
concurrent RCP seal leakage — which is a more probabilistically likely scenario. It involves allowing the
HPCI/RCIC to both automatically start after taking suction from the Suppression Pool, and flood up the
RPV to the high level trip point. At this point the high capacity HPCI is deactivated to conserve DC power
—and leave it as a backup in case of failure of the RCIC pump. After the RPV level boils off, RCIC is
restarted and manually throttled to maintain a relatively constant RPV level. Anticipating that eventually
steam driven HPCI and RCIC will no longer be viable because of containment pressure and temperature,
plant personnel make hose connections for the portable FLEX pump to the fire water connection to the
LPCI injection pathway. Following this, portable battery chargers are brought in and cable rolled out to
begin recharging the various station batteries. When all is in place (but no later than the point where RCIC
shuts down) operators manually depressurize the RPV allowing the FLEX pump to take over maintaining
RPV level using an external water source. There would be a minor drop in RPV water levels during
depressurization but flashing of coolant allows steam cooling that keeps core temperatures continuously
dropping. The containment is vented using the Hard Pipe Vent and a long term heat removal pathway is
established through the Suppression Pool. Throughout this period there would be a need to monitor and
maintain fuel supplies to the FLEX pump and portable battery chargers, as well as maintain sufficient
inventories of compressed Nitrogen gas to keep SRVs and Hard Pipe Vent valves operable.
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Conclusions

This analysis was focused on determining the timing requirements and portable equipment to avoid
any core damage. [The timing and equipment requirements to cope with core damage and mitigation of
offsite releases were beyond the scope of this evaluation.] The analysis resulted in the following insights
and conclusions regarding timing requirements for Supplemental Emergency Response Equipment:

1. Scenarios involving Seismic-induced Large or Medium LOCAs with concurrent SBO cannot be
practically addressed with supplemental portable equipment because the connection time requirements
are far too short. Assuring safety for these scenarios must rely upon design margins to prevent Large
and/or Medium LOCAs with onsite power system failure given a seismic event.

2. Requirements for FLEX pumps: The likelihood of eventual loss of steam driven HPCI/RCIC pumps
due to either: (a) Drywell heatup >281°F requiring depressurization of the reactor and thus loss of
steam supply as early as 1.1 hours (Sesimic SBO with Small LOCA, initial HPCI operation) - 3.9
hours (SBO with Stuck Open Relief Valve and initial HPCI operation), or (b) eventual turbine high
exhaust pressure or suppression pool temperature - gives high priority to the ability to quickly connect
a portable FLEX pump via hose connections and pre-installed fittings. The earliest connection time
need for a portable FLEX pump to a suitable water source would be within ~1.0 hour (very worst case
and likely difficult to achieve) but more likely longer (e.g. >4 hrs). These timing requirement dictate
that the portable FLEX pump be located onsite and portable enough to be moved with hoses to where
needed along with an adequate supply of fuel.

3. Requirements for Portable Battery Chargers: If the HPCI/RCIC pumps are able to continue running
beyond ~4 hours, the loss of DC control power to the pumps from the Div | and 1l 125VDC batteries
becomes the next critical limiting failure. The connection of a portable battery charger within < 5 hours
becomes the next essential requirement to successfully mitigate a beyond design bases SBO (whether
caused by a seismic event or other natural phenomenon). This timing requirement dictates that the
portable battery charger be located onsite and portable enough to be moved to where needed along
with an adequate supply of fuel.

4. Requirements for Mobile Diesel Generators: Equipment to facilitate the recovery of 4kV safeguards
buses (thus allowing operation of LPCI/RHR pumps) using a mobile skid mounted, self-contained
diesel generator could be effective depending on proximity of equipment and availability of quick
high voltage connection points. The analysis indicates the possibility of using such equipment is
helpful at almost any time it becomes available.

A key conclusion of this analysis is that the onsite supplemental FLEX equipment (with adequate fuel
and compressed Nitrogen gas stores) is fully sufficient to keep the core covered and prevent any fuel
damage for an indefinite period of time and that the 24 hour time dispatch time requirement for external
support is not limiting.
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Table 1 — Coping Times Available for Supplemental Emergency Response Equipment

Scenario Coping Time Limitations Comment
Medium LOCA with SBO 13.2 minutes Need to restore 4kV AC power to LPCl pumps. Recovery using FLEX pump not
Steam driven HPCI/RCIC pumps are insufficient to provide necessary makeup. credible
SBO with Stuck Open Relief Valve and 24 minutes Need to restore 4kV AC power to LPCI pumps. Recovery using FLEX pump not
HPCI failure Steam driven RCIC pumps are insufficient to provide necessary makeup. credible
Small LOCA with SBO and HPClI failure 30 minutes Need to restore 4kV AC power to LPCl pumps. Recovery using FLEX pump not
RCIC is insufficient to provide necessary makeup. Diesel Fire Pump cross-connection | credible
cannot be implemented in sufficient time.
Small LOCA with SBO and initial HPCI 2 hours High Drywell Temperature requires depressurization which causes loss of steam | Recovery using FLEX pump not
operation with suction from CST driven HPCI at ~46 minutes. credible
Need to restore 4kV AC power to LPCl pumps.
CST would not be available following Seismic event
Small LOCA with SBO, initial HPCI 2.5 hours High Drywell Temperature requires depressurization which causes loss of steam | Recovery using FLEX pump not
operation with suction from CST or driven HPCI at ~1.1 hours. credible
Suppression Pool, failure of Diesel RCIC is insufficient to provide necessary makeup.
Fire Pump. Need to restore 4kV AC power to LPCl pumps.
-or— CST would not be available following Seismic event
Seismic SBO with Small LOCA, initial
HPCI operation with suction from
CST, seismic failure of Diesel Fire
Water
SBO with Stuck Open Relief Valve and 3.5 hours High Drywell Temperature requires depressurization at ~ 3.9 hours which causes loss | Need for FLEX pump in ~ 3.9 hours
initial HPCI operation of steam driven HPCI.
Need to restore 4kV AC power to LPCl pumps and RHR.
Steam driven HPCI pump operation provides a little more time to recover AC power
to LPCI pumps and RHR
SBO with initial HPCI operation taking 4.5 hours High Drywell Temperature requires depressurization which causes loss of steam
suction from CST driven HPCI.
-or— Need to restore 4kV AC power to LPCl pumps and RHR.
Seismic SBO with initial HPCI
operation  taking suction from
Suppression Pool
SBO with failure of Diesel Fire Water, 6.5 hours High Drywell Temperature requires depressurization at ~4.9 hours. Need for Supplemental Battery

initial RCIC operation taking suction
from CST
-or—

RCIC pump looses DC control power ~ 5.75 hours
RCIC pump would also shut down on high exhaust Temperature at ~5.75 hours.
Need to restore 4kV AC power to LPCl pumps and RHR.

Chargerin
<5 hours
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Seismic SBO with seismic failure of

Diesel Fire Water, initial RCIC
operation taking suction from
Suppression Pool
Scenario Coping Time Limitations Comment

Seismic SBO with Stuck Open Relief 7.0 hours HPCI pump looses DC control power ~5.5 hours Need for Supplemental Battery
Valve, seismic failure of Diesel Fire RCIC pump looses DC control power ~5.75 hours Chargerin <5 hours
Water, and initial  HPCI/RCIC Need to restore 4kV AC power to LPCl pumps and RHR.
operation taking suction from
Suppression Pool
Small LOCA with SBO, initial HPCI 9.0 hours High Drywell Temperature requires depressurization at ~1.1 hours which causes loss | Need for Supplemental Battery
operation with suction from CST, of steam driven HPCI. Chargerin <8 hours
manual depressurization, injection of RCIC is insufficient to provide required makeup.
Diesel Fire Water Diesel Fire Water is sufficient until Div |, Il 250VDC batteries deplete to point SRVs re-

close, reactor re-pressurizes above shutoff pressure of Diesel Fire Water pump.

Need to restore 4kV AC power to LPCl pumps and RHR.
SBO with initial HPCI/RCIC injection 11.0 hours Discharge of 250VDC batteries ~8 hours causes reactor to re-pressurize above the | Need for Supplemental Battery
taking suction from CST, manual shutoff pressure of the Diesel Fire Pump Charger in <8 hours
depressurization and Diesel Fire Need to restore 4kV AC power to LPCl pumps and RHR.
Water injection until 250VDC battery
discharge.

—or—

SBO with Stuck Open Relief Valve,
initial  HPCI/RCIC injection taking
suction from CST, manual
depressurization and Diesel Fire
Water injection until 250VDC battery
discharge.
SBO with RCIC taking suction from 21.5 hours RCIC shuts down at 18.7 — 19.5 hours due to high turbine exhaust temperature. Need for Hard Pipe Vent operation
CST, supplemental battery charger Need to restore 4kV AC power to LPCl pumps and RHR. at < 20 hours
connected <5hrs prior to loss of DC
control power for RCIC and SRVs
SBO with Stuck Open Relief Valve, 23.0 hours Stuck Open Relief Valve causes eventual loss of steam driven HPCI/RCIC pumps. Need for Hard Pipe Vent operation
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initial HPCI/RCIC taking suction from
CST, supplemental battery charger
connected <5hrs prior to loss of DC
control power for RCIC and SRVs,

Long term rise in containment back-pressure causes all SRVs to re-close.
Re-pressurization of reactor above discharge pressure of Diesel Fire Water pump
causes loss of injection.

Need to restore 4kV AC power to LPCl pumps and RHR for Drywell and Suppression

at < 20 hours

Diesel Fire Water injection until Pool Cooling.
containment back-pressure closes
SRVs
Scenario Coping Time Limitations Comment
SBO with initial HPCI/RCIC taking 24.0 hours Long term rise in containment back-pressure causes all SRVs to re-close Need for Hard Pipe Vent operation
suction from CST, supplemental Re-pressurization of reactor above discharge pressure of Diesel Fire Water pump | at <20 hours
battery chargers connected <5hrs causes loss of injection.
prior to loss of DC control power for Need to restore 4kV AC power to LPCl pumps and RHR for Drywell and Suppression
RCIC and SRVs, Diesel Fire Water Pool Cooling.
injection until containment back-
pressure closes SRVs
SBO with Small LOCA, or Stuck Open Indefinite Fuel supply to FLEX pumps and portable battery chargers.
Relief Valve, initial HPCI/RCIC taking Compressed Nitrogen gas to operate SRVs and Hard Pipe Vent valves.
suction from CST, supplemental
battery chargers connected <5hrs
prior to loss of DC control power for
RCIC and SRVs, Diesel Fire Water
injection, controlled Containment
Venting
Seismic SBO with Small LOCA, or Indefinite Fuel supply to FLEX pumps and portable battery chargers.
Stuck Open Relief Valve, initial Compressed Nitrogen gas to operate SRVs and Hard Pipe Vent valves.
HPCI/RCIC  taking suction from
Suppression  Pool, supplemental

battery chargers connected <5hrs
prior to loss of DC control power for
RCIC and SRVs, supplemental FLEX
pump connected, controlled
Containment Venting
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Figure 2 — Successful Mitigation Strategy for Seismic SBO using FLEX Equipment
RPV Pressure (psia) vs. Time
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Figure 2 — Successful Mitigation Strategy for Seismic SBO using FLEX Equipment
FLEX Pump Makeup (Ibs/hr) vs Time
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Figure 2 — Successful Mitigation Strategy for Seismic SBO using FLEX Equipment
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Timing Criteria for Supplemental BWR
Emergency Response Equipment

Dr. John H Bickel
Evergreen Safety & Reliability Technologies, LLC
Evergreen, Colorado, 80439 USA

Impetus for this work:

« Existing GE designed BWR reactors were designed to
address 19/0’s-era regulatory requirements

- DBALOCA with Loss of Offsite Power plus Single Failure

« Post-1970’s Risk Assessments repeatedly show importance
of Beyond-DBA Station AC Blackout

« Subsequent safety upgrades focused on assuring finite
coping capability for Station AC Blackout

« Fukushima raised issues about providing indefinite Station
AC Blackout coping capability without completely rebuilding
operating NPPs

« If FLEX equipment to be used: what are capacity and
timing requirements?
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Analysis Assumptions:

1970's-era BWR-4 with Mark | containment
2000 MW thermal output

Standard

x5

Beyond DBA Emergency Response features:
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High/Low Pressure Makeup:

Veh [y —— Vehunetn Flow (gpen) vv K7 Prvwsnre (pel)

NS

High Pressure Makeup Pumps Low Pressure Makeup Pumps

Key timing, operability limits:

HPCI/RCIC require;
= 125VDC and 250VDC

= reactor steampressure above @ Heat Capacity Limit (SPDS 78)
minimum, turbine operating limits

SIRVS require :

= 125VDC or 250VDC,

« M- gaspressure

« Drywelltemperature <325°F (S/RV

gualification temperature)

« Drywellpressure < S0 psi (N pressure)
Fire Water/FLEX Pumps and Portable
Battery Chargerrequire:

- Fuel Supply As Suppression Pool heats up, RPV
must be depressurized

Toras Temgperstes (V
NN NN YN
x

Hard Pipe ContainmentVent require:
« 125VDC or 250VDC
« N-gas
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Conduct of the Analysis:
« ~80 MAAP4 0 6 long term simulations
« Small, Med., Large LOCA, RCP seal failure with SBO

« Postulated emergency response equipment success/failure

« Fire Water, Condensate Storage Tanks:
= Non-Seismic event — no loss of integnty
= Seismic event — assumed to fail

« Analysis used fo determine maximum coping fime fo:
= Restore AC power without core damage
= [nstall alternate makeup water connection to RHR piping
= Restore Battery Charging
= Replenish bottled Nz gas, fuel

Minimum FLEX pump reguirements:

« ANS Std. 5.1 (2005) Decay : o i v G
Heat Model used i i

+ Log-Log curve fit:
P(t) =(0.15) Ppt 225
Makeup flow to match core
boiloff computed:

4
.

W(t) = P(t) v; (448 8gpm/ft3/sec)

h "g

- Decay Meat Normalized 10 Py
i .
~ | —

Evaluated for various pressure, ' I 1
time regions

Time after Reactor Shutdown in Seconds
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Minimum FLEX pump requirements:
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Conclusions:

« Onsite FLEX equipmentwith fuel and bottled N, capable of
indefinitely preventing fuel damage for most-likely scenarios

« FLEX cannot address Seismic LOCA - SBO scenarios

= Capacity/Timing lmits preclude portable pumping
= Assuring safety must depend on seismic piping design integrity

« Connection limit for FLEX pump: ~3.9 hrs
= Seismic SBO with stuck open S/RV

« Connection mit for FLEX Battery charger: <5 hrs
= Seismic SBO with Battery Depletion impacts RCIC control

« Restoring 4kV AC power via supplemental equipment from
offsite regional support center is helpful at any time

« 24hr dispatch time for external support is not limiting
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Resilience improvements to UK nuclear power plants

Eur Ing Kevin Pepper B.Eng (Hons) C.Eng MIET
Office for Nuclear Regulation, United Kingdom

Abstract

Following the events at Fukushima, the Office for Nuclear Regulation (ONR), the UK nuclear safety
regulator, undertook a series of reviews into the resilience of UK nuclear power plants to severe events.
These reviews highlighted a number of areas in relation to electrical infrastructure where it considered
licensees should review their arrangements, considering both onsite and offsite infrastructure as well as the
ability to recover following a complete loss of site infrastructure.

In response, UK licensees have been exploring four parallel approaches to improving the resilience
for each of their sites. Firstly, through modifications on-site such as enhancements to the installed diesel
generators and related systems. Secondly through improvements to the resilience of essential
instrumentation to Station Black Out events. Thirdly, through the provision of off-site backup equipment
that can be deployed to any site following a severe event. Finally, the provision of event qualified
connection points on site to enable timely restoration of long term essential electrical supplies and cooling
to key systems. This last item gives a central focus to the issues of switchboard availability and the
resilience of the whole network to large potentially common cause internal and external hazards.

This paper will discuss the electrically related findings of the ONR reviews, explore the reasoning
behind those decisions, and describe the approaches being taken by UK licensees.

1. Introduction

Each Nuclear Power Plant (NPP) around the world takes an overview of its arrangements typically
every ten years and reassess their plant as part of a periodic safety review process. Significant events such
as those at Chernobyl in 1986 and Fukushima in 2011 act as additional triggers for the global nuclear
industry to take a step back and reassess if the systems and processes in place remain appropriate.

The problems encountered on site at Fukushima Daiichi were the result of two extreme events;
seismic and flooding. Whilst the electrical onsite generators were available to start and provided electrical
power following the earthquake, the tsunami resulted in flooding of areas which resulted in the loss of
functionality of switchboards and diesel generators. Unfortunately whilst some switchboards and some
diesel generators remained available, there were no means to route power from surviving generators
through switchboards to essential safety systems. It is important therefore to consider that the effects of the
Fukushima events are not really about loss of diesels generators or loss of switchboards but rather the loss
of the ability to supply power to essential safety functions. This is important because providing more
diverse diesel generators may not help in a future event unless the whole essential electrical systems can be
considered robust.

This paper summarises the reviews that have been undertaken in the United Kingdom (UK), providing
some insight into the recommendations that have been made by the UK nuclear regulator, the Office for
Nuclear Regulation, before providing some examples of actions being taken by the UK industry in its
response.
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2. Reviews overseen by ONR in the year following the events at Fukushima

In the United Kingdom (UK), immediately following the events, the Chief Nuclear Inspector of the
Office for Nuclear Regulation (ONR) was requested by the UK Government to undertake a review of the
events and the implications on the UK Nuclear Industry. This led to the publication of an interim report® in
May 2011, where twenty three recommendations were made — some directed at licensees and some at UK
Government and some at ONR itself. A final report’ was published in September 2011, which took into
account developing understanding as to what had occurred at Fukushima, and included an additional six
recommendations. Of the total, two were focussed specifically at electrical systems ; IR-17 and IR-18.

In parallel, the Stress Test process was developed by the European Nuclear Safety Regulators Group
(ENSREG) on behalf of the European Council and in December 2011, ONR assessed the UK NPP
licensees own assessments against this specification and compiled the UK National Report. From the stress
test review?, nineteen stress test findings were placed on licensees where ONR considered that either the
licensees’ own considerations for further review or enhancement were critically important or ONR did not
consider they went far enough. Four findings (STF-8 — STF-11) related to electrical systems. In addition,
ONR requested non-NPP licencees and prospective NPP licensees (i.e. those linked to new NPP
constructio?) to participate in a similar process for their sites. In May 2012, ONR assessed and reported
this review".

3. ONR Recommendations and Findings

The follow section presents the recommendations and findings related to the power electrical aspects
from each of the ONR’s reports and provides insight into why it came to those conclusions.

3.1 Recommendation IR-17: The UK nuclear industry should undertake further work with the
National Grid to establish the robustness and potential unavailability of off-site electrical supplies
under severe hazard conditions.

Whilst loss of grid is considered a frequent event at all UK licensed sites and all licensees must have
appropriate arrangements in place to ensure safe shutdown, cooling/and containment , it remains preferable
to source electrical power from the offsite grid, providing such supplies remain stable and secure. It is
recognised that the UK transmission network has changed over the last twenty years from the nationalised
industry that existed when construction of the last nuclear power plant was started. Whilst grid reliability
remains above 99.99%° with a changing generation mixture and major asset replacement of the
transmission network underway, it was considered appropriate that licensees, with the co-operation of the

! Japanese earthquake and tsunami: Implications for the UK nuclear industry — Interim Report. Office for Nuclear
Regulation, ONR-FR-REP-11-002 Revision 1, May 2011

Z Japanese earthquake and tsunami: Implications for the UK nuclear industry - Final Report. Office for Nuclear
Regulation, ONR-FR-REP-11-002 Revision 2, September 2011

® European Council “Stress Tests” for UK Nuclear Power Plants, National Final Report. Office for Nuclear
Regulation, December 2011

4 “Stress Tests” for UK non-Power Generating Nuclear Facilities, Final Report. Office for Nuclear Regulation, May
2012

® National Electricity Transmission System Performance Report 2012-2013, National Grid plc

165



NEA/CSNI/R(2015)4/ADD1

transmission system operators, should review how robust the network and its ability to restore supplies are
today.

3.2 Recommendation IR-18: The UK nuclear industry should review any need for the provision of
additional, diverse means of providing robust sufficiently long-term independent electrical supplies
on sites, reflecting the loss of availability of off-site electrical supplies under severe conditions.

The potential for long term loss of offsite power was highlighted in the events at Fukushima. This
recommendation was placed on UK licensees to consider whether in light of a reassessment of potential
severe hazards, additional backup supplies should be provided.

3.3 Finding STF-8: Licensees should further investigate the provision of suitable event- qualified
connection points to facilitate the reconnection of supplies to essential equipment for beyond design
basis events.

The events at Fukushima highlighted the potential desire following an extreme event to connect
mobile generators and pumps. The connection and operation of such equipment was recognised as being
difficult in conditions such as those experienced in Fukushima. This finding reflected that access around
the plant following an extreme event may be very difficult. Where additional connection points to
electrical systems are being proposed, this finding ensured that licensees considered their robustness
against the extreme events being considered.

3.4 Finding STF-9: Licensees should further investigate the enhancement of stocks of essential
supplies (cooling water, fuel, carbon dioxide, etc.) and extending the autonomy time of support
systems (e.g. battery systems) that either provide essential safety functions or support emergency
arrangements.

Licensees impose operational minimum capacities for fuel and water tanks on-site based upon the
requirements to maintain a minimum mission time for the system in accordance with the safety case. The
stress test analysis confirmed that a 72 hour minimum operation was acheiveable on these systems.
Reflecting the desire to reduce the reliance on offsite support, this finding placed an action on licensees to
consider whether extensions to the mission times were practicable..

3.5 Finding STF-10: Licensees should identify safety-significant prime mover-driven generators and
pumps that use shared support systems (including batteries, fuel, water and oil) and should consider
modifying those prime movers systems to ensure they are capable of being self-sufficient.

Fukushima serves as a reminder to the nuclear industry of the potential wide-reaching effects of
common cause failures. ONR requested licensees to review all their safety significant prime-mover
systems to identify any shared systems. A loss of a support system could affect the ability of multiple
safety systems to perform their duty. Where such issues were identified, then licensees were requested to
consider separating the systems.
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3.6 Finding STF-11: Licensees should further consider resilience improvements to equipment
associated with the connection of the transmission system to the essential electrical systems (EES) for
severe events.

This reflected that IR-17 placed an action on licensees to review with the Transmission System
Operators (TSO), the reliability and integrity of the power transmission systems, whilst other IRs and the
STFs ensured that the essential on-site electrical systems were as resilient so far as is reasonably
practicable. This finding ensured that licensees adequately considered improvements to the resilience of
electrical equipment, such as station transformers, which connect the two systems together.

4, Licensees’ Actions

All licensees have adopted a two fold response : i) immediate actions to improve the inherent
resilience of the sites; and ii) long term reviews. Immediate actions have included plant walkdowns to
ensure that the current arrangements such as intact or operable fire barriers, seismic housekeeping,
relocation of portable equipment which could be subject to flooding, etc, are adequately enforced,.

UK, licensees set themselves a target deadline for completion of the reviews, associated with the
above recommendations and findings, along with the majority of any resulting invasive implementations of
the three year anniversary following the events at Fukushima, namely March 2014.

ONR will shortly be formally assessing licensees final reports on the actions implemented and the
justification provided for closing out each of the recommendation and findings. However, through early
engagement with licensees and monitoring of the implementation of actions taken, we understand the
approaches they are taking; these can be best summarised in the case of operational power plants by the
following four approaches :

1. Additional on-site emergency equipment

» Provision of small portable generators stored in a robust location to be used to support
targeted instrumentation and pumps
. Additional portable de-watering pumps
. Excavators and debris removal equipment
Satellite telephones for resilient communication to offsite locations

2. Modifications on site to existing installations to provide additional resilience

. Provision of additional flood barrier surrounding Dungeness B

. Dam boards to protect essential buildings

. Review of flood protection of cable and pipework penetrations to essential buildings
. Installation of Passive Autocatalytic Recombiners at Sizewell B

3. Provision of offsite backup equipment to be deployed to site following a severe event
» Provision of Pumps, Generators, Instrumentation, Emergency Control and Communications
equipment located at strategic offsite locations
. Emergency Response Centre for Sizewell B
. Provision of suitable vehicles to transport equipment to site over rough terrain
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4. Provision of event qualified connection points to support the backup equipment and longer
term restoration

. Identification of essential systems requiring restoration (water, CO2, electrical)
» ldentification of resilient connection points against postulated hazards with significant
margins
. Suitably routed and resilient connections
Summary

The problems encountered on site at Fukushima Daiichi were the result of two extreme events;
seismic and flooding. It is important to note that the effects of the Fukushima events are not about the loss
of diesels generators or loss of switchboards but were a combination of both these factors that lead to the
loss of the ability to supply power to essential safety functions. This is an important point since additional
diesel generators on their own may not solve the problem.

The Office for Nuclear Regulation in the UK has undertaken a series of assessments of UK NPPs with
the co-operation of the UK licensees. These highlighted a number of areas where ONR recommended UK
licensees should consider further review. UK NPP licensees have taken the lessons learned from
Fukushima and combined with the activities taken to address ONR recommendations are taking action to
improve the resilience of the UK nuclear power plants. This is being achieved through both modifications
on-site and the provision of off-site backup equipment.
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Office for
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Resilience Improvements to
UK Nuclear Power Plants

Eur Ing Kevin Pepper CEng MIET

Background

Initiating event

Reviews / Assessment undertaken by
ONR

Recommendations / Findings
Actions being taken by Licensees
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Initiating Event

* Fukushima event of 11 March 2011
— Severe seismic event
— Severe flooding event
» Loss of ability to supply power to essential
safety functions
— Generation
— Switchboards
— DC support systems

ONR Reviews and Assessments

» “Japanese earthquake and tsunami:
Implications for the UK nuclear industry”
— Interim Report (May 2011)

— Final Report (September2011)

» “European Council “Stress Tests” for UK
nuclear power plants — National Final
Report ” (December 2011)
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Recommendations and Findings

» Six areas for consideration in respect of
electrical systems identified from these
reports

*+ Two Recommendations
— Derived from the Interim Report

* Four Stress Test Findings
— Derived fromthe European Council Report

Recommendation IR-17

The UK nuclear industry should
undertake further work with the National
Grid to establish the robustness and

potential unavailability of off-site
electrical supplies under severe hazard

conditions.

171



NEA/CSNI/R(2015)4/ADD1

Recommendation IR-17

» Reflecting changes
— network ownership
— generation mix

» Consider the events system is resilient
against

* Consider the mitigating action that could
be taken and how well rehearsed this is

Recommendation IR-18

The UK nuclear industry should review
any need for the provision of additional,
diverse means of providing robust
sufficiently long-term independent
electrical supplies on sites, reflecting the
loss of availability of off-site electrical
supplies under severe conditions.
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Recommendation IR-18

* Following reassessment of sites against
severe events

» Consider if additional diverse on-site
electrical backup supplies are required

* Could be targeted at specific functions —
pond cooling, alternative indication
centres, etc.

Stress TestFinding STF-8

Licensees should further investigate the
provision of suitable event-qualified
connection points to facilitate the
reconnection of supplies to essential
equipment for beyond design basis
events.
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Stress TestFinding STF-8

» Facilitate connection to systems important
to safety that may be difficult to access
during or following an event

» For external connections important to
consider :

— Events during/after which they needto be
available

— Sufficientmargin against the hazard being
considered

Stress Test Finding STF-9

Licensees should further investigate the
enhancement of stocks of essential
supplies (cooling water, fuel, carbon
dioxide, etc.) and extending the
autonomy time of support systems (e.g.
battery systems) that either provide
essential safety functions or support
emergency arrangements.
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Stress TestFinding STF-9

* Review the appropriateness of minimum
operational levels in light of

— Accessand supply difficulties post event
— Nature of the system being supplied
— Resilience ofthe storage

Stress Test Finding STF-10

Licensees should identify safety-
significant prime mover-driven
generators and pumps that use shared
support systems (including batteries,
fuel, water and oil) and should consider
modifying those prime movers systems
to ensure they are capable of being self-
sufficient.

Office for
Nuciear Reguiation
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Stress Test Finding STF-10

* Recognising the potential for Common
Cause Failure to affect diverse plant

* Ensure that independence of essential
supply equipment is maximised

Stress Test Finding STF-11

Licensees should further consider
resilience improvements to equipment
associated with the connection of the
fransmission system to the essential
electrical systems (EES) for severe
events.
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Stress Test Finding STF-11

» Review the resilience of the connection
between the transmission network and
essential on-site electrical system

Licensees’ Actions

» Both NPP licensees in the UK have taken:
— Immediate actions
— Undertaken reviews and improvements long

term

» NPPs imposed a deadline of three years
after the events at Fukushima for the
longer term reviews and majority of
improvements to be completed
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Licensee Short Term Actions

+ Examples of actions include :

— Deploymentto sites of additional debris
removal equipment

— Provision of additional portable generators

— Relocation of support equipment to higher
ground

— Walkdowns to ensure fire and seismic
housekeepingin order

Office for
Nuciear Reguiation

Licensee Long TermActions

Additional onsite emergency equipment

* Modifications on site to existing
installations

» Provision of offsite backup equipment to
be deployed to site following a severe
event

» Provision of event qualified connection
points to support the backup equipment

and longer term restoration
@ ﬁ:.'é(:arr':;cquu!»on
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Additional onsite emergency
equipment
* Provision of small
portable generators
storedin a robust location
to be used to support
targeted instrumentation
and pumps
+ Additional portable de-
watering pumps

» Excavators and debris
removal equipment

> .-

« Satellite telephones for Al nages pominsyof EDF Energy
resilient communication Nuclear Generation Ltd
to offsite locations
@ ﬁi'y;(':a’rc;couubon

Modifications on site to existing
installations

* Provision of additional flood barrier
surrounding Dungeness B

» Dam boards to protect essential buildings

* Review of flood protection of cable and
pipework penetrations to essential
buildings

+ Installation of Passive Autocatalytic
Recombiners at Sizewell B

Office for
Nuciear Reguiation
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Provision of additional flood barrier
surrounding Dungeness B

¥

Office for
Nuciear Requiation

Dam boards to protect essential
buildings

Office for
Nuciear Requiation
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Installation of Passive Autocatalytic
Recombiners at Sizewell B

Provision of offsite backup equipment to
be deployed to site following a severe
event

* Provision of Pumps, Generators,
Instrumentation, Emergency Control and
Communications equipmentlocated at strategic
offsite locations

+ Dedicated Emergency Response Centre for
Sizewell B

+ Provision of suitable vehicles to transport
equipment to site over rough terrain
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Provision of offsite backup
Equipment

Office
Nuciear Reguiation

Strategic Offsite Locations

Office for
Nuciear Requiation
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Provision of event qualified connection points

to supportthe backup equipmentand longer
term restoration

+ |dentification of essential systems requiring
restoration (water, CO2, electrical)

+ |dentification of resilient connection points
against postulated hazards with significant
margins

+ Suitably routed and resilient connections

Office for
Nuciear Reguiation

Provision of Resilient Electrical
Connection
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Summary

ONR has undertaken a number of reviews of UK
resilience to extreme events at the request of:

— UK Government

— European Council

* In relation to electrical systems, ONR identified a
number of recommendations and findings

+ UK licensees have and continue to take action to
ensure their sites and systems are robust
against a range of extreme events

Any Questions?

Email : kevin.pepper@onr.gsi.gov.uk
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Emergency Mitigating Equipments — Post Fukushima Actions at Canadian Nuclear Power Plants —
Portable AC Power Sources

J. Vucetic and R. Kameswaran
Canadian Nuclear Safety Commission, Canada

Abstract

In response to the Fukushima Daiichi NPP accident in 2011, the Canadian Nuclear Safety
Commission set up a Task Force to evaluate operational, technical and regulatory implications on
Canadian NPPs. While accepting that the risk from beyond-design-basis accidents (BDBA) at Canadian
NPPs is very low, the Task Force identified a number of areas where additional improvements or
confirmatory assessments would further enhance safety.

As aresult, a set of 36 Fukushima Action Items (FAIs) were assigned to the licensees.

This paper focuses on the FAI related to electrical power system enhancements to address a total loss
of all AC Power leading to a possibility of loss of heat sinks (i.e. Station Blackout). This required the
licensees to implement the following:

o Additional back up power supplied by portable diesel generator(s) to allow key instrumentation
and control equipment and key electrical loads to remain operable;

e Provisions for a storage and timely transportation and connection of the portable generator(s) to
the applicable units ;

e Provisions for testing of the portable generator;

e Provisions for fuelling of portable generators;

e Provisions such as panels, receptacles, and connectors to quickly deploy the portable generators to
plant system, and separate feeder cables route to avoid a common mode failure;

o Load shedding strategy to extend the existing station’s battery life to ensure that the connection of
portable generators can be completed before the batteries are depleted;

e Provisions to supply water to steam generators and Irradiated Fuel Bay using portable pumps;

The paper will also provide a brief description of Electrical power systems of the Canadian NPPs
designed to satisfy the high safety and reliability requirements for nuclear systems, which are based on the
following:

e 2 group design philosophy ( Group 1 and Group 2 Electrical Power Systems )

e 2 separate groups of onsite emergency generators (Class 111 Standby generators and Emergency
Power generators )

o 4-7 days’ supply of fuel for standby and emergency generators,

o The capability to transfer power between units in a multi-unit plant

1. Introduction

Canada has five Nuclear Power Plants (NPPs) in three provinces that houses 22 CANDU reactors;
20 located in Ontario at three multi-unit stations ; Pickering, Darlington and Bruce. There are also single-
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unit CANDU stations in Gentilly, Québec and Point Lepreau, New Brunswick. All currently operating
reactors are CANDU (Canadian Deuterium —uranium) reactors.

Following the Fukushima Daiichi nuclear accident, the Canadian Nuclear Safety Commission
(CNSC) requested all the Canadian Nuclear Power Plants (NPPs) to conduct a review of the initial lessons
learned from Fukushima, under subsection 12(2) of the General Nuclear Safety and Control Regulations.
In April 2011, the CNSC convened a task force to review the licensees’ responses to the 12(2) request and
evaluate the operational, technical and regulatory implications of the Fukushima Daiichi nuclear accident
for the Canadian NPPs. While acknowledging that the probability of a beyond-design-basis accident
(BDBA) at Canadian NPPs is very low, the Task Force identified a number of areas where additional
improvements would further enhance safety. To address the Task Force recommendations, the CNSC
developed a draft CNSC Action Plan. The document established a four-year plan, for both licensees and
CNSC staff, to strengthen reactor defence in depth, enhance emergency response, improve regulatory
oversight and crisis communication capabilities, and enhance international collaboration.

In parallel to the task force the President of the CNSC established an External Advisory Committee
(EAC) to review the CNSC’s process in responding to the Fukushima crisis and in developing proposed
changes to its processes and regulatory framework. The EAC concluded that the process followed by the
CNSC in response to the accident was appropriate, and identified a number of complementary areas for
further enhancements.

CNSC staff Action Plan was developed taking into consideration the comments received from the
public and stakeholders on the CNSC Fukushima Task Force (FTF) Report. The CNSC Staff Action Plan
identified a number of actions to address the Task Force Report recommendations. The actions are grouped
in the following three categories:

— Strengthening reactor defence in depth
— Enhancing emergency response
— Improving regulatory framework and processes

This paper discusses the findings, and recommendations of the FTF with respect to the strengthening
of defence in depth of CANDU Electrical Power Systems (EPS).

2. CANDU Electrical Power Systems Design

CANDU EPS is designed to satisfy the high safety and reliability requirements of the nuclear power
plants. Notably, this is achieved through grouping and separation.

2.1 Group Separation

The concept of grouping and separation of safety related systems has been integral to CANDU plants.
This concept provides physical and functional separation of safety related systems to ensure that common
cause events do not impair the capability to perform essential safety functions. In this concept, the plant
can be shut down, decay heat removed, and the plant conditions monitored independently from systems
and components of either one of two groups, known as Group 1 and Group 2. The EPS is separated into
Group 1 and Group 2 in accordance with the two groups’ separation philosophy. Group 2 power is
qualified to operate following the design basis common-mode events.
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2.2 Division Separation

The design provides two electrically independent and physically separated power distribution
divisions. One is designated odd, the other even. The two divisions provide power to redundant station
loads and prevent failures or damage of one divisions cascading to the other.

2.3 Classes of Power

There are four distinct classes of power, namely Class IV, IlI, 1l and I, as well as Emergency Power
Supply. Class IV, 11, 1l and I are Group 1 supplies while Emergency Power Supply is Group 2 power.

The Class 1V power system is an AC power that supplies the unit auxiliary loads during normal plant
operation. The Class IV power can be supplied from the turbine generator or from the off-site power and
may be subject to long term interruptions. Under certain circumstances the loads may be transferred from
one source to others. The class IV distribution arrangement is a radial dual bus scheme (i.e. Class IV is
split into two divisions; even and odd. CANDU turbine generators units are designed to survive 100 %
load rejection from the external grid and continue to supply their own house load. Most of the CANDU
reactors are capable of quickly reducing reactor power to 60 % of full power, holding at reduced power,
and then returning more slowly to full power using their adjuster rods. The reactors have provisions to
dump the steam to condenser and can remain at 60 % full power indefinitely ready for reconnection to the
grid or for an orderly shut down. The unit electrical output would be held to around 10-15 % full power to
supply the house loads.

Class Il power is an AC system that is normally supplied from the Class IV system. Upon loss of
Class IV power it is automatically supplied from on-site stand-by generators (SGs) under the control of the
emergency transfer scheme (ETS). Each SG is capable of black starting and supplying the Class Il
requirements. The SGs are provided with an on-site fuel oil supply. Uninterruptible control power required
for switching and monitoring following loss of Class IV and until Class Il restoration is provided from
Class I and 11.

Class Il is an AC system which supplies uninterruptible AC power to the essential loads, which
cannot tolerate power interruptions that may occur in the Class Il system. The Class Il power is normally
supplied from Class | batteries through inverters with alternate supply from the Class 11 system.

The Class | is a DC system which supplies uninterruptible DC power to the essential auxiliary
services. Class | power is normally supplied from Class Il power through rectifiers and is backed up by
batteries to ensure uninterruptible supply to Class | and Class Il loads. The overall system requirement is
that if AC supplies fail than the battery will supply the emergency loads without interruption for the
required time. Batteries are capable of providing uninterruptible power to the full Class Il and Class I loads
for a minimum period of 40 minutes following a total loss of Class Il and IV power. After this time, all
class I and 11 loads will be lost if class 111 power cannot be restored. Table — 1 summarizes the attributes of
classes of power.
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Table 1 — Classes of power in a CANDU Nuclear Power Plant

Normal Alternating Current (AC)

Py Class IV — Supplied from turbine generator and/or
M grid
— AC system
—_— Class IIl — Normally supplied from Class IV
> — Upon loss of Class IV, from Standby
us generator
—_— AC System
(. Class Il — Normally supplied form Class | DC system
- — Can be supplied from Class llI
—]
< DC system | |

Class | — Normally supplied from Class Ill via

rectifiers
— Backup battery supply

2.4 The Emergency Power Supply

Emergency Power Supply is a separate power system consisting of its own on-site power generation
and AC and DC power distribution, including batteries. Emergency Power Supply is the Group 2 power.
The purpose of Emergency Power Supply is to provide power to selected nuclear safety-related loads
following a common-mode incident such as earthquake, should all the Group 1 supplies fail. The whole
Emergency Power Supply is seismically qualified to withstand a design basis earthquake. Two Emergency
Power Generators (EPGs) are provided, each capable of black starting and supplying the minimum power
requirements for safe plant shutdown. The EPGs are required to be manually started within 30 minutes of
the occurrence of a common-mode event. Figure 1 Block diagram illustrating typical separation of Class I,
I, 111 and 1V electrical systems into independent divisions with a separate emergency power supply.

188




NEA/CSNI/R(2015)4/ADD1

/ Figure — 1 TYPICAL CANDU ELECTRICAL POWER SYSTEMS (EPS) \
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3. Lessons learned from Fukushima

The lessons learnt from Fukushima required the licensees to analyze station capability to respond to
the Station Blackout (SBO).The CNSC also reviewed the level of preparedness of Canadian NPPs to
respond to a sustained SBO event. Immediately after the Fukushima event, the CNSC staff performed
walkdowns at Canadian NPPs to verify the licensees’ emergency preparedness for external hazards and
severe accidents so that the CNSC could reassure the Commission and Canadian public that certain aspects
that had contributed to the events in Japan had been specifically verified. One of the aspects verified was
availability of backup power.

3.1 Fukushima Task Force Findings

A major class of beyond-design-basis accidents are those involving a loss of all heat sinks. The most
challenging of these are caused by loss of electrical power. The Fukushima Daiichi accident was of this
type and was the focus of the CNSC Fukushima Task Force (FTF).

One of the focus areas of FTF review was strengthening reactor defence in depth. In the event of a
loss of all normal, backup and emergency AC power the batteries are the only electrical stored energy
source available. However, they will be depleted in approximately 40 minutes. After that time, most
control and instrumentation functions such as reactor start up monitoring, containment parameter
monitoring, lighting, motorized valve operation etc, will be lost unless an alternative power source is
established well before the batteries are depleted.
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3.2 Fukushima Action Items

The CNSC Task Force found that licensees should explore options to extend the duration of power
supplies to instrumentation and control equipment that may be needed to mitigate beyond-design-basis
accidents, including severe accidents. Consequently, all licensees have performed an evaluation to
determine if the 40 minute mission time for batteries can be extended to at least 8 hours. This time is
required between total loss of AC power and connection of additional power sources i.e. the portable
generators.

Fukushima Action Item (FAI) 1.10 required all licensees to investigate means of extending the
availability of power for key instrumentation and control (I&C) needed in accident management actions
following a loss of all AC power.

FAI 1.11 required all licensees to procure, as quickly as possible, emergency mitigating equipment
(EME) and other resources that could be stored offsite and brought onsite to mitigate a severe accident.
EME consists of portable generators, portable UPS, cables, receptacles, panels, portable diesel driven
pumps and fire hoses.

3.3 Implementation of Action Items

Deliverables of FAI 1.10 implementation required the licensees to evaluate the requirements and
capabilities of electrical power for key instrumentation and control (1&C). Licensees were asked to identify
practicable upgrades that would extend the availability of key I&C, if needed. Licensees were asked to
present a plan and schedule for deployment of identified upgrades. A target of 8 hours without the need for
offsite support was required.

Deliverables of FAI 1.11 implementation required the licensees to provide a plan and schedule for
procurement of emergency equipment and other resources that could be stored offsite and brought onsite to
mitigate a severe accident.

To comply with the CNSC requirements the following actions were performed by the licensees:

— Operational guides were developed for shedding of non-priority Class 1 and 2 loads to extend the
battery discharge time.

—  Station specific list of priority loads was developed which should powered by portable generators®
/ portable uninterruptable power supplies (UPS)

— Calculated the extended life of the batteries after load shedding to ensure that it exceeds the time
required to deploy and connect the portable generators.

— Procured and deployed portable generators / portable UPS. The size and number of portable
generators/UPS is site specific. In addition to the above, the panels, receptacles, and
cable/connectors to quickly deploy the portable generators to unit systems are also site specific.

® Some stations have provisions to rapidly deploy Portable UPS for key 1&C followed by the AC portable generators.
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— Confirmed through tests/drills that there is sufficient time to invoke the load shedding strategy and
extend the battery life prior to deploying, connecting and operating the portable generators /
portable UPS.

— Developed a number operational and maintenance guidelines for deployment of EME equipment.
— Developed and provided training for the Emergency Response Team personnel.
— Built EME storage facility near the station to house the EME equipment.

— The lessons learned during the tests/drills were used to improve the emergency response time
during a total loss of AC power event

4. Conclusion

Fukushima Task Force review acknowledged that the probability of a BDBA at a Canadian NPPs is
very low. However CNSC staff identified a number of areas where additional improvements would further
enhance safety. Implementation of the action items has strengthened the defence in depth. Among other
improvements this has resulted in an enhancement of the already robust CANDU EPS. It has been
confirmed that the essential safety functions such as control, cool, contain and monitor will be maintained
during a SBO event. Fukushima events led the CNSC to consider enhancing the regulatory requirements of
EPS which includes requirement for Alternate AC power. This requirement has been included in the draft
REGDOC 2.5.2 which will replace the current regulatory document RD-337.
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Canadan Nudlear  Commission canadienne
Satety Commission 00 s0rotd nucibare

Presented by Jasmina Vucetic

Presented at the CSNI International Workshop on Robustness of Bectrical
Systems of NPPs in Light of the Fukushima Dei-ichi Accident
Paris, April 1-3, 2014

* About CNSC

s Overview of Canada’s Nuclear Power Plants

» Candu Electrical Power Systems ( EPS ) — Design Philosophy
* Regulatory requirements —pre Fukushima

* CNSC Response to Fukushima Events

* CNSC Staff Action Items on SBO

* Electrical Power Systems Enhancements, EME training,
maintenance and testing

* SBO Requirements for New Reactors

* Conclusions

Canadian Nuclear Sty Commission

"
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*Established May 2000,
under Nuclear Safety and
Control Act (NSCA)

*Replaced Atomic Energy
Control Board, established in
1946 under Atomic Energy
Control Act

Canada’s independent nuclear regulator
Over 67 years of experience

Canadlan Nuckear Say Commission 3

* To regulate the use of
nuclear energy and materials
so that the health, safety and
security of Canadians and
the environment are
protected, and to implement
Canada’s international
commitments on the
peaceful use of nuclear
energy.

* Canada’s nuclear watchdog

Canadlan Nuckear Say Commission ¢
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Canada’s Nuclear Power Plants

’ Pickering, ON Derfington, ON Bruce, ON
at
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e 5 Stations in 3 Provinces
¢ 22 CANDU Reactors
Canadian Nuclkear Saty Commission 5

Pickering Nuclear Power Plant

e Multi-unit station (8 units)
e Six units in operation
* Units #2 and #3 under safe storage

Canadlan Nuckear Say Commission 6
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Bruce Nuclear Power Plant

e Multi-unit station
e 2X4 Units (Bruce— A and Bruce —B)
* All unitsin operation

Canadian Nuclear Safty Commission 7

e Multi-unit station (4 units)

e All unitsin operation

Canadian Nuclear SRy Commission 8
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s : (ALY
e Single unit station
e Unit in operation following refurbishment

Canadian Nuclear S3y Commission 2
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Separation: Groups, Classes and Division
* Physical and Electrical Separation Between Groups

1 and 2 EPS

* System Classification - Four classes of power - Class

1 to 4 in ascending order

* Division - duality of power supplies and associated

load redundancy -odd/even concept

Electrical Drawing
Canadian Nuclkear Saty Commission 1

High capacity standby and emergency power

generation

* Provision of barriers, or qualification against harsh

environment

* |slanded operation (a full load rejection)

Electrical Drawing
Canadian Nuclkear Saty Commission 12
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CANDU EPS — Classes of power

*Normal Alternating Current (AC)

Class IV
—Supplied from turbine generator and/or grid

* AC system
Class 1l —~Normally supplied from Class IV
—Upon loss of Class 1V, from Standby generator

* AC System
Class 1l —Normally supplied form Class | DCsystem
—Can be supplied from Class 111

*DC system
Class| —Normallysupplied from Class Illviarectifiers
—Backup battery supply

A.l.I'IIGVI'I-BHI

Electrical Drawing
Canadian Nuclkear Saty Commission 13

Regulatory requirements - Pre Fukushima

* Lossof Class IV-analyzed in Safety Reports as part of Design
Basis Accidents (DBA)

» Station Blackout(SBO) was considered a Beyond Design
accident(BDBA) with anextremely lowprobzhility of
occurrence

* No explicitrequirements for SBO response

* Some stations analyzed loss of Class 1V combined with loss of
Class lllpower. No failure predicted

* The lessons learntfrom Fukushima required licensees to
analyze station capability to respond to SBO.

Canadian Nuclear Sty Commission 14
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CNSC Response to Fukushima Events

Established a Fukushima Task Force (FTF) to
evaluate the operational, technical and regulatory
implications of the accident and the adequacy of
emergency preparedness for NPPs

* Task Force prepared the “Nuclear Power Plant
Safety Review Criteria” to define measurable
criteria for each area of the assessment

* Task Force terms of reference aligned with US NRC
and WENRA task forces

* Task Force submitted report (INFO-0824)1 in

October 2011

1. M mcicana’sly. g calp s _cetdoguc/ sloaly Ocisben 2011 O0C-Aukahme-Tmk-forcs-tos ot s o8

Canzdian Nuckear S3%y Commission 15

CNSC management committed to implement FTF

recommendations in a timely and transparent manner

(INFO-0825)*

¢ CNSC established an External Advisory Committee
(EAC)", to provide an independent assessment of
response to the Fukushima Daiichi incident

* The CNSC Integrated Action Plan® was based on the

findings and recommendations of the FTF Report and

EAC as well as comments from public and stakeholders

* Specific CNSC Staff Action Plan developed (lNFO-0828)4

Canadian Nuclear Sakty Commission 16
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CNSC Regulatory Documents

* INFO-0824, INFO-0828
& REGDOC-2.5.2
s e e S0 Penehrns ot s Mo
Canadian Nuckear S3%ty Commission 17

Fukushima Action Items on SBO

* FAI-1.10

Licensees should investigate means of extending the
availability of power for key instrumentation and control (1&C)
needed inaccidentmanagement actionsfollowinga lossofall
AC power

— Deliverables:

1. An evaluation ofthe requirements and capabilities for
electrical power for key 1&C. The evaluationshould
identify practicable upgrades that would extend the
availability of key 1&C, if needed.

2. A planandschedule for deployment of identified
upgrades. A target of eight hours without the need for
offsite supportshould be used.

* Current status:closed for all NPPsin 2012

Canzdlan Nuckear S3%y Commission 13
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Fukushima Action Items - EME

* FAI1l11

Licensees should procure, as quickly as possible,
Emergency Mitigating Equipment (EME) and other
resources that could be either stored onsite or
stored offsite and brought onsite to mitigate a
severe accident.

—  Deliverable:
A plan and schedulefor procurement

*  Current status : closed for all NPPs in 2012

Canadian Nuckear Sa%ty Commission 12

Extend battery discharge time from 40
minutes up to 8 hours

* Provide operational guides for load shedding
* Prepare a priority load list

* Provide backup electrical power to priority
loads

* Provisions for rapid deployment and
connections for portable diesel
generators/portable UPS

Canadian Nuckear Sa%ty Commission 20
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A training needs analysis conducted

* Station-specific Emergency Mitigating Equipment
Guides (EMEGs) produced

* The EME training delivered to all ERT personnel
who will be involved in emergency response

* Drills conducted to test the response effectiveness

* Focus on improving the capability to respond in
time during the SBO event

Canadian Nuckear Sa%ty Commission 21

New regulatory requirements

— REGDOC 2.5.2 Design of Reactor Facilities:
Nuclear Power Plants supersede RD-337-2008

— Electrical Power System requirements has been
expanded in REGDOC 2.5.2

— Provision for mitigating the complete loss of on-
site and off-site AC power are required

— onsite portable, transportable or fixed power
sources, or/ and

— offsite portable or transportable power
sources

Canzdlan Nuckear S3%y Commission

151

203



NEA/CSNI/R(2015)4/ADD1

Emergency Mitigating Equipment

100 kKW Generators

Canadian Nuclear Sty Commission 23

Emergency Mitigating Equipment

MOBILE OPeaATINe!
CENTRE !

Mobile Operations Centre

Canadian Nuclear Sty Commission 24
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Panelfor 400kW AC generators

Canadian Nuclear SRy Commission 25

400 kW AC Generator

Canadian Nuclear Sty Commission 2%

205



NEA/CSNI/R(2015)4/ADD1

oe

< o cd’

* Defence in Depth has been strengthened for
the already robust CANDU EPS

* Controlling, cooling, containing and
monitoring functions will be maintained
during a SBO scenario

* For future NPPs to be built in Canada,

Alternate AC power to mitigate SBO will be a
regulatory requirement. (REGDOC2.5.2)

Canzdlan Nuckear S3%y Commission

CNSC Video presentation on SB

For those interested, this CNSC video shows W
the progression of an accident scenario
involving a total station blackout at a
Canadian nuclear power plant.

http://www.youtube.com/watch?v=vggzl90ng
aM&feature=player detailpage

Canadian Nuckear Sa%ty Commission 23
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Questions ???

Canadian Nuclear Sakty Commission

2
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Fundamental design bases for independent core cooling in Swedish nuclear power reactors

Tomas Jelinek
Swedish Radiation Safety Authority, Sweden

Abstract

New regulations on design and construction of nuclear power plants came into force in 2005. The
need of an independent core cooling system and if the regulations should include such a requirement was
discussed. The Swedish Radiation Safety authority (SSM) decided to not include such a requirement
because of open questions about the water balance and started to investigate the consequences of an
independent core cooling system.

The investigation is now finished and SSM is also looking at the lessons learned from the accident in
Fukushima 2011. One of the most important measures in the Swedish national action plan is the
implementation of an independent core cooling function for all Swedish power plants. SSM has
investigated the basic design criteria for such a function where some important questions are the level of
defence in depth and the acceptance criteria. There is also a question about independence between the
levels of defence in depth that SSM have included in the criteria. Another issue that has to be taken into
account is the complexity of the system and the need of automation where independence and simplicity are
very strong criteria. In the beginning of 2014 a memorandum was finalized regarding fundamental design
bases for independent core cooling in Swedish nuclear power reactors. A decision based on this
memorandum with an implementation plan will be made in the first half of 2014.

Sweden is also investigating the possibility to have armed personnel on site, which is not allowed
currently. The result from the investigation will have impact on the possibility to use mobile equipment
and the level of protection of permanent equipment.

In this paper, SSM will present the memorandum for design bases for independent core cooling in
Swedish nuclear power reactors that was finalized in March 2014’ that also describe SSM’s position
regarding independence and automation of the independent core cooling function.

1. Summary

This memorandum describes the Swedish Radiation Safety Authority’s (SSM) proposal for the
fundamental design bases for Independent core cooling in Swedish nuclear power plants. The object of this
function is to increase the level of resilience against certain events based on the results of the stress tests
that have been carried out, as well as on earlier investigations regarding Independent core cooling.

! Proposal regarding fundamental design bases for independent core cooling in Swedish nuclear power reactors, T.
Jelinek, 7 March 2014, SSM 2014-122-3.
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2. Object and scope

The object of this memorandum is to briefly describe the design bases required in order to define the
properties for Independent core cooling. These include design basis events, safety classification, residual
heat removal, diversification, etc.

3. Background

The need to increase the reliability of core cooling in a nuclear power reactor by introducing an
independent function was brought up already when drafting the Swedish Nuclear Power Inspectorate (SKI)
regulation SKIFS 2004:2 (corresponding to the present SSMFS 2008:17) from the beginning of the 2000s.
The object of the new system was to during an H5 event (total loss of all non-battery-backed emergency
systems, SBO, H5 is similar to PC6) add water for 24 hours to the reactor pressure vessel through
connecting a water reservoir located outside of the reactor containment. The pumping of water would have
to be activated independently of the reactor protection system, and also have separate power feed. For this
reason, an early draft version of the proposed new regulation SKIFS 2004:2 contained the following
proposed rule:

“In order to reduce the risk of core meltdown and reactor vessel melt through, it should be possible to
add water to the reactor pressure vessel by connecting an independent water reservoir located outside of
the reactor containment. Activation of pumping should be possible independently of the reactor protection
system, and it should also have separate power feed.”

The knowledge base, especially regarding negative effects of introducing this kind of function, was
judged as insufficient for deciding on a regulation at that stage. SKI therefore came to the conclusion that
further investigation was necessary. This further investigation was finalized in March 2009°. The need for
independent core cooling received further attention after the Forsmark 1 event on 25 July 2006, as well as
the serious events at the Fukushima Dai-ichi nuclear power plant.

After the Fukushima events, the European Council required at the end of March 2011 that stress tests
were to be performed at all operating nuclear power plants in Europe. The Swedish national action plan to
the EU? is part of these stress tests and it was developed with a view to dealing with deficiencies identified
during the stress tests. Two issues are described in the action plan: T3.LA.2' and T2.LA.* that deal with
independent core cooling. According to the action plan, analyses/investigations of the issues shall be
finalized at the end of 2014 regarding T3.LA.2, and in 2015 regarding T2.LA.2.

This memorandum accounts for the fundamental design bases that can be of interest to observe when
designing and constructing the independent core cooling.

8 Investigation of independent core cooling systems for reducing the risk of core melt and vessel melt
through in Swedish reactors, W. Frid, 16 March 2009, SSM 2008/354.

% Swedish Radiation Safety Authority, “Swedish action plan for nuclear power plants, Response to
ENSREG’s request”, 29 December 2012.

1973 LA.2 - Define the design bases for an independent core cooling system

1 T2.LA.2 — Define design bases for alternate cooling and alternate residual heat removal
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3 Proposed design bases

A number of fundamental design bases for Independent core cooling are presented here. Further
design bases may be added while working on solutions.

3.1 Design basis events

The primary object of Independent core cooling is to prevent the reactor core from melting down, that
is, to keep a coolable core geometry that belongs to defence in depth level 3 according to the WENRA
countries’ common view on the structure of defence in depth. The reason for choosing defence in depth
level 3 is that major uncertainties in analyses of core melt sequence make it difficult to verify when and
how vessel melt through takes place, which would be the case if the Independent core cooling would be set
at defence in depth level 4. In defence in depth level 4 it is acceptable to have a reactor core that has lost its
coolable core geometry. To set the Independent core cooling at defence depth level 3 also means that there
is a more natural connection to the new design basis events stated below, against which the resilience must
be strengthened according to the national action plan for the stress tests:

- Protracted loss of AC power and present steam generated motor power for at least 72
hours (ELAPSP — Extended Loss of AC Power and Steam Power).

- Protracted loss of ultimate heat sink for at least 72 hours (LUHS — Loss of normal access to
Ultimate Heat Sink)

The ELAPSP event is an extension of ELAP, where loss of present steam generated motor power has
been added.

All units at a site must be assumed to be exposed to ELAPSP or LUHS at the same time.

The design basis events need not be combined with other independent initiating events. Whenever
other events are the result of this initiating event, e.g. loss of coolant in the present primary system in a
PWR, this shall be taken into account in the analyses. Furthermore, it is not necessary to apply ELAPSP
and LUHS at the same time

The extreme outer impact that shall be taken into account for the Independent core cooling is
constituted by all the external conditions that could affect the core cooling at the plant. These conditions
shall be identified, including possible links and interdependencies. The outer impact that cannot constitute
a physical threat to the plant or which is estimated to be extremely improbable can be excluded. External
events that in combination with other risks have the potential to constitute a threat to the plant must not be
excluded. For all events that cannot be excluded, risk assessments shall be made using deterministic as
well as probabilistic analyses. When assessing the risks, site specific data and conditions should be used.
Al events and the conditions that they lead to shall be taken into account if the frequency is 10 per year
or higher.

The justification for choosing 10 per year or higher is that the safety functions shall be designed for
external conditions that are more frequent than 10 per year. Should the state of the plant require
Independent core cooling, a probable scenario would then be that an external condition has arisen with
such a degree of severity that the present safety functions have not been able to deal with the event. Should
the Independent core cooling system be unable to handle a more challenging initiating event or
combinations of external events than the ones of today, the safety advantage would be uncertain in relation
to extreme external events beyond design. Therefore the Independent core cooling should be designed for
external events with a significantly lower frequency than 10 per year. This consequently means designing
for greater snow loads, stronger winds, higher water level, etc.
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The design basis events (ELAPSP and LUHS) shall be combined with all extreme external conditions
that lead to situations that hereon are referred to as Extreme conditions.

Extreme conditions shall be evaluated for all operational states. To merely consider power operation is
not compatible with the insights that the PSA analyses provide. Furthermore, acceptance criteria in event
class 4 shall primarily be applied.

The duration of the ELAPSP and LUHS events is the minimum of the length of time needed in order
to take necessary actions to counter these events under Extreme conditions. 72 hours is the minimum
length of time to be used for the design bases.

3.2 Residual heat removal

The filtered pressure relief of the consequence mitigating systems for severe accidents must not be
credited for residual heat removal in the design of the Independent core cooling, even if it can be shown
that the capability of the system to fulfil its task (to filter the discharge) in an H5 event (core meltdown) is
not affected.

The justification for this is that the various levels of defence in depth must be independent. Another
argument is that the filters are the very last protection against major discharges due to a severe accident,
and should be dedicated to defence in depth level 4. Even from a probabilistic perspective, introducing
independent residual heat removal implies a reduction of risk. Should an accident occur all systems
available shall of course be used, including systems that have not been credited in the safety analysis.

3.3 Safety classification

In the general advice for Section 21 of SSMFS 2008:17, it is stated that safety classification should
follow the principles given in ANSI/ANS-51.1-1983 regarding pressurized water reactors and ANSI/ANS-
52.1-1983 regarding boiling water reactors. (It should be noted that general advice is not binding for
neither government authorities nor individuals; however, it is normally assumed that the requirement of the
regulation is met provided that the recommended standard has been followed.) The indicated standards,
51.1 and 52.1, have however been withdrawn by the American standardization organization, to be replaced
in 2011 with ANSI/ANS-58.14-2011 regarding criteria for safety classification. In the old standards from
1983 as well as in the new one from 2011, the classification is primarily based on the function that the
equipment must fulfil in connection with “Design Basis Events (DBE)”.

The events that the independent core cooling function is meant to handle constitute an extension
compared to “DBE”, which was not addressed in the old standards since the defence in depth structure at
the beginning of the 1980s was not the same as today. On the other hand, a new safety class is introduced
in 58.14, labelled “A” (“non-safety-related with augmented requirements”), to which functions that need to
be performed in connection with “special events” beyond DBE are clearly classified. This also resembles
the kind of classification that the IAEA uses, where equipment of importance for safety is separated into
“safety systems” and “safety related items”. The latter is defined as equipment of importance for safety
that is not part of a safety system, see the IAEA Safety Glossary. (Unfortunately the concept “safety
related” is used with another meaning in the IAEA terminology compared to the US. The concept “safety-
related” in American terminology is rather comparable to the IAEA’s “safety system”.) Furthermore the
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IAEA has in its SSR-2/1 (from 2012) chosen to define the concept “safety feature for design extension
conditions” in order to further describe this category of the equipment at a plant.

In the view of SSM, from a functional classification perspective and with the above in mind, the
independent core cooling should be categorized in a specific safety class equivalent to the IAEA’s
guidelines and ANSI/ANS-58.14, with the purpose of clarifying which specific requirements should be
valid for all equipment, as well as defining the distinction in relation to “operationally classed??
equipment”. The additional equipment for independent core cooling shall, based on this platform, be
attributed the requirements on quality assurance and operability that, at an acceptable level, ensure that the
equipment can perform the function required during the Extreme conditions that are expected to prevail
when the equipment is credited.

3.4 Separation and diversification

Independent core cooling must be functionally and physically separated vis-a-vis systems and
components that are used at the other levels of the defence in depth, as well as against existing systems and
components of the defence in depth level that is to be reinforced as far as concerns water reservoir, power
feed, 1&C as well as isolation valves.

Exceptions can be made for separation against the diversified parts of the safety function. This
exception implies that the Independent core cooling in the future can be a subset for fulfilling the
diversification requirements according to Section 10 of SSMFS 2008:17 for the safety functions’ core and
containment spray as well as residual heat removal.

3.5 Redundancy

It is not necessary to fulfil the single failure criteria for the Independent core cooling. This cooling
system is viewed as a supplement and backup in relation to existing systems and components in defence in
depth level 3.

3.6 Simplicity in the functional framework and the use of electricity for power supply

The ambition is to achieve simplicity in the functional framework. This implies a lower probability of
faults being built in or introduced in connection with maintenance, refurbishing or rebuilding work. A
transparent system is also more straightforward to manage and should consequently be simpler to sustain
or restart during Extreme conditions.

Electricity for power supply to safety features revealed deficiencies in robustness against extreme
events in Fukushima. This is due to that it is very difficult to encapsulate electrical equipment (problems of
cooling, condensation, flooding, etc.). Electrical materials are also difficult to make robust against
electromagnetic fields and power surges. Despite early availability in Fukushima of electric power
generators, it was not possible to operate safety objects, due to moisture and salt water intrusion. An
external direct-drive motor pump is probably easier to get back and be made to work (connected to the
pipeline to the reactor tank) than getting an external motor-generator function to operate an independent
electrically driven pump. This needs to be investigated and taken into account when designing the
independent core cooling function.
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3.7 Manual and/or automatic initiation/control

It should be possible to start Independent core cooling and monitor it close to the object/locally and
from the main control room. It should also be possible to have optional manual initiation directly on
components, i.e. required local manoeuvrability on pumps, inboard and outboard/isolation valves, etc.

The manual initiation and operation of the Independent core cooling must be ready for activation by
using simple and transparent equipment under Extreme conditions. A requirement is imposed on manual
initiation of all components in the Independent core cooling in order to ensure this independence as far as
possible.

Automatic initiation is not necessary provided that the acceptance criteria can be met with reasonable
time for consideration in the event of Extreme conditions.

Simplicity shall be the objective; for example, control in the form of complicated electronics or
sequential control should be avoided.

Necessary information to the operators concerning process parameters so as to enable comprehension
and performance of the function’s initiation and operation should be as straightforward and transparent as
possible and be independent of routine information.

3.8 Mobile equipment

It is not permitted to credit heavy external equipment within 72 hours. If heavy external equipment is
credited after 72 hours, it must be demonstrated as being available and capable of being transported and
connected under Extreme conditions. For instance, in order to credit the onsite grid after 72 hours, it must
be demonstrated that it is available in connection with Extreme conditions.

Mobile equipment set up onsite in advance may be used no earlier than after 8 hours if it can be
demonstrated as being available and functional in connection with Extreme conditions.

3.9 Safety margins

The system is to be dimensioned allowing for good safety margins in its design since the extent and
nature of the conditions that the system must be capable of withstanding are linked with considerable
uncertainties.

3.10 Requirements imposed on physical protection

Certain key assumptions for a security force, for example pertaining to issuing weapons and principal
organisers, are currently being investigated by the Ministry of the Environment

In the autumn of 2013, an updated design bases threat description was approved implying what events
the facilities must be capable of withstanding. Based on the threat description in addition to other potential
protective measures, the licensees have the possibility of designing the Independent core cooling
(bunkered) together with the protection of the rest of the facility in a way so that the requirements imposed
under SSMFS 2008:12 are fulfilled. The part of the Independent core cooling whose task is residual heat
removal may have other design assumptions in terms of physical protection if the time aspect allows for
crediting of external physical protection.
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On the basis of this memorandum and an impact assessment, SSM is planning to take a decision on
implementation of Independent core cooling. In connection with this decision, SSM will also give
guidance for licensee analyses of the capability of a possible security force to withstand antagonistic
threats, including assumptions on antagonists’ possible entry and use of explosives in the facility,
particularly on the independent core cooling.

3.11 While awaiting a final solution

Installation of permanent equipment takes a long time. Consequently, there is a need for earlier
protection that does not fully meet the requirements. These solutions may become a part of the final
solution.
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Background 1(5)

The need to increase the reliability of core cooling in a
nuclear power reactor by introducing an independent
function was brought up already from the beginning of
2000 when drafting the new regulation SSMFS
2008.17.

At the event “total loss of all non-battery-backed
emergency systems, SBO, add water for 24 hours to
the reactor pressure vessel through connecting a
water reservoir located outside of the reactor
containment”.

Tommz Jeinek
xeo-2
s 2

Background 2(5)

The pumping of water would have to be activated
independently of the RPS, and have separate power feed.
An early draft version of the present regulation SKIFS
2008:17 contained the following proposed rule:

“In order to reduce the risk of core meltdown and reactor
vessel melt through, it should be possible to add water to
the reactor pressure vessel by connecting an independent
water reservoir located outside of the reactor containment.
Activation of the pumping should be possible independently
of the RPS, and it should also have separate power feed.”

Tomaz Jenek
w2
T
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Background 3(5)

The knowledge base, especially regarding
negative effects of introducing this kind of
function, was judged as insufficient for deciding on
a regulation at that stage. SSM therefore came to
the conclusion that further investigation was
necessary.

Tommz Jeinek
xeo-2
s 2

Background 4(5)

Forsmark 1 event 2006

The need for independent core cooling received
further attention after the Forsmark 1 event on 25
July 2006. The Forsmark 1 event showed that a
high degree of redundancy and separation do not
automatically mean high safety with robustness in
construction and defence in depth, primary
because of the electrical dependencies that are
very difficult to eliminate.

A decision was close in the beginning of 2011.
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) Background 5(5)

Fukushima made SSM postpone the decision, to learn
from the accident for the design bases for independent
core cooling.

Stresstest
The Swedish national action plan to the EU is to
handle deficiencies identified during the stress tests.

The issues described in the action plan are:

» T2.LA.2 — Define design bases for alternate cooling
and alternate residual heat removal.

» T3.LA.2 — Define the design bases for an
independent core cooling system.

Design bases events1(3)

The design bases events are:

» Loss of AC power and present steam generated
motive power for at least 72 hours (ELAPSP —
Extended Loss of AC Power and Steam Power).

» Loss of ultimate heat sink for at least 72 hours

(LUHS — Loss of normal access to Ultimate
Heat Sink).

The ELAPSP event is an extension of ELAP,
where loss of present steam generated motive
power has been added.

Tomaz Jerek
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Design bases events 2(3)

Extreme conditions

The design basis events (ELAPSP or LUHS),
combined with extreme external conditions, more
frequent than per year 10 per year.

Tommz Jeinek
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Design bases events 3(3)

Justification of 10 per year

Should the Independent core cooling be required,
a probable scenario is an external condition with
such a degree of severity that the present safety
functions have not been able to deal with the
event.

The Independent core cooling should be designed
for external events with a significantly lower
frequency than 10-° per year (10-°=design base for
present safety functions). This consequently
means designing for greater snow loads, stronger
winds, higher water level, efc.

Tomaz Jerek
ez
s T

219



NEA/CSNI/R(2015)4/ADD1

Design bases 1(10)

» Separation and diversification
Independent core cooling must be functionally
and physically separated in respect of present
SSC. This means new water reservoir, power
feed, I&C as well as isolation valves.

» Exceptions can be made for separation against
the diversified parts of the safety function.

Design bases 2(10)

Redundancy

It is not necessary to fulfil the single failure criteria
for the Independent core cooling. This cooling
system is viewed as a supplement and backup in
relation to present SSC’s.
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Design bases 3(10)

Residual heat removal

The present filtered pressure relief of the
consequence mitigating systems (introduced
1987) for severe accidents must not be credited
for residual heat removal in the design of the
Independent core cooling.

Operational states

All operational states must be considered, not only
power operation.

Design bases 4(10)

Simplicity, Transparency and Verifiability

The ambition is to achieve simplicity in design.
This should result in a lower probability of faults
being introduced in design or in connection with
maintenance, refurbishing or rebuilding work. A
simple system is also more transparent and
should therefore be more straightforward to verify
and manage.
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Design bases 5(10)

Margins

The system is to be dimensioned allowing for
good safety margins in its design since the extent
and nature of the conditions that the system must
be capable of withstanding are linked with
considerable uncertainties.

A Robust systemdesign based on Simplicity,
Transparency and substantial Margins that is easy
to Verify should better sustain Extreme conditions

Design bases 6(10)

Use of electricity for power supply

Electricity for power supply to safety features
revealed deficiencies in robustness against
extreme events in Fukushima. This is due to that it
is very difficult to completely enclose electrical
equipment (problems of cooling, condensation,
flooding, etc.). Electrical materials are also difficult
to make robust against electromagnetic fields and
power surges. Despite early availability in
Fukushima of electric power generators, it was not
possible to operate safety objects, due to moisture
and salt water intrusion into electrical systems.

Tomaz Jerek
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) Design bases 7(10)

Use of electricity for power supply, con’t

An external direct engine driven pump is probably
easier to get back and be made to work
(connected to the pipeline to the reactor tank) than
gefting an external motor-generator function to
operate an electrically driven pump.

Historical probability data of steam generated
motive power shows even lower probability than
equivalent electrical pumps.

Thus this needs to be investigated and taken into
account, when designing the Independent core
cooling.

Tommz Jeinek
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) Design bases 8(10)

Manual and/or automatic initiation/control 1(2)
Requirement is imposed on manual initiation and
monitoring of the Independent core cooling. All
components required for Independent core cooling
function should be manually manoeuvrable.

These requirements ensure the independency of
failure in automation, electrical disturbances,
auxiliary systems failure, fire, and other
consequences of extreme events as far as
possible.
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Design bases 9(10)

Manual and/or automatic initiation/control
con't

Automatic initiation is not a requirement if the
acceptance criteria can be met during Extreme
conditions.

Simplicity and Transparency shall be the
objectives; for example, control in the form of
complicated electronics or sequential control
should be avoided.

Necessary information to the operators should be
as straightforward and Transparent as possible
and be independent of routine information.

Tommx Jeinek
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) Design bases 10(10)

Safety classification

Independent core cooling shall be classified in a
sub-group under “ltems important to Safety” as
defined by IAEA glossary. Requirements on
quality assurance and operability shall ensure that
the equipment can perform the function required
during the Extreme conditions. The normal
functional design requirements imposed by
classification of electrical and control equipment in
Class 1E is necessarily not fully applicable and
may also need to be supplemented.
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While awaiting a final solution

Installation of permanent equipment takes a long
time. Consequently, there is a need for earlier
protection that does not fully meet the
requirements. These solutions may become a part
of the final solution
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Ultimate Electrical Means for Severe Accident and Multi Unit Event Management

Xavier Guisez
Electrabel GDF Suez

Abstract

Following the Multi Unit Severe Accident that occurred at Fukushima as a result of the tsunami on 11
March 2011, the European Council decided to submit its Nuclear Power Plants to a Stress Test. In
Belgium, this Stress Test, named BEST (BElgian Stress Test), was successfully concluded at the end of
2011. Nevertheless, Electrabel decided, in agreement with the Authorities, to start a beyond design basis
action plan, with the goal to mitigate the consequences of a Beyond Design Basis Accident and a Multi
Unit Event. Consequently, this has lead to an improvement of the robustness of its Nuclear Power Plants.

Considering the importance of electrical power supply to a nuclear power plant, a significant part of
this action plan consisted of setting up a mobile, ‘plug and play’ method for the electrical power supply to
some major safety systems. In order to install this ultimate power supply, three factors were retained as
essential. First, important reactor monitoring instrumentation is preserved. Second, core cooling is
provided at all times. Finally, systems are easily made operational within a very short delay of time.

During normal operation and Design Basis Events, core cooling is provided by High Voltage
equipment. However, during high stress circumstances, it is too complex to realize connections on this
equipment. Therefore, analysis was performed to realize core cooling with, easier to handle, Low Voltage
equipment. These systems are powered by several GenSets, especially designed and manufactured for this
application.

The outcome of this project are easy to use, ultimate means, that supply electric power to important
safety systems in order to drastically reduce the risk of core damage, during a beyond design basis event.
Additionally, for all ultimate means, procedures and training modules were developed for the operators.

Need for Electrical Power Supply

The purpose of a nuclear power plant is to produce electrical power. Therefore, a nuclear power plant
has many similarities to other electrical generating facilities. However, there is one major difference to this
comparison. Unlike a conventional power plant, a nuclear power plant still produces an important amount
of thermal energy following an emergency stop. This amount of energy is enough to cause severe damage
to the installation with possible result of radioactive release to the environment. Therefore it is essential for
a nuclear power plant, to remove this residual thermal energy by adequate cooling systems. Although it is
possible to use this heat to drive cooling pumps or fans, these systems have their limitations. In the end,
there is always an electrical energy source needed for cooling the reactor core. As ironical as it may seem,
although a nuclear power plant is constructed to produce electricity, supply of electricity to the plant is an
absolute necessity to ensure the safety.

Electrical Design

Before discussing the electrical design of Doel Nuclear Power Plants, it is important to have an idea
of the design basis and its key safety features. Table 1 gives an overview of the nuclear installations at the
site of Doel.
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Type  Thermal First Reactor Building Steam Generator Design
Power Criticality Replacement
{MWth)
Doell |PWR 1312 1974|Double Containment 2009 |Westinghouse
{2loop) (steel and concrete)
Doel 2 PWR 1312 1975|Double Containment 2004|Westinghouse
(2loop) {steel and concrete)
Doel 3 PWR 3064 1382|Double Containment 1933 |Framatome
(3 loop) {concrete with liner
and concrete)
Doeld4 |PWR 3000 1985 |Double Containment 1997|Westinghouse
(3 loop) {concrete with liner
and concrete)

Table 1: Basis Design Nuclear Installations at Doel

At the time, in Belgium, the nuclear regulatory framework was still ‘under development’. Therefore it
was agreed to use the American regulation as a reference and all Belgian Nuclear Units were designed
accordingly. Additionally, in accordance with the Belgian regulation concerning the protection of
population against ionizing radiation and because of the high population density, some specific key safety
features were integrated in the general design:

¢ All Reactor Buildings have a Double Containment separated by an interspace held at slightly lower
than ambient pressure. The purpose is to collect and filter the possible radioactive gases released in
case of an accident and to discharge it at sufficient height, according the topography of the
environment.

e In 1975 the Belgian Authorities decided that the design of the Nuclear Power Plants had to
consider additional external hazards, regardless the American regulation. This demand resulted in a
second level of safety systems, functionally independent and physically separated from the
‘common’ first level of protection systems dedicated to internal hazards. Moreover, the nature of
these hazards required this second level of protection systems to be bunkerized. The purpose of
this second level is protection against external hazards such as airplane crashes, explosion, etc.

e The site of Doel has two possibilities of ultimate cold source. Next to the river there are three
cooling ponds, each containing about 30.000 m? of water.

e Units Doel 3 and Doel 4 have an extra common emergency diesel generator.

The site of Doel is connected with the external grid via multiple connections. The external main
source is assured by five 380kV-lines. All four nuclear units are connected with this 380kV grid via
multiple busbars. A second external power source is provided by a 150kV grid, connected with the units
via a double busbar system. This 150kV supply is assured by two high voltage lines. In case of complete
Loss Of Offsite Power (LOOP), meaning the simultaneous loss of both high voltage supplies, the plant
transfers to island mode, only providing electrical power to its own auxiliaries. When at least one entity
successfully transfers to island mode, it is possible to make the connection with the other power plants, in
this way supplying electrical power to the auxiliaries.

When the unit cannot transfer to island mode a redundant number of safety and emergency diesel
generators will provide electrical power to the nuclear safety related auxiliaries. In case of complete loss of
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external and internal power critical 1&C systems are powered via batteries. Figure 1 shows an overview of
the electrical design of Doel 3 and Doel 4.
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Figure 12: Electrical Design Doel 34 [1]

These multiple safety levels show to what extent the site of Doel was already, by the original design,
protected against the complete loss of electrical power supply. This points out that occurrence of this
scenario is highly unlikely.

Non Conventional Equipment

Despite the abundant safety power systems, described in the previous paragraph, Electrabel agreed, in
the framework of the Belgian Stress Tests, to implement an action plan. The purpose was to bring the
robustness and defence in depth to an even higher level. Installation of Non Conventional Equipment
(NCE), among others, is part of that action plan.

The considered hazards are an extreme seismic event and site flooding. The envelope scenario
retained for defining the Non Conventional Equipment is the “complete station blackout”, meaning:

Loss of both high voltage power supply (380kV and 150kV)
Failure of island mode

Loss of all first level diesel generators

Loss of all second level diesel generators
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This scenario only leaves batteries, turbine pumps, by gravity transferable cooling water and finally,
the Non Conventional Equipment at the site’s disposal.

Extreme Seismic Event

In case the complete station blackout is the result of an extreme seismic event, it is considered that the
NCE will only be used after the occurrence of this event. Therefore the seismic specification prescribes
that these equipments must withstand the earthquake structurally and need to be functional after the
earthquake. In contrast to the first and second level safety equipment, the NCE are not qualified for
operation during the seismic event.

In order to define the seismic specification for the NCE a Seismic Margin Assessment (SMA) was
performed resulting in a acceleration spectrum more severe than the one used for the design criteria of the
nuclear units. The resulting spectrum is shown in Figure 2.
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Figure 13: NCE seismic spectrum
Flooding

During the Belgian Stress Tests following cases were considered to assess flooding coping capability:

o Water (river) surge in combination with severe weather circumstances with a period of occurrence
of one in ten thousand years.
o Dike breach at high water level.

Since the nuclear site is located higher than the surrounding polders, only temporarily flooding is
possible, before the water drains off to the lower located area. Conservative calculations showed no more
than a few tens of centimetres of water level are expected on site.
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Figure 14: Site flooding calculation [1]

Design

The accident at Fukushima Nuclear Power Plant has emphasized the great difficulty to restore
electrical power to vital equipment once the standard equipment and installations are damaged and
unusable [3]. At Doel Nuclear Power Plant, this would not be any different, considering most of the
necessary equipment for core cooling is connected to the 6kV buses and therefore inherently complex to
replace by alternatives in high human stress circumstances.

Even for low voltage equipment, like 1&C, it is nearly out of the question to restore power supply, on

short notice, without adequate components, tools, procedures and thorough training of the operators.
Hence, the Non Conventional Means are expected to meet some predefined constraints to improve the
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robustness and defense in depth of the nuclear units. First, the method needs to be user friendly meaning an
easy, straightforward and safe way of installation. Providing electrical power high voltage installations
(e.g. pumps, fans, etc.) would give large opportunities to manage severe accidents, however the poor
handiness due to heavy weights of cables and connections bring about considerable limitations. Therefore
it was decided to limit the scope to low voltage installations.

At each nuclear unit an electrical low voltage grid and power supply system, as shown in Figure 4 was
installed. The system consists of a ‘plug and play’ system which connects a diesel generator, via a
prefabricated loose cable, to a seismically installed grid. This grid distributes the electricity to
switchboards installed at the entrance of the safety trains, housing the safety related switchboards. These
switchboards normally distribute the electrical power coming from the high voltage grid, via a high to low
voltage transformer, to the low voltage load (I&C, valves, compressor, pumps, etc.). When the Non
Conventional Equipment are used, these safety related switchboards distribute the electrical energy from
the mobile diesel generator to the load. In order to do this, additional switchgears were installed. These non
conventional switchgears do not connect with the inner bus bar of the switchboard, but have a connection
plug on the front panel of the switchgear cabinet. Via loose prefabricated cables, connection is made to the
non conventional grid.

The whole system is designed to make it impossible for the operator to get in contact with conductive
electrical parts. Operator procedures are written for correct and safe line up of the non conventional power
supply and each operator team receives periodically, theoretical and practical training on the Non
Conventional Equipment. This results in well trained operators and makes sure that procedures are tried
out, increasing the quality of implementation. Since no connection is made with the inner bus bar of the
existing safety related switchboards, no false parallel resulting in short circuit is possible during testing of
the equipment.

The above described installation is considered as an ultimate level of protection. Considering the

design of the Belgian Nuclear Power Plants including two independent levels of safety systems, one could
call this Non Conventional Equipment the ‘third level safety system’.
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Figure 15: BEST Electrical Installation

Installed protections on Non Conventional Electrical Equipment

In general, when equipment is constructed, the design is such to protect the equipment in case
parameters are out range. Therefore trip setpoints are set conservative towards the protection of the
equipment itself. In nuclear applications, the first goal is not to protect the safety related equipment but, as
a priority, to protect the environment against radioactive release. In case of a nuclear power plant, this
means protecting the reactor core against overheating after shutdown. Therefore it is essential to exclude
tripping of safety related equipment when there is no real absolute need to. Three cases are considered:

1. Setpoint is chosen too conservative towards protection of the equipment itself.

2. Spurious actuation of the protection.

3. The protection setpoint is drifting (e.g. due to temperature variation) and initiates a trip of a safety
related equipment while all parameters are still in acceptable range.

The first two cases can be overcome by adequate design. First, the setpoints of the protections
initiating the trip of an electrical component are preferred to be chosen more conservative towards
protection of the reactor. Second, preventing an unnecessary trip because of spurious actuation is generally
done by 2/3 and 2/4 logic. Avoiding the third case is done by a combination of adequate design and
periodical testing.

Because of its use in very extreme and highly unlikely circumstances, the Non Conventional

Equipment installation is designed to have a minimal set of protections. The non conventional electrical
grid is not protected against overload (thermal protection), however only contains short circuit (magnetic)
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protection with respect for electrical selectivity. The diesel generator is equipped with a number of
protections such as high cooling water temperature, low oil pressure, low fuel level, overload, etc. yet these
protections are mainly installed to protect the generator set during testing. Each protection can be bypassed
in case of emergency. In this way a generator trip, because of spurious protection signal, can be avoided or
overruled. As mentioned higher, in conventional reactor instrumentation and control systems two out of
three or two out of four logics are used to overcome this issue. This was not included in the design of the
Non Conventional Equipment.

Conclusion

Electrical power is essential for a nuclear power plant. Although highly unlikely, in case of complete
station blackout, it is recommended to have an action plan available to repower safety critical systems.
Therefore Doel Nuclear Power Plant installed a seismic qualified electrical grid, powered by specific
designed mobile diesel generators. This Non Conventional Equipment can be used in extreme beyond
design circumstances, to repower vital electronics, pumps, compressors, etc. In high human stress
circumstances this prefabricated system, along with specific severe accident procedures, can drastically
reduce the outcome of a severe multi unit nuclear accident.
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Electrabel INTRODUCTION
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Electrabel

Electrabel is a limited company whose headquarters
office is located in Brussels, Belgium. It is part of GDF
SUEZ, a world leader in energy and the environment,
which owns 100% of it. The company is active in the
production of electricity and in the selling of
electricity, natural gas and energy services to
retail and business customers.
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Key Figures

Key figures for 2012, Electrabel in Belglum
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Electrabel INTRODUCTION

Tihange 1: 962MWe (1975)
Tihange 2: 1008MWe (1983)

Nuclear Belgium Tihange 3: 1054MWe (1985)
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Electrabel INTRODUCTION
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Basis design
Type Thermal First Reactor Buslding Steam Generator Design
Power  Criticality Replacoment
MWth
Doell |PWR 1312 1974|0ouble Comainmaent 09| Westinghouse
{21icop) (519l and concrete)
Doel2 |PWR 1312 1975|0ouble Containment 2004 Westinghouse
(2 loop) (steel and concrete)
Doel3 |PWR 3064 1582|0cuble Containment 1593| Framatome
{3 1o0p) (concrete with liner
and concrete)
Doela |PWR 3000 1985|Oouble Containment 1997 Westinghouse
{3 lcop) (concrate with limer
and concrate)
“G - - - - - Tractedel Enginearing
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Electrabel DESIGN NUCLEAR UNITS DOEL
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Key safety features

Double containment reactor building

Two independent levels of emergency systems

v First level: internal accidents

v Second level: external hazards (bunkerized)
Two possibilities of ultimate heat sink

v River

v Cooling ponds

Extra common emergency diesel generator (Doel 34)

Electrabel DESIGN NUCLEAR UNITS DOEL

GO o

Electrical Design

e 5 X 400KV lines
e 2 x150kV lines (enough capacity for auxiliaries of 4 plants)
e Doel 1 & Doel 2

v (4 + 1 spare) x first level emergency diesel generators
+ 2 x second level emergency diesel generators

~ Battery backed safety buses for I&C

v 2 xnon nuclear safety related diesel generators

e Doel 3 & Doel 4

+ 3 x first level emergency diesel generators

+ 3 xsecond level emergency diesel aenerators

+ Battery backed safety buses for 1&C

2 x non nudear safety related diesel generators
v 1 x common reserve emergency diesel generator
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Electrical Design

Doel 1 & Doel 2
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Electrical Design
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e Conclusion
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Action Plan

e In the framework of the Belgian Stress Tests,
Electrabel agreed to implement an action plan.

mmpPurchase of mobile generator sets and installation of
an independent electrical grid with easy connection
to safety equipment to mitigate the effects of a
severe accident and/or multi unit event, is part of
that action plan.

https:/ /www.electrabel.com/en/corporate /company-news/topics/resistance-test
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Electrabel NON CONVENTIONAL EQUIPMENT
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Philosophy / Design

Improve Robustness and Defense in Depth
380 V network: user friendly (plug and play, safe, mobile
power supply
No false parallel connections possible
Minimal protections (e.g. no overload, only short-circuit)
8 hours to repower systems
Seismic
Extreme weather circumstances
< Temperature -25° C

+ Wind Velocity max. 49 m/s
v Site flooding of 50cm

Acceleration (g)
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Electrabel NON CONVENTIONAL EQUIPMENT

GO Swror

Flooding

Cooling ponds

Electrabel NON CONVENTIONAL EQUIPMENT

GO Sawror

Powered Systems

» Safety Valves
¥ To isolate SI-accumulators (avoid non-condensable gases in
primary circuit)
» Jeopardizing Natural Circulation and Residual Heat removal

v Actuation of Pressurizer Relief Valves (Avoid High Pressure
Core Ejection)

¥ Open Steam Generator Relief Valves (accelerated primary
cooling)

» Air Compressor
¥ Pneumatic Operated Relief Valves
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Electrabel NON CONVENTIONAL EQUIPMENT
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Powered Systems

» Safety Related Ventilation

¥ Limit/Control ambient temperature

* CVCS-pumps (380V)

v Water inventory in primary circuit

» Rectifiers/Inverters

v Instrumentation and control

Electrabel NON CONVENTIONAL EQUIPMENT
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Powered Systems

» Emergency infrastructure

» Reinforced doors to bunkerized buildings
&= Access to Non Conventional Grid

Command BKR-Gate |

L&
- Connection Power
Supply
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Electrabel NON CONVENTIONAL EQUIPMENT
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Implementation

Electrabel NON CONVENTIONAL EQUIPMENT

GO Swox

BEST Switchgear

Implementation
i

BEST Grid
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Electrabel NON CONVENTIONAL EQUIPMENT

GO Swox

Implementation

| BEST Loose Cables

32

Electrabel NON CONVENTIONAL EQUIPMENT

GO Shror

Design GenSets

* Operable under severe weather conditions
~ Temperature -25° C
v~ Wind Velocity max. 43 m/s
v Site flooding of 50cm
+ Special Cable connections

= Seismic

» Electrical preheating

» Jacket water heater (manual activation in case of Blackout)

» Battle mode (possibilities to overrule protections and software)

e N+1 redundancy and universal use on all entities

« Fuel autonomy of 12 hours + fuel available on site for at least 72h
» Wire and Terminal numbering (one to one)
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Electrabel NON CONVENTIONAL EQUIPMENT

GO Swror

Storage Building

Electrabe_l NON CONVENTIONAL EQUIPMENT

GO Soror

.9.0.0.0.0

248



NEA/CSNI/R(2015)4/ADD1

Electrabel CONTENT

GO o

ntroduction

I
e Design Nuclear Units Doel

A - 2 i o 1Ly -~
Non Conventional cguipment

Conclusion

Electrabel CONCLUSION
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e FElectrical Power Supply is essential for a NPP

e It is recommended to have an Action Plan available and
operable to manage beyond design basis circumstances
» Non Conventional Equipment Doel Nuclear Power Plant
v Extreme Beyond Design hazards
v Seismic qualified
v Bxtreme weather
High Human Stress situations
'Plug and Play’ system
Some specific design requirements
- Specific severe accident/multi unit event procedures
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""Margin assessments for modern power electronics'
Recent Operating Experience Involving Power Electronics Failure in Korean Nuclear Power
Plants
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How to Secure UPS Operation and Supply of Safety Critical Load during Abnormal
Conditions in Upstream Supply
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Modification to Battery Chargers & Inverters Units
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Recent Operating Experience involving Power Electronics Failure in Korea Nuclear Power Plants

Jaedo LEE
KINS, Korea

Abstract

Recently, modern power electronics devices for electrical component were steadily increased in
electrical systems which used for main power control and protection. To upgrade the system reliability we
recommended the redundancy for electrical equipment trip system. The past several years, Korean Nuclear
power plants have changed the electrical control and protection systems (Auto Voltage Regulator, Power
Protection Relay) for main generator and main power protection relay systems. In this paper we deal with
operating experience involving modern solid state power electronics failure in Korean nuclear power
plants. One of the failures we will discuss the degraded phenomenon of power electronics device for
CEDMCS(Control Element Drive Mechanism Control System). As the result of the failure we concerned
about the modification for trip source of main generator excitation systems and others. We present an
interesting issue for modern solid state devices (IGBT, Thyristors).

1. Power Electronics Devices in NPPs

With the growth of power generation capacity, the capacity of each generator unit has amazingly
increased. Also, progress in semiconductor technology has invited use of the thyristor for an excitation
system. In generally, power electronics device mainly was used for power conversion for specific sources.
Uninterruptible Power System (Charger, Inverter), Auto Voltage Regulator (generator), Control Element
Drive Mechanism Control System (CEDMCS) were consisted.

Generator AVR has changed the rotary type into excitation type for development of digital
technology. There have been three or four groups of rectifier system for excitation controller. Each group
rectifier is composed of six-thyristor components.

During plant operations, each control rod group is moved by a Control Element Drive Mechanism.
Four electromagnetic coils are used within each CEDM to move and hold a CEDM in place. The voltage
applied to each coil is controlled by the Control Element Drive Mechanism Control System (CEDMCS).
CEDMCS receives three phase voltage from a motor-generator set. To convert the three phase AC voltage
provided by the motor-generator set to DC voltage needed to control each CEDM coil, the CEDMCS uses
trio of silicon controlled rectifiers (SCRs) that are located within the power switch assembly of CEDMCS.

So power electronics have difficulty about judging a given life time of working condition. Though
some manufactures recommend defining replacement period of electrical components such as electrolyte
capacitors, resistors, relay and so forth, Plant’s staff have checked electrical characteristics during
overhaul. We have taken various actions to prevent transient plant condition and improve the reliability of
operation.

This subject accounts for the fault trip and cause of CEDMCS, AVR which made of the electronics
device lately. We also present corrective actions for long term or short term.

252



NEA/CSNI/R(2015)4/ADD1

2. Recent Power Electronics Failure in Korea NPPs

Title 1: Shin-wolsung Unit 1 Reactor Trip by CEA position deviation due to CEDMCS failure
Event Description

i

. -
. | | - i ' - '}

Figl. SCR and Opto-lIsolator Card Configuration

At 10:53 on August 19 in 2012 during normal operation, #24 Control Element Assembly (CEA) fell
due to failure of A phase Silicon Controlled Rectifier(SCR) which is in actuating coil logic of the CEA
belong to #6 subgroup of shutdown group. The reactor protection signal occurred due to the position
deviation among CEAs, and the reactor was tripped. Upon investigation, the leading-in breaker was opened
by excessive fault current due to short between A and B phases after the failure of A phase SCR in 3 phase
logic powered by a MG set, and the fuse of A/B phase blew. As a result, there was power loss in #24 CEA
actuating coil and the CEA fell.

Title 2: Shin-Kori Unit 1 Reactor Trip by CEA position deviation due to CEDMCS failure
Event Description

At 8:10 on October 2 in 2012 during normal operation, the reactor was tripped automatically due to
reactor protection signal by Control Element Assembly (CEA) falling. Upon investigation, there was
fusing in the Power Switch Assembly (PSA), and actuating power loss occurred due to failure of silicon
controlled rectifier in #7 CEA upper gripper A phase circuit of #3 PSA in the Control Element Drive
Mechanism Control System (CEDMCS). Position deviation among CEAs occurred by #7 CEA falling and
the reactor was tripped due to reactor protection signal (DNBR-low) in the core protection calculator.

Title3: Yonggwang Unit 1 Reactor Trip resulted from Excitor and Generator Trip due to Grounding at
Yonggwang Unit 4
Event Description

On June 3, 2009, a grounding occurred at the phase-‘A’ Gas Insulated Bus (GIB) of Yonggwang Unit
4 (YGN-4) which was resulted from a flashover between the GIB external enclosure and the internal
conductor. The grounding resulted in opening of the power circuit breaker (PCB) and trip of the
turbine/generator (TBN/GEN) and caused the reactor power cutback system (RPCS) to actuate for YGN-4
which could reduce the reactor power only and thus escaping from the reactor trip. However, the
grounding caused YGN Unit 1 to experience a phase difference for the main excitor and to actuate the
phase differential relay which resulted in the exciter and the main generator trip. Subsequently, the reactor
was tripped by the turbine trip. All the safety systems functioned as designed, however, the non-safety
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13.8kV bus was transferred from the Unit Auxiliary Transformer (UAT) to the Startup Unit Transformer
(SUT), not in a ‘fast transfer mode’(within 6 cycles) but in a ‘slow transfer mode’ (30 ~ 60 cycles) due to
the difference of phase angle between the UAT bus and the SUT bus. Upon investigation, as a result of the
YGN-4 grounding, three out of three phase differential relays were found to be actuated for YGN-1
causing the excitor and generator trip while one out of three those relays was actuated for YGN-2 not
causing any transient. The grounding at YGN-4 was found to be due to a bad contact of the ‘tulip contact’
inside the GIB which appeared to be due to incomplete manufacturing or fault construction of the ‘tulip
contact’. There was an indication of flash-over inside the GIB which caused to experience such grounding.
The phase angle difference was due to phase-‘A’ grounding. Also, it was found that one non-safety class
Uninterrupted Power Supply (UPS) showed a momentary power loss during the electrical transient. A
detailed investigation is to be followed. The Main Control Room (MCR) operators followed the
appropriate Emergency Operating Procedures (EOPs) in response to the reactor trip and confirmed safe
reactor shutdown. All the safety functions were not challenged and there was no adverse effect on the plant
safety or radioactive material release to the environment as a result of this event.

3. Consideration of Trip Causes and Corrective Action

Titlel and title2 have similar phenomenon for reactor trip by CEA position deviation due to
CEDMCS failure. The gap between the two events is the fault mechanism due to the continuous time of
fusing current and breaker open operation characteristic. The main causes are over-temperature conditions
for operating devices.

We may be several conditions that could result in an SCR failure due to an over-temperature
condition :

(1) Exceeding maximum repetitive peak or off-state voltage due to notches on the 3 phase MG bus due
to misadjusted phase firing. Overheating would result from slower than normal turn-on of the SCR

(2) Exceeding maximum critical rate of rise of the off-state voltage due to notches on the 3 phase MG
bus due to misadjusted phase firing. Overheating would result from slower than normal turn-on of the SCR

(3) Excessive operating temperature within the CEDMCS cabinet. For example, overheating could occur
if air flow in the cabinet was blocked.

(4) Insufficient gate voltage input to the SCR can cause an over temperature condition and create a short
in a SCR junction, thus causing the SCR failure.

The following corrective actions were implemented the replacement of broken Power Switch Assembly
(PSA), and operational test inspection of total PSAs, and CEA verification test. As for long term corrective
action, the old CEDMCS will get to be replaced by the redundancy system of CEDMCS’s power source.
Recovery blocking voltage of SCRs devices was increased from 800V to 1,200V. That is to minimize the
probability of thermal damage and enhance the reliability of equipment.

Title 3 is the event that YGN-1 reactor trip was due to the grounding occurred at YGN-4 and the
grounding was found to be due to a bad contact of the ‘tulip contact’ inside the GIB which appeared to
have resulted from incomplete manufacturing or fault construction of the tulip contact. YGN-1 also
experienced non-safety UPS failure momentarily during the electrical transient which resulted in a loss of
power for the plant computer. Hence, there were not enough data for the sequence of event (SOE).

For the electrical safety of domestic Nuclear Power Plant (NPP), the following corrective actions were
implemented and planned.

(1) Replaced the failed GIB with a new one

(2) Plan to establish comprehensive and systematic study for the UPS integrity

(3) review the excitor system protection function in relation to one single fault events

- removing the synchronization transformer fault trip signal of excitor controller
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- review thyristor capacity which can be operable possibility for two phase excitor controller on a
phase fault

4. Results and discussion

Some laboratory researched the study that was defined a methodology that allows to establish the
correlation between accelerated ageing tests and the real working conditions of a thyristor[1][2]. As part of
the preventive maintenance, we need to replace these components periodically after a fixed number of
years of operation. However, it has been observed that their electrical parameters are still within the
specifications. Actually the residual lifetime of these devices is not known and perhaps the maintenance
period could be widely lengthened. Their evaluation methods were presented by tests of the lifetime of a
thyristor.

From these events, we can conclude that the improvement of the modern power electronics is as
follow. In the case of typel and type2, we should change CEDMCS into dual power controller and supply
a close loop current method by the feedback control the power converter circuit.

The type 3 case was reviewed in every a point of view of the synchronization transformer fault signal
for DS-DEX exciter controller. Consequently, a phase unbalance detection function of synchronization
transformer faults was removed due to the protection of controller itself. On operating two phase a phase
fault, we verified that thyristor load current can be operable possibility for two phase excitor controller.

Through the improvement of CEDMCS and Excitor, we should have been informed the uncertainties
in the real stress values and the equipment capability.
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NPPsin South Korea
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Power Electronics Devicesin NPPs

> Commnents
v Progressin semiconductor technology have driven use of power
systems.
v Power electronics devices mainly were usedfor power conversion,
power controller. etc.
v" They consist of uninterruptible power system, exciter system and
control element drive mechanism control system, etc.

UPS(Inverter) CEDMCS (Power Srwitching Assembly)

ﬁKOREAINSTITUTEOFNUCLEARSAFETY =g
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Recent Power Electronics Failures in Korean NPPs(I-1)

» Title 1: Shin—wolsung Unit 1 Reactor Trip by CEA position
deviation due to CEDMCS failure
v On August 19, 2012 during normal operation, #24 Control Element
Assembly fell due to failure of phase A Silicon Controlled Rectifier(SCR)
which is in actuating coil logic of the CEA belong to subgroup #6 of
shutdown group. The reactor protection signal occurred due to the position
deviation among CEAs, and the reactor was tripped.

# Title 2 : Shin-Kori Unit 1 Reactor Trip by CEA position deviation
due to CEDMCS failure
v" On October 2, 2012 during normal operation, the reactor was tripped

automatically due to reactor protection signal by Control Element
Assembly falling. Uponinvestigation, thers was fusing in the Power
Switch Assembly (PSA) due to failure of silicon controlled rectifier in #7
CEA upper gripper of phase A circuit of #3 PSA in the Control Element
Drive Mechanism Control System (CEDMCS). Position deviation among
CEAs occurred by #7 CEA falling and the reactor was tripped.

.;’éz KOREA INSTITUTE OF NUCLEAR SAFETY &=

Shin-wolsung Unit 1 Reactor Trip Causes

> Title 1: Shin-wolsung Unit 1 Reactor Trip by CEA position
deviation due to CEDMCS failure

e - v Failurz of phase Asilicon controllzd
2= -
; oi o ! et .E'C:)‘[ ractifier in £24 PSA
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Shin-Kori Unit 1 Reactor Trip Causes

v> Title 2 : Shin-Kori Unit 1 Reactor Trip by CEA position deviation
due to CEDMCS failure

wse ¥" Failura of silicon controlled ractifiar phase
eos = : | i A of CEAupper zripper £7
kb ey Son
| =B Ty o) e v" Excessive fault currant by phases Aand C
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. 6+ - ¥ Reactor tripcavsed by DNBR-Lo
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Recent Power Electronics Failures in Korean NPPs (1I-2)

» Comparison of Shin-wolsung Unit 1 and Shin-Kori Unit 1 Reactor
Trip by CEA position deviation due to CEDMCS failures
v The difference between the two eventsis the fault mechanism due
to the continuous time of fusing current and breaker open operation

characteristic
Shim-Welmng 41 R
\ feessel clomemt maombly 824 UG | (ccasel cdoment snaamily &7 UG
el G [Gee CONTENT Cotm 3CRY SCR)
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" a0
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Recent Power Electronics Failures in Korean NPPs (1I-3)

» CEDMCS Trip Causes
V" There might be several conditions thatresult in an SCR failure dueto an
over-temperature condition:

Exceeding maximum repetitive peak or off-state voltage due to notches
on the 3 phase MG buses with misadjustment of phase phasefiring.
Overheating would be caused by slower phase firing than normal turmn-
on of the SCR

Exceeding maximum critical rate of rise of the off-state voltage due to
notches onthe 3 phase buses with misadjustment of phase phase firing.
Excessive operating temperature within the CEDMCS cabinet. For
example, overheating could occur if air flow in the cabinetwas blocked.
Insufficient gate voltage input to the SCR can cause an over

temperature condition and create a shortin a SCR junction, thus causing
the SCR failure.

ﬁ KOREA INSTITUTE OF NUCLEAR SAFETY ==

Recent Power Electronics Failures in Korean NPPs (1-4)

» CEDMCS Corrective Action

V" The following corrective actions were implemented :

Replacement of broken Power Switch Assembly (PSA). and operational
testinspection of total PSAs. and CEA venfication test.

For long term corrective action, the old CEDMCS will be replaced by
the redundant system of CEDMCS’s power source.

Recovery blocking voltage of SCRs devices was increased from 800V
to 1,200V

ﬁ KOREA INSTITUTE OF NUCLEAR SAFETY =g
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Recent Power Electronics Failures in Korean NPPs (1I-1)
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Recent Power Electronics Failure in Korea NPPs (11I-2)
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Recent Power Electronics Failures in Korean NPPs (11I-3)

» Reactor Trip Causes __":
v Gas Insulation Bus(GIB) flashover ]

occurred at the contact of inner conduct A — ]

v' Grounding occurred at the phase-“A’ Gas e e

Insulated Bus (GIB) of Yonggwang Unit 4 S-j\‘\,,-\ |
v Switchyard voltage drop .- ' (;;; ,‘ <
v’ Three out of three phase differential o E -

relays were found to be actuated for YGN-1 e

causing the exciter and generator trip
v’ Reactor Trip

EéEKORL-\mSTITUTEOFNUClIARSAFEW =2

Recent Power Electronics Failures in Korean NPPs (11-4)

» Corrective Action
v The following corrective actions were implemented :

* Replacement of the failed GIB with a new one

* Plan to establish comprehensive and systematic study for the UPS
integrity

* Review the exciter system protection functions in relation to one single
fault event
-removing the synchronization transformer fault trip signal of exciter

controller
- review thyristor capacity which is operable with only two phases

exciter controller ona phase fault

ﬁKOREAINS‘HTUTEOFNUCLEARSAFEW =1 F=
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Recent Power Electronics Failures in Korean NPPs (11I-5)

7> Review removing the synchronization transformer fault trip signal of
exciter controller

v The case was reviewed from every the point of view of the
synchronization transformer fault signal for DS-DEX exciter controller.

v" The synchronization Tr fault trip consisted of zero cross signalfail
synchronization Tr fusefail and synchronization Tr phase voltage
unbalance.

V" The synchronization Tr fault trip can be substituted with Phase
Unbalance Detection (PHUD) protection signal due to the same fault
signal.

v" Consequently, phase voltage unbalance detector of synchronization
transformer faults can be removed due to the protection of exciter system
controller.

ﬂ KOREA INSTITUTE OF NUCLEAR SAFETY -14-

Recent Power Electronics Failures in Korean NPPs (11-6)

» Review the exciter system protection function in relation to one single

fault event

v" During normal operation, calculation of maximum load cutrent of each
thyristor
* Rectifier quantity of exciter is N+1 which are supplied with the
sufficient margin for normal condition.
* maximum load current of each rectifier = 6,980/2 = 2.990[A]
* maximum load current of each thyristor=2.990/3 = 997[A]
v On a phasefault, we venfied that each thyristor was operable with only
two phases exciter controller.
* maximum load current of each thyrnistor=2.990/2 = 1.495[A]
« thyristor capacity current = 4 275[A] (5STP38Q4200)
* as a result. thyristor capacity current margin is 2.9 times larger than the
one of design

ﬁ KOREA INSTITUTE OF NUCLEAR SAFETY =9
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Results and Discussion

» Asa part of the preventive maintenance, we needto replace these
components periodically after specified of years of operation.

7 Actually the residual life of these devicesis notknown, however the life
margin of power electronics devices could be determined sufficient time.

» Lately. the digital controller designto replace existing equipment should

be considered with repect to the protective insulation coordination with

other components.

#» Throughrecent power electronics failures in Korean NPPs, we askedfor

the enhanced reliability for operating the power controller system.

ﬁKOREAWS‘HTUTEOFNUCLEARSAFEW i |

Thank you for your attention !
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How to Secure UPS Operation And Supply of Safety Critical Load During Abnormal Conditions in
Upstream Supply

Gert Andersen
CTO, Switzerland

Silvan Kissling / Jorg Laaser
R&D Project Manager, Switzerland / Project Manager NPP, Switzerland

Abstract

UPS system design margins are usually given by manufacturer, but the events in Forsmark showed
that these margins are not sufficient to protect UPS equipment and secure supply to critical loads.
To withstand such events, it is not enough just to define margins for particular equipment. The overall
plant design including environmental influences must be taken into consideration.
For extreme environmental conditions, a UPS must include protection which design is matching to the
upstream plant equipment. Immunity against abnormal conditions can not be finally guaranteed by higher
margins. A limitation that excludes such influences must be implemented into the design.
This presentation discusses possibilities to specify design margins, for rectifiers and inverters based on
GUTOR thyristor and IGBT technology. It shows protection features to resist and solutions to limit
overvoltages.

1. Introduction

In order to secure safe and reliable operation of Nuclear Power Plants (NPP), it is important to secure
supply of all critical loads even if abnormal happened in upstream supply, therefore these loads are
supplied by Uninterruptible Power Supply systems (UPS).

UPS system design margins are usually given by the UPS manufacturer, but the events in the
Forsmark NPP showed that these margins are not always sufficient to protect UPS equipment and secure
supply to critical loads. To withstand such abnormal events like lightning and transients, it is not enough
just to define margins for particular equipments. The overall plant design including environmental
influences must be taken into consideration.

This paper discusses possibilities to specify design margins, for rectifiers and inverters based on
Schneider Electric UPS Gutor product line, using thyristor and IGBT technology. It also shows as well
protection features to survive abnormal events by limiting internal possible overvoltage due to external
events.

2. Critical loads

What are critical loads: Critical loads are equipments which if fail, will have an impact on safety;
human as well as property.

In an NPP this will typically be equipments like monitoring and control equipments which are
involved in safety related processes. In order to secure high reliability; redundant solution are installed.
The level of redundancy may differ depending on criticality of the actual process. Triple redundant
solutions are oft implemented in NPP’s, such installations will also include three independent UPS systems
including downstream distributions. Even if the MTBF for triple redundant installations are extremely
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high, based on possibility of internal failure and failure in supply within specified tolerances, it is still
important to consider. What can happen if supply transients or other environmental issues, like e.g. lighting
or beyond specified tolerances, would appear? Can such evidence have an impact on all systems, like a
common cause failure?

3. Typical power supply concept

The following picture shows a
typical rough electrical scheme for §
_supply of crltlpal loads as it is /&y
implemented in  most nuclear Tl
power plants.

O

o

- 00 |

b j

Figure 1: Typical power supply concept of a NPP*

The main components are:

o Grid: The plant is usually connected to the grid by means of overhead lines.

e HV: High voltage wiring and switchgear located inside the plant area.

e MV: Medium voltage wiring and switchgear located partially inside of a building.

o LV: Low voltage wiring and switchgear located inside of a building.

° Rectifier: The rectifier / battery charger is supplied from the LV line. It supplies

critical DC-loads and charges the battery, which are both connected to the DC-bus.

o Battery: Energy source for autonomy supply of DC-bus and inverters

o DC: Battery buffered DC-bus supplying critical DC-loads.

. Inverter: The inverter is supplied from the battery buffered DC-bus. It supplies
critical AC-loads which are connected to the AC-bus.

o AC: Low voltage AC wiring and switchgear supplying critical AC-loads.

° Critical loads: AC or DC powered critical loads which can partially be located

outside the building.
4. Abnormal conditions in the upstream supply

Several abnormal conditions in the upstream supply, which can influence the critical DC- and AC-
loads, are imaginable. The ones addressed by this paper are described and illustrated here after.

4.1 Lightning

Lightning has to be considered as one of the most extreme environmental influences to the plant’s
supply system. It is caused by atmospheric phenomena which are not controllable by humans. Therefore
the only way to address the risk of a lightning and to reduce its impact on the supply system is to protect
the plant and the critical equipment. There is no way to prevent the event from happening.

! Source: GUTOR Electronic LLC
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The possible voltage and current magnitude of a lightning stroke depends on lot of environmental and
geographical factors and can hardly be defined. However, IEC 62305 defines theoretical lightning stroke
levels and waveforms that need to be considered when designing a protection scheme.

The worst case pulse is defined with these parameters: A . T
e Risetime T1 = 10ups
e Time to half value T2 = 350 ps
e Peakcurrent | = 200KkA

(According IEC 62305-1:2010, Table 3)

#
I“-.

-

Figure 2: Lightning pulse according to IEC
62305-1°

In the NPP context, a lightning stroke
most probably occurs in the HV and
MV equipment located outside the
plant buildings. But also all other
electrical equipment located outside
the buildings (incl. critical loads) can
potentially be affected. Figure 3 E

shows some potential lightning

4
strokes. Z [5 &] [5 ;‘
I j

Figure 3: Potential lightning strokes affecting an NPP?

The effect of the stroke to the NPP will be different for all the stroke locations indicated on above
picture and can hardly be described. Generally it can be stated that if no suitable protection is foreseen in
the design of the plant, the effects of a lightning stroke can range from degradation of electrical equipment
(no immediate effect but reduction of lifetime) up to catastrophic failure of critical control equipment.

It is therefore essential to consider lightning protection in the electrical design of a NPP. A selection
of possible protection measures are:

Overhead lines with grounded top lines

Coverage of electrical equipment with building structures

Surge arrestor devices located on HV, MV and LV supply lines and distributions

Surge arrestor devices located directly inside sensitive electrical equipment

System robustness to withstand higher surge pulses
None of these protection mechanisms can provide a complete protection by itself. Only a well
designed combination of the above can effectively help to protect the critical electrical equipment. IEC
62305 provides guidance for such a protection design.

2 Source: IEC 62305-1: 2010, Figure A.1
3, Source: GUTOR Electronic LLC
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Voltage transient

This topic occurred in Forsmark NPP in 2006.
As mentioned in the IRS report 7788, a low
frequency transient caused a disconnection of
the offsite power to the safety related bus bars.
There are various reasons that can cause a
transient, e.g. static discharge, switching,
lightning or power trip out. The UPS can be
affected by a transient on the AC-input on the
rectifier.

=l Nﬂ\}{k
glll

j

Figure 4: Potential transient affecting a UPS*

4.2.1 Definition of transient

“Define the transient!” This statement is the key in this topic. The definition of a transient is technical
difficult and the possibility to do so differ from NPP to NPP. Important are the following data:

How fast increases the voltage? How high is the voltage increase?
vl ™\ : I
— —nd
Ter Ter
Figure 5: Transient increase speed” Figure 6: Transient voltage increase®
Duration of overvoltage? Voltage increase only?
um ™\ um J/\
T o
- - - - . .y . 8
Figure 7: Transient duration’ Figure 8: Positive transient

*. Source: GUTOR Electronic LLC
®. Source: GUTOR Electronic LLC
®. Source: GUTOR Electronic LLC
", Source: GUTOR Electronic LLC
. Source: GUTOR Electronic LLC
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Voltage decrease before voltage increase?

um

v

Figure 9: Dual transient’

-
S|

Tl

5. Critical UPS components

An important duty of the UPS supplying the critical DC and AC loads is to protect them from the
effects of the possible upstream anomalies described in the former chapters (lightning and transient
overvoltage). Therefore, the UPS has to be designed in a way that it can withstand such anomalies without
affecting the load.

5.1 Technology
One of the key components in this context is the power semiconductors used in the rectifier section.
Two main device type technologies are used in modern designs: Thyristors or IGBT’s.

An analysis of the two technologies in the context of the two upstream anomalies described in the
former chapters reveals their advantages and disadvantages:

Thyristor IGBT

Description Thyristors are bipolar | IGBT (insulated-gate bipolar transistor) are
semiconductor devices for | bipolar  semiconductor  devices  for
switching applications. They are | switching applications. They can be used
mainly intended for AC 50/60 Hz | for DC, AC 50/60 Hz as well as higher
applications. frequency switching applications.
The device has three terminals: The device has three terminals:
Anode, Cathode and Gate. Collector Emitter and Gate.

Control Thyristors can be activated through | IGBTs can be controlled through a voltage
a trigger current introduced to the | applied to the Gate terminal.
Gate. It then remains conducting as | It can be activated (Switch ON) by
long as a positive current flows | applying the control signal and can be
from Anode to Cathode. deactivated (Switch OFF) by removing the
Switching OFF is only possible by | control signal.
commutation (current needs to pass
zero-crossing) and not through the
Gate signal.

Symbol A c

G EJ
C E

Figure 10: Thyristor Symbol* Figure 11: IGBT symbol*

°. Source: GUTOR Electronic LLC
10 Source: GUTOR Electronic LLC
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Key features 50/60 Hz application High efficiency
Long operation experience Fast switching
Robust Simple gate-drive

Low-saturation-voltage

Advantage  in | Less sensitive to surge voltage
case of lightning | transients

anomaly
Advantage  in Can be switched OFF to limit the energy
case of transient flow into the UPS system

overvoltage

Both devices have opposite advantages and disadvantages regarding the two analyzed phenomena.
These anomalies can therefore not be addressed by simply switching to the other device type. Additional
measures are required.

5.2 Design

According to IEC62040 a UPS must withstand several voltage variations like burst, surge, static
discharge and voltage dips. With standard IEC61000-4-34 voltage dips are described more in detail.
However, a transient as happened during the power trip out in NPP Forsmark (IRS report 7788) is not
captured by this standard.

A UPS shall operate within the nominal voltage variations allowed by the upstream network, the
rectifier shall supply power to DC-bus and keep the battery charged. Input voltage tolerances must be
defined in consideration with upstream networks.

Since, in most cases it is not possible for NPP’s to define a transient, it is necessary that a UPS
manufacturer knows the functional limits of their UPS:

What is the highest input voltage for permanent operation?

At what permanent AC-input voltage the regulation of DC-output voltage will fail?
What is the speed of AC-input voltage detection, in value: V/msec?

What is the speed of DC-output voltage detection, in value: VV/msec?

What is the speed of DC-output voltage regulation, in value: V/msec?

With these data it is possible to define the transient, which the UPS can withstand without impacting
the performance to secure the output of a UPS.

Practical tests of these figures are difficult for UPS manufacturer. The testing of various voltage
variations in V/msec on full-scale models are often close to destructive levels. Those tests are very difficult
to realize, are expensive and can often not be used as type tests.

By experience, NPP requirements for UPS systems are following two different philosophies:

1 Source: GUTOR Electronic LLC
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5.2.1.1 Wide-Range Input

The rectifier must supply the DC-bus and secure charging of the battery even under extreme input voltage
variations.

Voltage decrease is non-critical as finally a back-up is given by the battery.

Voltage increase is critical, as protective function often fails on rectifier technology. The regulation speed
of the rectifier must be fast enough to react to the voltage variation. E.g. the thyristor type technology has
the main disadvantage that it is complex to switch off the thyristor before next zero-crossing. It requires
additional components which may have an impact on overall reliability.

During the ON-time of the thyristor any AC-input voltage variation has a direct impact to the DC-output.
This fact sets the reaction time of a protection function, it must be faster than 10ms.

AC-input voltage DC-output voltage with fast- DC-output voltage with slow-
regulating Rectifier regulating Rectifier
Voltage
um um um ¢overshoot

Tﬂ B — /N

_ _ TBattery Back-up
T e e

Figure 12: Wide-Range input*? Figure 13: DC-output regulated™ | Figure 14: DC-output unregulated**

5.2.1.2 Narrow-Range Input

By definition, the rectifier will safely switch off during short AC-input voltage variations and the battery
is supplying the DC-bus and inverter. The rectifier restarts when the AC-input voltage is back in
tolerance.

The narrow-range input decreases the operational requirement. E.g., during the voltage transient of
Forsmark NPP 2006, AC-input voltage was dropping first to 20% of nominal voltage before it increased
to 120% of nominal voltage. If the voltage decrease is captured by the rectifier regulation, a narrow-range
input has the advantage of a rectifier safe-shutdown. Subsequently, the DC-bus and inverter are supplied
by battery until AC-input voltage is back in tolerance.

AC-input voltage DC-output voltage rectifier

Rectifier
Safe-shutdown

Battery Back-up

>

um um

-

Tls TIs

Figure 15: Narrow-Range input® Figure 16: DC-output back-up®

12 Source: GUTOR Electronic LLC
3 Source: GUTOR Electronic LLC
1 Source: GUTOR Electronic LLC
15, Source: GUTOR Electronic LLC
16, Source: GUTOR Electronic LLC
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5.2.1.3 DC Voltage protection

Apart of the AC-input voltage specifications, the DC-output voltage can be kept within tolerance by
protective elements. This can be done by a Voltage Limiter. It is necessary to design the limitation
function of the VVoltage Limiter according to the required DC-voltage tolerance.

AC-input voltage

UM

T/\

Tis)

Figure 17: Dual transient’

6. Solution

6.1 Lightning

DC-output voltage with
Voltage Limiter
Voltage

um -/ Limitation

— ~—

¢Battery Back-up
Tl

Figure 18: DC-output with VLU (Voltage Limitation Unit)*®

In order to properly protect the critical load, and the UPS itself, from the effects of lightning a
thorough lightning protection concept based on IEC 62305 is required.

Such a concept includes an initial analysis of the plant:

Analysis of the NPP as a whole

Detection of potential stroke points

Definition of protection zones

Identification of all conductors crossing the zone borders

Based on the initial analysis, the required protection equipment can be defined on plant level. This

includes:

Overhead lines with grounded top lines

Surge arrestor devices located on HV and MV supply

Class 1 surge arrestor devices located in LV supply incoming

Class 2 surge arrestor devices located in LV distribution

Class 3 surge arrestor devices located in critical equipment

Surge arrestor devices located on each conductor crossing a zone boarder.

Special care must be taken to reach a proper selectivity between the different surge arrestor devices
installed throughout the plant. Otherwise the protection function in case of a lightning stroke is not

guaranteed.

Based on the lightning protection concept and the selected surge arrestor devices, the specific

requirements for the UPS can be defined.

7 Source: GUTOR Electronic LLC
18 Source: GUTOR Electronic LLC
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6.1.1 Recommendation to NPP operators

Surge arrestor devices which are integrated into UPS systems by the UPS manufacturer can only be
effective if they are selective to the other protection equipment of the plant. As this protection equipment is
usually not in the design and delivery scope of the UPS manufacturer, he must rely on specifications
provided by the customer.

Schneider Electric therefore recommends to the customers to

Work out a thorough lightning protection concept covering the whole plant

Select matching surge arrestor devices for the whole plant

Define detailed requirements for the protection of the UPS systems

Exactly define the type of surge arrestor to be installed in the UPS systems

Provide detailed information about the protection equipment installed at the upstream side

6.2 Voltage transient
There will be always a voltage transient with:

e Higher voltage than designed
e \oltage increase faster than rectifier regulation
The power supply on the DC-bus must be secured. Even if the rectifier does fail fatally, due to an AC-
input voltage far beyond specified tolerances including transients, the inverter must still continue to supply
the critical load as long as energy is available from battery and or external DC-bus.

To cover the lack of simulation tests a protection function must be implemented into the Rectifier.
The protection must secure that the DC-voltage never exceeds the defined level.

One solution can be to increase the speed of the rectifier regulation. But with thyristors type
technology, this speed increase is limited.

Another solution is to implement protective elements into the rectifier. This protection must secure
that the DC-voltage never exceeds a defined level. This protection can be realized with a voltage limiter,
which is also known as Voltage Limitation Unit (VLU).

6.2.1 GUTOR Voltage Limitation Unit

A fast transient on the AC-input cannot be protected by
the rectifier, since the thyristors can not be switched off
until the next zero-crossing. During this time, the
transient can directly affect the DC-voltage and could
lead to a shutdown of the inverter.

The VLU guarantees that the DC-output voltage stays in
an allowable range. Furthermore, in case of a permanently
high DC-voltage, the VLU includes an additional
protection function. The rectifier thyristors will be
permanently blocked and the rectifier will be switched

off. ) d] d]

Figure 19: VLU"

U

e ”ﬁﬁ Il eﬁw

% Source: GUTOR Electronic LLC
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7. Conclusion

Overall reliability cannot be secured, just by focusing on individual systems in a complex power
supply and control systems as used in NPP’s. It is important to take the big picture and in this way to
secure that each sub-system is coordinated with each other. Only in this way; the highest level of overall
reliability can be secured. In this way even abnormal events beyond standardized levels, which are
specified by applicable standards, will not necessary lead to a loss of the critical load.

The level of redundancy will depend on the architecture of critical loads. Therefore, the best solution
will be to have total independency between the redundant systems from the HV line down to, and also
including, the critical loads.
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How to Secure UPS Operation And Supply of
Safety Critical Load During Abnormal
Conditions in Upstream Supply

Schyieier

Introduction

e Secure supply of critical loads is essential for safe and reliable
operation of Nuclear Power Plants (NPP)

e Uninterruptible Power Supply Systems (UPS) are used
e UPS system design margins given by manufacturer

e This paper discusses

e Design margins for rectifiers and inverters usingthyristorand IGBT
technology

e Protection features to survey abnormal evens by limiting internal
overvoltage due to external events

Gume Secrork LLC - Shavpy Saaieeas - ol 200
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Typical NPP power supply concept

onr
eCritical loads ¢ L |
e Monitoringand | 1] Buling |
control equipmenti 3 Wy ' I
|
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e Failure has impacts on safety i "”“"El?‘“’"f |
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Lightning as an abnormal condition
Panr

e |[EC 62305

e Potential effects
e From degradation ;_
e Up to catastrophicfailure
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e Protection measures
e Groundedtop lines
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e Coverage by buildings
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e Surge arrestor devices
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e Systemhardening = o __ _ _ __ _

Gome Qecronk LLC - Sraegy Raaloaas - opell 2
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Voltage Transients as an abnormal
condition

Low frequency transients Transient characteristics

Vitin
& Uw

A
- Fa
=

“Define the transient!”

Gome Qecronk LLC - Sraegy Raaleaas - opell 22

Critical UPS components

UPS has to withstand anomalies without affecting the load

e Rectifier technology
* |GBT
e Thyristor

e Design ,
o IEC 62040 - DC \oltage Protection

e Input voltage
tolerances

Gume Secronke LLC - Srvgy Saaioaas - Soell 2042
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Solution for lightning event

e General recommendation
e Create lightning protection concept (IEC 62305)
e Define selective protection equipment on plantievel

e Protection devices integrated in UPS
e To guarantee selectivity, customerhasto...
eDefine detailed requirements
eDefine exact type of surge arrestor
eProvide detailedinformation aboutthe installed protection equipment

Gume Secronks LLC - Shvgy Saiveas - opell 2002

Solution for voltage transient event

e DC-bus must be secured

e Protection function required in rectifier
e Increase requlation speed (limited with thyristortechnology)
e Implement protective elements

e Gutor Voltage Limitation Unit (VLU)
« Limits DC-outputvoltage
e Protects rectifier
e Analog solution, no firmware

Gume Secronks LLC - Shvgy Saaiveas - opell 2002
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Conclusion

e Abnormal events beyond standardized levels shall not lead to a loss of
critical load

e Secure highest level of overall reliability
e Not just by focusing on individual systems
e Importantto take the big picture
e Coordination between sub-systems

e Total independency between redundant systems
(fromthe HV line down to the critical loads)

Sowurce of sl goures h gesaniaton GUTOR Secyonic LC
Gume Secronks LLC - Shvgy Saiveas - opell 2002 &
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Modifications to Battery chargers & inverters Units

Florent Raison
AEG Power Solutions, Germany

Seismic constraints: a new era

Over-exceeding the seismic specifications of the nuclear industry has always been the top priority of
AEG Power Solutions. Since the Forsmark event, and especially since the Fukushima Daichi accident,
utilities have reviewed their specifications.

As a consequence, safety related battery chargers and inverters have to withstand higher acceleration
levels.

Simulation, design and test procedures are key drivers of the battery charger and inverter industry.

1. Simulation

Forces analysis through simulation is the first step of the product design process. The CAD drawings
of our equipment, including the mechanical frame of the cabinet and the internal components, are used for
the simulation of vibration.

In the frame of 10 Hz, most new specifications show higher values, with higher constraints on our
equipment. Our nuclear product range has been adapted to these new requirements.

2. Design & Test

PCBs (Printed Circuit Boards), as key components in charge of the regulation and monitoring of the
load, are first separately tested during the design phase, as a specific component. They are subjected to the
following tests:

Critical load analysis
Thermal imaging
Climatic test
Vibration & shock test

Then the complete equipment will follow a complete test program, including:

Type test
EMC test
Seismic test
Aging test
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Technology: a true driver for robustness and reliability

Technology is key in achieving goals in terms of robustness and reliability of battery chargers and
inverters. AEG Power Solutions renewed its entire range of products in 2011-2013 and made relevant
choices.

1. Software free — 100% analogue technology
By updating its complete range of nuclear products, AEG Power Solutions is now offering a new

range of solutions to the nuclear industry which minimize the risk of component obsolescence, in case of
product replacement on existing nuclear power plants, or of new construction.

BEFORE NOW

In order to increase the product reliability and to facilitate the qualification programs of the products,
the decision was made to offer 100% analogue technology (Software free)

1. Split of regulation & monitoring functions

The different regulation & monitoring functions are separately split per PCB. This provides a few
technical advantages related to robustness and reliability:

e [ower sensitivity to vibration
e Low EMC disturbance
e Low MTTR (Mean Time To Repair)

On the top of this technical choice, AEG is offering:
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1. a1+1 redundancy for two key functions:
e  Power supply of the PCB
e DC overvoltage protection (Forsmark)

2. An intelligent power supply:
Thanks to an automatic switch off of the non-operating functions, in case of a transfer from the
grid to the batteries, AEG Power Solutions equipment will limit the internal power consumption
of the PCBs, for the benefit of the overall battery autonomy.

3. An independent auxiliary supply between regulation and control

B

One single regulation & monitoring solutions for all types of products (rating, voltage), involving
a simplified spare parts management, and facilitating qualification operations.
Diagnostic tools: A real mean to improve equipment reliability

The general concept of the diagnostic tools is to perform regular maintenance in an easier and more
efficient way, preventing any modification of the already qualified equipment on site.

AEG Power Solutions diagnostic tools and equipment (battery chargers or inverters) are connected
through two single connectors only.

Safe and efficient, the AEG Power Solutions diagnostic tools are calibrated internally (AEG qualified
for calibration), so that AEG is performing a permanent control of the whole product chain.
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MODIFICATIONS TO: A ERY

CSNI =~ INTERNATIONAL WORKSHOP

Florent RAISON — Business Development Director

A-

SEISMIC
CONSTRAINTS
& SOLUTIONS

4
AEG
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WHAT WE NEED TO AVOID IN CASE OF AN EARTHQUAKE ?

Insufficient connections ?

Halfen rail too weak?

-> Stability calculation is key !

Please note that these are not
AEG cabinets !

AEG

SEISMIC SPECTRUM

ONE EXAMPLE OF RECENT NEW SEISMIC REQUIREMENTS:
55G - 10HZ 6G - 10HZ

Low te tuterae Nty wtcw

FORSMARK & FUKUSHIMA: 2 EVENTS —2 TRENDS

+ Less qualification per calculation or analogy, more qualification per test
(shakertable)

* Increase of seismic level specification (up to 6G)

AEG
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Stability calculation

CAD drawing CAD drawing Forces
without cover analysis within AEG
plates the cabinet T —

Stability calculation — One example: main mechanical frame

First calculation results. 2nd calculation resuits.
* Problem: (Sress> 250 * Problem solving (Stress 208

N/mm?* /| max 208 N/imm?) N/mm?, Max: 208 N/mm?)

Mechanical frame redesign

AEG
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B-
EMERGENCY
GENSET
CONNECTION

NEW TREND: "ULTIMATE ~SOCKET

B more utility specifications refer to the implementation of an
ultimate socket :

Connection to an external diesel generator
« Used in extreme situation

-> possibility to manually connect an ™ ultimate ™ source of
energy

AEG
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=

DESIGN & TEST/
STRESSED AMBIANT
CONDITIONS

PCB QUALIFICATION

@ PCB design analysis
* Thermal Imaging
* Critical Load Analysis

I Climatic Test

* Cold Test . ===/

+ Heat Test Cracy Losd Anslyss

* Cyclic Heat Test (in operation)

= Profil 25C* £ 3K /60C® £ 3K (1000h,)

= Input mains: Umin: 323Vac / Umax.. 418Vac

Test chamber of & cyohe température Test for PCB's

AEG
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PCB QUALIFICATION

J Vibration Test

(Laboratory Phonix TEETLAB)
- Up to 60ms/s*Testin Operation

 Shock test

(Laboratory Phdnix TESTLAS)

- Up to 300m/s*

PCB’s in shock Test

AEG

Complete System Qualification

. Type Test
* [EC 60 146-1-1
@ EMC - Qualified
* [EC 61000-6-2
* [EC 61000-6-4

il Seismic Qualified

* 4G-6G proven, evenin criticalrange
(10Hz)

@ Aging test

Repsatea operations

Mechanical Vibrations

Fast temperature Variztions (20 C*
up %0 60C")

voitags varistion (Umin. 323vac to Umax
418Vac in S hours)

Dry Heat

Dampad Heat 12504 Battery charger ot & tiaxy’ seisen Test

AEG
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D-
SOFTWARE FREE
SOLUTIONS

Technology : 100% analog (Software free)

Simplified product update

AEG
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Technology : Split of Regulation & Monitoring functions

Low MTTR

Low sensibility to vibration

Intelligent Power supply:
Increase of pattery autonomy

Redundancy of key functions:
Power supply
DC overvoitage {Forsmark)

Low EMC disturbance

AEG

Components update

BEFORE NOW

Reduced mass of components
(reduction of seismic stress)

AEG
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E-

EFFICIENT
MAINTENANCE
TOOL

DIAGNOSTIC TOOL - Dedicated types

Charger Inverter Converter

Verify the Monfloring of_ Veriy the Power Bupply tnverisrand

1 Mains ovenotiage 88

2 Msins undervolage 1 Mode

$ Notuses 2 DC input inverier

4 OC ovenoiiage 2 2 AC Outpud averier -PCEA10.

€ OC undervolisge AlE

8 OC undervoiizge snd cursxt > 88¢ 4 AC Oulput Load - PCE A10.A35

7 OC rippls & AC input Muins - PCE A10-A38

£ OCovemurmat Verty the transfor inverier/ §E3 Varky the Saramaisr and

®  inferas ma¥unoBion mondoring vaiues

Verty the Charsolerisio curve of Fiox oo

oharge, Eoost oharge ;C:vr? :‘;;:;;‘::: _g‘:’
Eo0si oharge

AEG
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DIAGNOSTIC TOOL - Important for the reliability

General concept: the diagnostic tools provide safe
equipment check (the regular maintenance is operated
without modification of the qualified equipment)

- AEG Concept: the connection of the diagnostic tool to the
equipment is limited to one connector

- Diagnostic tools are calibrated annually
(AEG qualified for calibration)

Thank you for your aten 0
AEG
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SESSION SEVEN
""Digital components in power systems''
Digital Components in Swedish NPP Power Systems
Mattias Karlsson, Tage Eriksson (SSM, Sweden)
Operating Experience of Digital, Software-based Components Used in 1&C and Electrical
Systems in German NPPS
Stefanie Blum, André Lochthofen, Claudia Quester, Robert Arians (GRS, Germany)

ONR Perspective on the Justification of ""Smart' Devices
Steve Frost (ONR, UK)

Mass Alarms in Main Control Room Caused Condensate on the Instrumentation and Control

Cards in Turbine Building
Cheol-Soo Goo (KINS, Korea)

293



NEA/CSNI/R(2015)4/ADD1

Digital Components in Swedish NPP Power Systems

Mattias Karlsson
Swedish Radiation Safety Authority, Sweden

Tage Eriksson
Swedish Radiation Safety Authority, Sweden

Abstract

Swedish nuclear power plants have over the last 20 years of operation modernised or exchanged
several systems and components of the electrical power system. Within these works, new components
based on digital technology have been employed in order to realize functionality that was previously
achieved by using electro-mechanical or analogue technology. Components and systems such as relay
protection, rectifiers, inverters, variable speed drives and diesel-generator sets are today equipped with
digital components. Several of the systems and components fulfil functions with a safety-role in the NPP.
Recently, however, a number of incidents have occurred which highlight deficiencies in the design or HMI
of the equipment, which warrants questions whether there are generic problems with some applications of
digital components that needs to be addressed.

The use of digital components has presented cost effective solutions, or even the only available
solution on the market enabling a modernisation. The vast majority of systems using digital components
have been operating without problems and often contribute to improved safety but the challenge of non-
detectable, or non-identifiable, failure modes remain.

In this paper, the extent to which digital components are used in Swedish NPP power systems will be
presented including a description of typical applications. Based on data from maintenance records and fault
reports, as well as interviews with designers and maintenance personnel, the main areas where problems
have been encountered and where possible risks have been identified will be described. The paper intends
to investigate any “tell-tales” that could give signals of unwanted behaviour. Furthermore, particular
benefits experienced by using digital components will be highlighted. The paper will also discuss the
safety relevance of these findings and suggest measures to improve safety in the application of digital
components in power systems.

1. Introduction and summary

The current Swedish commercial nuclear fleet consists of ten nuclear power reactors at three sites, and
two reactors at one site has been closed following a political decision. These were built in the period 1972
to 1985 and in their original design contained electrical and I1&C components of limited complexity with
analogue components for earlier designs and solid state components in later designs.
Recent events in NPPs have raised concerns regarding the adequacy of the design of the electrical systems.
In light of technological evolution, there is a concern that the introduction of digital components may be a
contributing factor to the increasing fault frequency. The Swedish Radiation Safety Authority has in
discussions with the safety departments of the Licensees established an overview of the relative penetration
of digital 1&C to ascertain where deficiencies or strengths have been identified. In order to define the
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context, the focus has been on the introduction of autonomous programmable electronic devices (PECs)' in
safety classified electrical systems.

The conclusion is that the introduction of the PECs themselves has not been identified as a major
reason for recent events and that components have responded to events as designed. However, the basis for
design and the functional behaviour of systems, structures and components (SSCs) has been inadequately
defined and understood and there have been shortcomings in the validation of functional behaviour.

An increased focus should be on establishing a well defined design basis in order to ascertain the
behavior of the electrical system so that robustness and protection requirements can be defined to minimise
any uncertainty in component behavior. In order to minimise the design basis required, a simplicity of
system design is desirable, and introduction of PECs therefore requires a more detailed assessment of the
design basis.

2. Background and current situation

There has been a gradual introduction of PECs in the Swedish plants. This is most prevalent in the
older plants that have undergone modernisation programs to adapt to new safety requirements, in particular
to cope with the increased requirements on separation and diversity of systems as compared to original
design.

Oskarshamn 1 and 2 were originally designed with two emergency diesel generator (EDG) backed
electrical divisions. Oskarshamn 1 has been modernised to a four train system and Oskarshamn 2 is
currently undergoing a similar modernisation. Ringhals 1 was a four train electrical system in original
design but had a limited physical separation, in particular regarding cable routing. This was resolved under
a modernisation program initiated in the late 1990s and two additional electrical divisions® were
introduced, giving the plant effectively a four plus two train system electrically.

Forsmark 1 and 2 have an original four train electrical system with a two plus two separation /
segregation concept and measures have been taken to enhance the separation by increasing the physical
separation, by providing separate fire compartments, rather than relying on distance separation. Some
equipment replacement have been carried out due to ageing or equipment failures, however no large scale
replacements have been carried out.

Oskarshamn 3 and Forsmark 3 are the newest plants, built in the mid 80s, with four train electrical
systems having a strong physical separation in the original design and no major modernisations have been
necessary in the safety systems. Oskarshamn 3 have implemented a power uprate, which is currently being
planned for Forsmark 3 as well.

Ringhals 2-4 are Westinghouse built PWR units, contrary to the other plants being Asea built BWRs,
and have an original four train electrical configuration. Ringhals 2 have modernised the Reactor Protection
System.

During modernisations, digital based components have been used subjected to appropriate
qualification governed by technical guidelines, and to a lesser extent during component replacements when

! In this paper, digital components generally mean programmable electronic components, or embedded devices, more
specifically microprocessor based devices with an instruction set an application code. Fixed logic components, for
example based to transistors or even relays, although being digital and sometimes complex, are excluded.

2 Referred to as a diversified plant section (DPS). This is not to be confused with the concept of diversified protection
system, which in fact is also implemented, but out of scope for this paper.
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no suitable component type of original design (generally analogue) has been found. Figure 1 provides a
rough estimate of the relative penetration of digital 1&C components in safety classified electrical systems.
It is apparent, and expected, that plants that have undergone modernisations have to a larger extent
introduced digital 1&C. Modernisation projects, having larger resources available, have an enhanced
capability to undergo the extensive qualifications required introducing new components and it is
recognised that the increased unavailability of original components over time leads to difficulties of the
long term management of the plant. Plants that have not yet undergone major modifications are
anticipating a similar development, but have meanwhile established agreements with vendors to sustain the
existing design for the near time future.

Being at the midst of a technological changeover, is there then a need for a strengthened guidance in
the approach to modernisations based on digital 1&C in particular? This question will be further elaborated
in subsequent chapters.

Ay Loads | motors, VIO

] . ; T .

i
¥

£ 1= minghal )
]

enighaly 4

Analogue
Parametrisable digital Configurable digital
Updateable digital Programmable digital

Analogue. Non-microprocessor based technology.

Parametrisable. Fixed program code with possibility to change specific parameters; changing the threshold values or
constants in a calculation algorithm.

Configurable. Fixed program code with possibility to change the functionality of the device to change the functional
behaviour of the device; possibility to change the application code executed.

Updateable. Re-programmable, generally by vendor updates.

Programmable. Re-programmable by end user.

Where two columns are used, it indicates a degree of diversification is implemented.

Figure 1. Apparent® penetration of PECs in electrical systems.

2.1 Diversification®

Diversification has not been addressed specifically for PECs’ in either of the Swedish plants, i.e. no
general strategy has been adopted to use diverse equipment between trains, nor between levels of defence

% This high-level overview represents a summary done by the Swedish Radiation Authority based on information by
the Licensees. It should not be interpreted as a definite statement but serves to illustrate the general view of the
penetration of digital 1&C rather than a systematic and definite review.

*_ This paper only refers to electrical diversification and does not consider functional diversification.

® The paper does not address the 1&C platforms used for other than the electrical system, such as the reactor
protection system.
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in depth. Diversification has however been implemented as a viable design solution, notably in Ringhals 1
with two independent diversified electrical trains in addition to the original four electrical trains and in
Oskarshamn 1 and 2 the emergency diesel generators are diversified on a two plus two basis.

3. Experiences and relation to digital I&C

A general view of digital 1&C is to avoid it, or limit the functionality in order to decrease complexity,
in order to avoid the arduous qualification requirements associated with this equipment. While this is a
reasonable position, at the same time it indicates that the current awareness and standards governing the
processes are well defined. Particular drawbacks regarding digital 1&C generally mentioned are sensitivity,
complexity and non-transparency, but no particular events solely attributable to the components
programmability have been identified, hence a review of the recent safety-significant events and their
relation to digital 1&C was made.

A number of recent particular electrical events of safety significance in the Swedish NPPs are listed in
Table 1.

Table 1. Recent events at Swedish NPPs.

Event Ref. Issue Root cause(s)

Ringhals 2, | IRS-7459 | Incorrect software function Validation of SW modification
2001

Forsmark 1, | IRS-7788 | Multiple DiD failures Protection coordination, functional
2006 specification, functional validation
Forsmark 2, | IRS-8062 | Incorrect functional | Phase unbalance (lightning)

2008 implementation

Forsmark 3, | IRS-8294 | Component dimensioning | Overvoltage

2012 inadequate

Forsmark 3, | [RS-8315 Isolation device concept | Phase unbalance (breaker failure)
2013 breakdown

3.1. Ringhals 2, 2001, software misconfiguration

In 2001, an over-current relay tripped due to overload during a routine load switchover manoeuvre.
The relay tripped far below the set value, at around 60% of nominal current although settings were correct.
The relay type had been recently introduced during switchgear modernisations 1998-2001 and thus was
found in several functions, including safety-related ones. The root cause was a software modification
carried out to enable testing using the plants existing test equipment. The modification was fairly trivial,
increasing the sampling frequency of the module, and expanding memory capacity to allow for the
increased number of samples. However, the change of sampling frequency also affected the overload
calculation in the upper part of the calculation range. Due to the modification being deemed minor, a full
change management process was not considered necessary so this effect was not realised in the change
management process nor at the factory acceptance test. At site, testing was done by the “highway method”,
i.e. testing was limited to nominal current and a current over the trip threshold, and not by ramping which
would have revealed the fault.

The deficiency in this case was actually in the software development process, where the equipment no
longer conformed with the software design specification and was not detected in the development process.
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There were opportunities to identify the fault prior to the relay entering operational service, in particular
by:

1. The design modification should have been recognised as major, and
2. Complete functional testing should have been carried out

3.1. Forsmark 1, 2006, ’the Forsmark event”

A voltage transient was generated off-site and propagated through the station electrical system,
causing two out of four UPS units to trip non-selectively, and consequently the corresponding EDG units
failed to start. There were software based components in the rectifier unit, which had no errors contributing
to the event progression, however indications are that there was a functionality that contributed to the event
progression. When the transient arrived at the UPS, the rectifier initially shut down, due to the overvoltage
on the DC side. In such a situation, the rectifier automatically attempts to reconnect after a time delay and
it was at the first reconnection attempt that the trip occurred non-selectively. Regardless, the transient
situation as such had not been foreseen, hence the equipment was not validated for such a situation.

1. The transient design basis for the equipment should be well understood and defined, and
2. The functional behaviour of the equipment (reconnection) should have been understood in the
design

An independent aggravating error was that the grid switchover functionality was incorrectly
implemented so that switch over to the standby grid was not done automatically as it should. The under
frequency relay that should initiate the switchover had been replaced a few years earlier and had a phase
order dependency that had not been recognised in the design and no primary testing of the function had
been carried out.

1. The component functional requirements should have been identified during design, and
2. Primary testing should have been carried out after the installation

Another independent error was that the gas turbine did not start as it should in such a situation
according to the safety analysis report. This was due to faults in the gas turbine start control equipment,
which is software based. Investigations found that the processor was non-functional and that part of the
software was missing. A contributing cause is likely that the gas turbine is not safety classified and hence
does not receive the same attention as safety classified systems.

1. The safety significance of of systems, structures and components with safety-significance should
be clarified, and
2. Adequate testing and validation should be carried out regularly

3.2. Forsmark 2, 2008, phase unbalance

A lightning strike at Forsmark 2 in 2008 caused a phase unbalance that tripped the UPS powering the
reactor circulation pumps (RCP). The plant remained connected to the external grid during and after the
disturbance, but the power level dropped to 40% due to the tripped RCPs and the reactor was soon after
tripped manually. When the RCPs lose power supply, a flywheel storage should provide energy to let the
RCPs run down according to a pre-defined ramp to reduce thermal stress on the fuel rods. The logic to
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initiate this ramp was not activated in this scenario, as normal bus power was available and the reactor had
not tripped from the event. Therefore the coolant flow was reduced faster than designed for in the technical
specifications.

There were no failures in the digital equipment due to the event, but the behaviour had not been
adequately addressed in the design stage and the component protection took priority over the safety
feature.

1. The component functional requirements should have been identified during design
3.3. Forsmark 3, 2012, overvoltage

A lightning strike at Forsmark 3 in 2012 caused an overvoltage transient that propagated through the
distribution system and destroyed one of four safety related UPS by exceeding the withstandability of the
electrical by-pass switch. The surge arrestors installed at the stand-by grid step-down transformer were
insufficiently dimensioned to limit the transient peak sufficiently to avoid the damage. Furthermore, as no
transient recorders are available at this voltage level, the exact amplitude of the peak can only be estimated.

1. The component withstandability should be matched to the ambient electrical conditions at the point
of connection

3.4. Forsmark 3, 2013, phase unbalance

During outage, the station was fed through only one breaker to the external grid. Testing of the main
generator AVR inadvertently tripped the breaker to the grid, but one phase remained connected. This
caused a voltage unbalance on the internal power system, but insufficient to start the emergency diesel
generators and isolate the emergency power systems and instead safety related objects tripped due to phase
unbalance. The isolation device concept was inadequate to handle a phase unbalance situation.

1. The design basis for the equipment should be well understood and defined, and
2. The isolation device concept should be adapted to the design basis

4. Findings and recommendations

The main reasons for recent failures have been an incomplete design basis, with an over-reliance on
existing principles during modernisations. Therefore, an emphasis should be placed on establishment of an
appropriate design basis, with a re-assessment of the design basis for changes in system topology or
component type. This should take into account electrical system modelling of possible failures as well as
an understanding of component behaviour and sensitivities. With more complex components with
increasing sensitivities and enhanced functionalities, an increasingly accurate understanding needs to be
established. With obsolescence of components, this is an inevitable evolution, but mitigating steps can be
taken by establishing vendor liaison to maintain the required spare parts.

Faults in the electrical systems have been challenging to analyse, often due to a lack of detailed
information about the electrical situation, and in this area, increased measurement and monitoring would
contribute to a better understanding of the electrical ambience in the plant. Here, digital 1&C could be
utilised to a larger extent without affecting the functionality of equipment. In some complex situations,
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digital 1&C may as well present the best option for protection, such as phase unbalance being difficult to
measure accurately with analogue devices.

Using particular design solutions is generally undesirable, as it leads to a limited knowledge base, and
well known and validated designs should be preferred. As digital 1&C is becoming increasingly
commonplace and analogue counterparts are becoming rare, it may be a preferred solution to use the better
known component with a larger knowledge- and experience base. Validation methods are well established,
but puts more configuration management requirements on operators and vendors. In order to utilise the
collective knowledge base, there needs to be an effective means of communicating operating experiences
between users and vendor.

5. Conclusion

Even though the notable penetration of programmable electronic components in the electrical power
systems of the Swedish NPPs, the review has not identified any causal relation between digital 1&C
components and an increasing failure rate. The main limitation seen is an incomplete design basis,
incompletely understood functionality and an incomplete design verification. Any feature-rich SSC will
exhibit similar challenges, but with digital 1&C having increased sensitivity as well as enhanced
functionality they will require a more thorough assessment than did simpler, analogue designs with fewer
features and lower sensitivity.

The well-known principles of prevention, protection and mitigation remain valid and focus need to
shift from digital components in particular to a general concept of design basis for electrical systems
accompanied with thorough functional specifications, fit for purpose with well-defined behaviours. A re-
assessment of the design basis should always to be made during component replacements as extant design
basis for the plant is not generally applicable for modern equipment.

A modernisation needs to encompass a modernisation of design requirements as well as of the devices
themselves.
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Modernisations of
safety relevance, BWR

n 1and 2

— Electrical systems modernised (2 train > 4 train, separation and
redundancy improved)

— Extensive modifications undertaken in general
— |&C modernised

» Ringhals 1
— Original 4 train configuration, separation measures undertaken
— |&C modernised
— Implemented Diversified Plant Section
» Forsmark 1 and 2
— Original 4 train configuration, separation measures undertaken

— MV switchgear replaced
» Oskarshamn 3 and Forsmark 3
Srmen mmcmn 2wy SSeON1GINAl 4 train configuration, minor modifications

Nwimz Carxean

et — Replacements of individual SSC

Modernisations of
safety relevance, PWR

» Ringhals 2-4
— Original 4 train configuration
— |&C modernised (R2)
— Separation measures undertaken

Soecah Secwon Swey Achoty

Ses e

303



NEA/CSNI/R(2015)4/ADD1

penetration in electrical
power systems
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Experiences with
PECs

» Main challenges identified include
— Qualification
— The qualification process is resource intensive for the
programmable |&C components which is a driver to limit their
extent

— CCF tendency
— The CCF tendency is wellrecognized, but identification of main
CCF drivers are difficult
— Complexity
— With enhanced functionality, more failure modes appear.
— Interfaces
— There is a difficulty in matching existing boundary values to
component behavior. t may be necessaryto identify further
interface data to correctly assesscomponent response.
— Also, commercial interfaces are more challenging with increased
complexity
» However, no discriminating feature is highlighted. Subject to
e 2w w@PpE@Priate qualification, PECs are not forbidden
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Experiences with
PECs

» Main benefits identified include
— Enhanced functionality
— More advanced monitering may be performed
— E.g. degraded voltage conditions (phase unbalance).
— Higher accuracy and lowerdrift of parameters
Self-checking capability
— Detection of functional failures before occumrence
Modularity
— Availability of components
— Market availability of non-digital components is diminishing
— Market penetration
— With a high market penetration, more OPEX is available

» However, no dominating feature is highlighted. Subject to
appropriate functionality and availability, non-PECs are not

forbidden
) cent complex sequences in

electrical power systems

» Three events with DiD penetration

— Ringhsals 2001
— CCF in software detected
— Contributing causes: Communication purchaser/vendor, change
management, testing
— Possible solutions: Comect identification of scope of modification
to define appropriate testscope
— Phase unbalance {Dungenees 2007, Eyron 2012, Forsmark 2012)
— CCF insafety (related) objects
— Contributing causes: |dentificstion of design basis
— Possible solutions: Comrect identification of boundary conditions
to define appropriste selectivity strategy
— Forsmark 2008
— CCF in 2004 UPS
— Contributing causes: Identificstion of design basis
— Possible solutions: Comrect identification of boundary conditions
to define appropriate test methods
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Observations with
PECs

Design philosophy does not generally cover autonomous
distributed PECs

It is generally at the discretion of the system designer to
consider the feasibility of PECs

— Established requirements for PECs are used for V&V

There are no regulatory limitations on PECs as long as
safety requirements are met

How to identify that safety requirements are met when
complexity increases?
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Findings

No unigue errors attributable solely to thePEC have been
identified
— The programmsble element is ususlly well considered snd hss not been s
major contributor to recent issues
The analysed high-impact events reviewed could have been
detected by identification of proper design basis and
validation /test methods

— Phase unbalance has not been identified in the design basis. Components
with a robustness to phase unbalancearerare (i.e. motors are unbalance
sensitive).

— Fast transients have not been identified inthe design basis. Some
robustness to transients can be achieved by inertisdevicss (e.g. motors)

— Change managementis critical for any change

Complexity is the major challenge

— Microprocessor based devices contribute to an inorease in complexity
More effort is required to establish an appropriate design
basis and appropriate functional validation
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Conclusion

‘A modernisation needs to encompass
a modernisation of design
requirements as well as of the devices
themselves”

Somczh Sacwon Swey Adhoty

Ringhals 2001 event brief
IRS-7459
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Introduction

s
> Overload protection relay replacement s “" ;
— Type replacement in several systems

» During FAT, incompatibility between test
equipment and component is identified
» Vendor agrees to rectify issue
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Problem solution

» Vendor identifies that an increase in sampling
frequency solves the issue

» Solution is achieved by software modification

— A HW configuration change is also required to increase
memory

» As a minor adaptation, full validation is not
required according to vendor instructions

— Purchaser does not identify the need for enhanced
validation
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Problem creation

» However, the sampling frequency change
causes an error in the overload calculation
— Overload is detected earlier than desired!

» SAT testing is done by "highway method” —
problem is not detected
— A ramp test would have detected the discrepancy!
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Problem detection

» During operation, the fault is initially undetected
due to overdimensioning of cables (low
currents)

» During a routine operation of load switchover, a
relay trips far below (60%) the overload
threshold

» Fault finding commences and identifies the
error as a CCF and eventually concludes the
described sequence

Problem is resolved by correcting the flaw and improvemeant of routines initiated
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Lessons learned

» The protection system did not fail, it did exactly
what it was configured to do

> Insufficient appreciation and validation of
modification to COTS causes a latent common
failure mode

» Main problem is configuration management

— Where did the deficiency occur?
— Vendor did not recognise the impact of the change?

— Purchaser did not recognise the impact of the
change?

— Why did the deficiency occur?

— Vendor and purchaser did not communicate
effectively?

zomemn ameen swe sene- JRVICE Was too complex to understand in the given

time-frame?

Sex

Forsmark 2006 event brief
IRS-7788

Soecxh Secwon Swey Adhorty

310




NEA/CSNI/R(2015)4/ADD1

Simple overview
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Summary
DiD failure
— Failure in switchyard DiD 1 failure
— Non-selective behaviour of UPS protection for certain

transients
— |dentification of design basis
House-load operation failure
— (TA11 5s on oil, TA12 30s on condenser) DiD2failure
Failure to switch to Stand-By Grid
— Directionality of underfrequency protection
— Identification of component behaviour (design)
— Validation of component behaviour (testing)
Failure to start gas turbine DiD 3b failure
— Unverified controller (HW + SW missing)
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DiD 3a failure
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Lessons learned

» The UPS did not fall, it did what it was
configured to do

» Multiple flaws contribute to DiD penetration

» Programmable components are a minor part of
the problem
— Phase direction sensitivity (DiD 2)
— Faulty HW+SW processor for GT (DiD 3b)
— Selectivity and funtionality of UPS (DiD 3a)

» Main problem is configuration management
— Fast transient behaviour was not analysed in the design
— Other configuration management issues identified

— Under-frequency protection directionality not
Zumean 2ecemn swes 2oy [€COQNISed during design/installation
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Forsmark 2013 event brief
IRS-8315
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Initial condition

Cold shut down for yearly outage

Reactor and containment head removed
Central pool filled

Residual heat removal system in operation

v

70 kV out of service
Connected to 400 kV grid with one of
the two breakers (dual breakers)

» Relay protection testing in progress
for main generator’s excitation equipment

LG C R R R
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4 The disturbance

Ordered

DISCONNECTED
but ocne phaseis
still CONNECTED

Induces voltage
on all three
phases

P aSaee

No aute startof
DG at U<65%

Testing of
relay
protection
system
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Root causes

Generator phase unbalance is not designed to protectthe distribution systemfrom
phase unbalance

Fault initiator, however does not remove the failure mode

Failure mode

Improperly designed protection for phase unbalance events

Improperly designed monitoring for phase unbalance events

» Deficiencies in SAR (asymmetrical feed outside power operation has
not been analysed)

A re-evaluation of the design basis wasnotmade
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Lessons learned

» Single "flaw” contribute to DiD penetration

— Phase unbalance not considered as design basis for
electrical systems

» Could be resolved by better monitoring?
— PLC could be beneficial
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Abstract

In recent years, many components in instrumentation and control (1&C) and electrical systems of
nuclear power plants (NPPs) were replaced by digital, software-based components. Due to the more
complex structure, software-based 1&C and electrical components show the potential for new failure
mechanisms and an increasing number of failure possibilities, including the potential for common cause
failures. An evaluation of the operating experience of digital, software-based components may help to
determine new failure modes of these components. In this paper, we give an overview over the results of
the evaluation of the operating experience of digital, software-based components used in 1&C and
electrical systems in NPPs in Germany.

1. Introduction

The components of 1&C and electrical systems in German NPPs are generally in use since the
commissioning of the plants in the 1970s/1980s. Thus, an increasing amount of components of 1&C and
electrical systems has to be replaced reaching its end of lifetime. In recent years, many of them were
replaced by digital, software-based components. Therefore, digital, software-based components both in
safety and in non-safety systems show an increased use in NPPs. A further increase is expected as the
supply of spare parts for hardwired systems is deteriorating.

The specific characteristics of digital, software-based components differ from the characteristics of
non-digital components: They have e. g. a more complex structure, additional properties, changed failure
behavior, and a changed man-machine-interface. Furthermore, digital, software-based components show
the potential for new failure modes and an increasing number of failure possibilities due to the use of
software or programmable logic.

As failure modes of digital, software-based components and man-machine-interface differ
fundamentally from non-digital components, an evaluation of the operating experience of digital, software-
based components used in 1&C and electrical systems in NPPs in Germany was carried out by GRS. For
this evaluation, data from different German NPPs, boiling water reactors (BWR) (type 69 and type 72) as
well as pressurized water reactors (PWR) (Generation 2 up to Konvoi), were collected. To improve
statistics and to include failures in non-safety systems, events not fulfilling the incident reporting criteria of
German authorities are also included in this evaluation. The data provided by licensees of German NPPs
were recorded between 2000 and 2012. Digital, software-based components used in the NPPs have been
identified and their operating experience has been analyzed in order to identify relevant failure modes and
to establish a knowledge base for future failure rating. Therefore, particular attention is paid to purely
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software-related failures as well as to the sensitivity of digital, software-based components to potential
failures, e. g. stemming from ambient conditions like radiation.

2. Data collection

The data collected for the evaluation stem from different German NPPs. GRS collects data from
German boiling water reactors and German pressurized water reactors, both of different types. GRS
collected 1008 events stemming from the years 2000-2012 in 6 different German NPPs.

The 1008 events include components from I&C and electrical systems as well as from measuring
transducers. 38.5 % of the data stem from I&C systems, 4.7 % of the data stem from electrical systems,
and 56.8 % of the data stem from measuring transmitters. 6617 components installed (plant data) were
recorded.

3. Evaluation of operational data
In a first step, the evaluation of the collected events focused on the following aspects:

Affected process based systems
Failure detection methods
Relevance of software
e Relevance of environmental effects
The following figures show the process based systems, in which the evaluated events took place,
figure 1 for boiling water reactors and figure 2 for pressurized water reactors. Only systems with a
percentage higher than 5 % are shown, the remaining systems are summarized into “other”.

B Nuclear heat generation
Emergency power systems

B Steam, water, gas cycles

B Main machine sets

I other

Figure 1: Systems in which the evaluated events took place (for boiling water reactors)
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M Instrumentation and control
equipment

B Water supply and disposal

B Nuclear heat generation

B Reactor auxiliary systems

B Main machine sets

H Cooling water systems

Supporting systems

m other

Figure 2: Systems in which the evaluated events took place (for pressurized water reactors)

Most of the evaluated events in boiling water reactors took place in the Steam, water and gas cycles
(12.1 %), the nuclear heat generation (11.9 %) and the emergency power systems (10.6 %). For pressurized
water reactors, most of the evaluated events took place in systems for water supply and disposal (20.4 %),
the reactor auxiliary systems (17.7 %), and the cooling water systems (14.4 %).

The GRS analysis concerning failure detection showed that mostly, failures were detected during
technical testing or by system warning. Only a small number of events caused a failure on demand. It was
further evaluated how non-self-reporting failures were detected. Figure 3 shows the distribution of the
different forms of failure detection for the non-self-reporting failures. It can be seen that most of the
failures (77.4 %) were detected due to technical inspections, which means during a planned check of the
component. Only a small amount of failures (4.4 %) were not detected until the component was requested
(failure on demand). Also only small amounts of events were detected during operation (failure occurred
while the component was operating) and at inspection tours of personnel (failure was detected on planned
tours of the personnel). As most of the failures have been detected due to technical inspections and only a
small amount of failures lead to a failure on demand, it can be stated that the current failure detection
methods applied in the NPPs regarded in the analysis are suitable. But the events initiated by a failure on
demand, if occurring in a safety system, can have a major impact on plant safety. Thus, an in-depth
analysis of these events has to be performed.
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Figure 3: Failure detection of non-self-reporting events

In the GRS analysis, the data were divided into hardware and software failures as cause of the event.
In order to identify possible new failure mechanisms in software-related events, these events were
classified into three groups:

e RS: events in which the software has caused the event, like e. g. programming errors
e HS: events in which a hardware error is the cause for a software failure, like e. g. buffer
batteries
e KS: events caused by a failure of the part which is related to software but which will not
necessarily lead to failure of the whole component, like e. g. displays
Other events which are purely hardware-related are not considered in this evaluation. Figure 4 shows
the results of this classification in groups. On the left side of figure 4, the software-related events (RS, HS,
and KS) are shown in comparison to purely hardware-related events. It can be seen that even in digital,
software-based components, which are considered in this analysis only, most of the events show purely
hardware-related failures (85.9 %). The right side of figure 4 shows the distribution of the software-related
events only. In most cases the software itself has caused the event (RS: 45.8 %).
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Figure 4: Events related to software compared to all events (left side) and compared to sum of RS, HS, and KS
(right side)

Another focus of the GRS analysis was on environmental effects of digital, software-based
components. This evaluation has shown no significant number of events. Within the observation period 13
events of measuring transmitters are recorded which were caused due to radiation. The affected measuring
transmitters were in 4 cases for differential pressure measurement, in 4 cases for overpressure
measurement, and in 5 cases for rotational speed and speed measurement. Two events are reported with
lightning as cause. In one case, an analogue input module showed a failure of analog channels after a
lightning strike. In another case, an ultrasonic flow transmitter showed a flow increase after a lightning
strike. Only a few events were found with humidity (3) or heat (7) as cause of the event.

Thus, for the collected data it can be stated that environmental effects only have a minor impact on the
functionality of digital, software-based components as installed in the regarded German NPPs.

4. New failure mechanisms

In a further step of the evaluation of the operating experience of digital, software-based components
we have identified some new failure modes for these components. In the following, two of these failure
modes are presented exemplarily.

Buffer battery: 1.6 % of all evaluated events were caused by buffer batteries in I&C components.
We have identified some events in which failures with buffer batteries are the cause, for example:

e Loss of safety control system of the refuelling machine: Due to exhausted buffer batteries
in the safety control system of the refuelling machine the program modules in the volatile
memory of the central processing unit (CPU) of the safety control system got lost.

e Complete CPU program loss in the safety control system of the refuelling machine due to
faulty buffer batteries

e CPU program loss due to loss of power supply for CPU buffering

Communication and system time: We have identified events in which communication between
components failed or the component itself failed due to wrong time input, for example:

e Wrong data input when changing to daylight saving time

e Restart and/or new synchronisation to remove error
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5. Software events fulfilling the incident reporting criteria of German authorities

In addition to the analysis of data collected in selected German NPPs, we have evaluated German
events which fulfil the incident reporting criteria of German authorities. Here, we also found some events
with software-related failures. In the following, two of these events are described shortly.

In one case, a digital, software-based neutron flux monitoring system caused an event. The behaviour
of the medium-range channel was not in line with the specification. From 2001 to 2007, a repeated control
rod insertion in the area of low, increasing reactor power (below 5 %) was observed. Due to the low reactor
power the incident reporting criteria were not fulfilled. During test series in 2007, the relative neutron flux
change rate showed an overshooting behaviour at low input signals. This behaviour is not allowed and
therefore the incident reporting criteria were fulfilled. The cause for the overshooting behaviour was a
programming error within the algorithm to calculate the relative neutron flux change rate.

In the other case, a digital, software-based module in the limitation system showed a temporary
malfunction. A communication block in the affected module began emitting constant signals when the
malfunction occurred and therefore the entire communication of the backplane bus in the cabinet was
blocked. The assumed reason for the malfunction was an error in the adaption of the firmware when
changing the fabrication method of the module from application-specific integrated circuit (ASIC) to field-
programmable gate array (FPGA) technology.

Both described events show that an error in the software can lead to events that can have a negative
impact on safety systems of NPPs.

6. Conclusion

Operational data from 6 different German NPPs, boiling water reactors (type 69 and type 72) as well
as pressurized water reactors (Generation 2 up to Konvoi), were collected and evaluated.

It was shown that the current methods are suitable to detect failures in software-based components.
Mostly, failures are detected during technical testing. Only a small number of failures led to a failure on
demand. But if such failures on demand occur in a safety system they can have a major impact on plant
safety. Thus, further evaluation of these events has to be performed to identify possibilities for
improvement.

Further, the failure causes have been analyzed. It was found out that failures of software-based
components were mainly caused by parts which are not related to the software.

In the analysis of the collected data it was shown that environmental effects (heat, humidity, radiation
and lightning) only have a minor impact. It can be stated that the software-based components are able to
run reliably under the environmental conditions which can be found in NPPs under normal operation.

In the analysis new failure mechanisms were identified. 1.6 % of all events were caused by buffer
batteries, which led e.g. to losing the safety control system of the refuelling machine. In addition, failures
in communication led to various problems with the communication between systems.

The examples of two software related events fulfilling the incident reporting criteria of German
authorities show that programming errors can have a major impact on the system.
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Operating experience of digital, software-based
components used in I&C and electrical systems
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* Introduction
« Data collection

« Evaluation of operational data
System
Event detection
Events relatedto software
Environmentalimpacts

Selected software events in German NPPs fulfilling the incidentreporting criteria
of German authorities

Newfailure mechanisms

+ Summary

»
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Introduction (1/2)

+ The components of I&C systems are oftenin use since their commissioningin the
1970ies/1980ies

— Componentsreachtheirend of lifetime
— Procurement of spare parts is getting more and more difficult
- Further replacement of equipmentis expected

A replacementwith identical components is not always possible or even not
wanted

- Modern software-based components are applied

« Software-based components show specific characteristics differing from
characteristics of analogue equipment

— More complexstructure

— Additional properties

— Changedfailure mechanisms andfailure behaviour
— Changed man-machine interface

Introduction (2/2)

« Potential for new failure mechanismsand an increasing number of failure
possibilities in modern I1&C equipment due to use of software or programmable
logic(e.q. FPGA)

« Concerning single failures

— Higherreliabilitythan analogue equipment due to additional self-testing and
failure detection routines

« Concerning common cause failures (CCF)

— Software-CCF may occur if latently existing programming errors are
triggered by a certain, randomly arising system status or combination of
parameters

— Possibility of manipulation of softiware-based equipment by malware has a
remarkably contribution to the potential of CCF

> Reliability of software-based and programmable equipmenthas to be
investigated and assessed
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Data collection (1/2)

+ Selected German nuclear power plants

Boiling waterreactor (BWR)
— Type 69
— Type 72
Pressurized waterreactor (PWR)
— Generation 2
— Vor-Konvoi
— Konvoi

« To improve statistics andto include failures in non-safety systems, events not
fulfilling the incidentreporting criteria of German authorities are alsoincludedin
this evaluation

« Data recorded between 2000and 2012

Data collection (2/2)

+ Operational data of digital, software-based componentsusedin I&C and electrical
systems in NPPs in Germany

1008 events
6617 plantdata (installed components)

Event data consist of
— |&C systems: 38.5%

— Electrical systems: 47%
— Measuringtransmitter:  56.8%
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Evaluation of operational data (1/9)

« Evaluation of data

Focus:

+ Affected process based system
Failure detection method
Relevance of software

+ Relevance of environmental effects

Evaluation of operational data — System (2/9)

BWR - affected process based systems

u Nuclear heat generation

u Emergency power systems
Steam, water, gas cycles

B M3in machine sets

W other
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Evaluation of operational data — System (3/9)

PWR - affected process based systems

B instrumentation and contro
egqupment

| Wster supply and dispos|

® Nuclear heat generation

M Reactor auxiliary systems

® M3in machine sets

B Cooling water systems

W Supporting systems

 other

Evaluation of operational data — Failure detection (4/9)

« Failure detection methods:

« Technicalinspection

— Planned check of component
Failure on demand

— Failure was not detected until componentwas requested
Failure during operation

— Failure occurred while componentwas operating
Inspectiontours of personnel

— Failure was detected on plannedtour of the personnel
Systemwarning
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g RS

Evaluation of operational data — Failure detection (5/9)

« Failure detection 35

34%
32%
— Most failures found during 2 =
technicalinspection =
and by systemwarning
205
— Smallamount offailure on iz
demand wiir =
105
5% %
-0 0 H R

technical fallure on fallure inspection system
inspection demand  during toursof warning
operation  shift

personnel
1
4 RS
Evaluation of operational data — Failure detection (6/9)
« Failure detection of non-self-reporting  sox
events s 775
— Most failures found during L
technicalinspection 8% -
- Current detection methods S0 +—
suitable for event detection |
— Only few events with failure b
on demand 20% -
However: 10 1| & g 8%
— May have high relevance for - === L
plant safety technical fallureon  failure  inspection

inspection demand during tours of
operation shift
personnel

- Further investigation necessary
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Evaluation of operational data — Events related to software (7/9)

« Evaluation of the relevance of software for the events

Data were divided into hardware and software failures as cause ofthe event.

In order to identify possible newfailure mechanisms in software-related events,
these events were classifiedinto three groups:

— RS: Software causing event(e.g. programming errors)
— HS: Hardware error causing software failure (e.q. buffer battery)
— KS: Componentrelatedto software (e.qg. display)

Evaluation of operational data — Events related to software (8/9)

1005
+ comparedto all events 0%
805
- RS: 6% 20%
- HS: 3% 0%
- KS: 4% =05
Ele-d
- Most events are caused by hardware  zo
relatedfailures 20%
1085
0% -
« comparedto sum (RS HS KS) B )i $h ethey
- RS: 46 %
- HS:23% o
- KS:31% -

KS
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Evaluation of operational data — Environmental impacts (9/9)

* Environmental effects

Radiation (13 events)

— 3 differenttypes of transmitter: differential pressure (4); overpressure (4);
rotational speed and speed measurement (5)

Humidity (3 events)

— System: Steam, water, gas cycles
Lightning (2 events)

— Failure of analogue channels; System: Supporting systems

— Transmitter showsflowincrease; System: Cooling water system
Heat (7 events)

— Variation of output current; 43°C roomtemperature

- Environmental effects show only minorimpact of functionality of software-based
components

15

Selected software events in German NPPs fulfilling the incident
reporting criteria of German authorities (1/2)

« Temporary disturbance in electronics modulesinthe limitation system

Communication blockin the affected module began emitting constant signals
whenthe malfunction occurred

- blockedthe entire communication ofthe backplane bus inthe cabinet

Cause unclear. Assumed errorin the adaptation of the firmware when switching
from ASIC to FPGA technology

Approved change requestwithouttesting
Unknown whether error could have beenfound duringtesting
Componentusedin more than one redundancyin safety systems

15
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Selected software events in German NPPs fulfilling the
incident reporting criteria of German authorities (2/2)

« Behaviour of a medium-range channel notin line with the specification (software-
based neutron flux monitoring system)

Repeated controlrod insertioninthe area of low, increasing reactor power
(below 5%)

Lowinput signal: relative neutron flux change rate showed overshoot

Cause: programming error within algorithm to calculate relative neutron flux
changerate

17

New failure mechanisms

« Evaluation of operating experience showed new failure modes
« Two new failure modes are presented exemplarily:

Buffer battery

Loss of safety control system ofrefuelling machine due to two empty buffer
batteries

Surveillance of buffer batteries as aresult of defects
CPU program loss: operations control error

CPU stops

1.6% off all evaluated events

Communication problems
— Wrong data inputwhen changingto daylightsavingtime
— Restartand/ornew synchronisation to remove error

18
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« Large amountof events have been collectedin German NPPs
« Evaluation of this operating experience regarding different aspects

Summary (1/2)

* Results:

Current methods suitable to detect mostfailures occurring in software-based
components

— Mostly detection duringtesting or systemwarning
— Non-self-reporting events mostly detected during testing
— Smallamount offailures on demand

- Highrelevance of these events

- Further investigation necessary

Failures of software-based components mainly caused by components which
are not relatedto the software

12

Summary (2/2)

Environmental effects have minorimpact

New failure mechanismshave beenidentified, e.g.:

— Buffer batteries
— Time synchronisation and communication error

— Programming errors
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Office for
Nuclear Regulation

ONR Perspective on the
Justification of “Smart” —
devices

Steve Frost

Principal Inspector

Office for Nuclear Regulation,
UK
steve.frost@hse.gsi.gov.uk

ONR Perspective on the Justification of
SMART devices

What are the issues?
Common points for consideration.
ONR perspective.

Requirements for justification of SMART
devices:

» Class 1;

» Class 2;

* Class 3.

Some examples of good practice.

Office for
Nuciear Reguiation
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What are the issues?

+ Defininga“*Smart” device:

Smartdevices contain a microprocessor(s) or other form of complex
Progr_ammable electronic components that provide specific forms of
unctionality. Typical examples of smartdevices for use in electrical
applications can include protective relays, emergency diesel generator
controllers and controllers associated with uninterruptible power
supplies. sss Nots to IEC £1508-4:2010 sub-ciauss 3212

* Inclusion ofembedded digital technologyusing Smart devices appearstobe a
relentless commercial trend.

+ Smartdevices can provide increased functionality (signal processing,
communications, diagnostics) and complexity!!

* Canintroduce challenges intheir use within nuclear safety applications?
Justification is essential and can be achieved through equipment qualification.

* Increasedriskof common cause failure.
* (Canbe considered as atype of pre-existing software
— closerrelationship to supplier(s);
— difficulties in access to design documentation;
— usually not nuclear-specific;
— hidden changes.

Office for
Nuciear Reguiation

Common points for consideration (1)

Clearly identify:

make;

model;

application;

software versions.
Demonstrate fitness for purpose.
Safety class — essential part of system— need
to properly specify the properties required.
Identify failure modes.
Analyse common cause failure.

Office for
Nuciear Reguiation
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Common points for consideration (2)

« Compare production to an applicable safety
standard
— address deficiencies by compensating activities or
arguments:
= manufacturer rework;
« static and dynamic testing;
« restrict functionality.
+ Confidence building independent of the
supplier:
— commissioning tests;
— static analysis;
— analysis of operating experience;
— statistical testing.

Office for
Nuciear Reguiation

Common points for consideration (3)

+ For safety systems:
same assessment of final product as for new
software
— may involve reverse engineering,
— alternatively use additional compensating evidence.
+ Document safe envelopes and limits for
acceptable use
— functionality;
— maintenance;
— environment.

Office for
Nuciear Reguiation
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UK perspective: an evolution of the two-legged approach
described in ONR guidance NS-TAST-GD-046 rev 3

ProductionExcellence Independentconfidence buildingmeasures

Compliance with [EC 61508 using Select from:

FRRUE assassmentiont Examination, inspection, maintenance and test

Manufacturer's type tests records

Proof testrecords
ry Commissioning tests
Hardware reliability analysis
Prior use
=T Certification

Compensatory activities Supplier pedigree

Depends on gaps foundin Review of supplier's standards and procedures

production excellence Functional safety assessment

Examples: Rev@ew of toqls

Review of CVs (by licensee) g?g::nggaa'zzﬁ i

Module tests (by manufacturer) Statistical testing

Statistical tests (by either)

&

Office for
Nuciear Reguiation

Requirements for Class 1 smartdevices (10 pfd)

Class determined accordingto IEC 61226
— |AEA terminology: safety systems
Claimed probability of failure on demand of 10
Production excellence
— Emphasis assessment with Class 1 10 techniques
— Compensatory measures as required to address shortfalls
Independent confidence building measures shallinclude
— Instrument type tests
— Examination, inspection, maintenance and test records
— Prooftestrecords
— Commissioning tests
— Hardware reliability analysis
— Prior use
— Supplier pedigree
- Independent certification
— Independent review of supplier's standards and procedures
— Independent functional safety assessment
— Independent review oftools
— Static analysis
— Dynamic analysis
— Statistical testing
Office for

Nuciear Reguiation
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&

Requirements for Class 1 smartdevices (10->pfd)

* Class determined accordingto IEC 61226 (IAEA terminology: safety systems)
» Claimed probability of failure on demand of 10-; source code available
* Production excellence

— Emphasis assessment with Class 1 10- technigues

— Compensatory measures as required to address shortfalls
* Independentconfidence building measures shall include

— Instrument type tests

— Examination, inspection, maintenance and test records

— Prooftestrecords

— Commissioning tests

— Hardware reliability analysis

— Prior use

— Supplier pedigree

— Static analysis

— Dynamic analysis

— Statistical testing
* Independentconfidence building measures should consider

— Certification

— Review of supplier's standards and procedures

— Functional safety assessment

otice e REViIEW Ofto0lS
Nuciear Requiation

&

Requirements for Class 1 smartdevices (10 pfd)

+ Class determined accordingto IEC 61226 (IAEA terminology: safety
systems)

+ Claimed probability of failure on demand of 10-; source code
unavailable
* Production excellence
— Emphasis assessment with Class 1 10 technigues
— Compensatory measures as required to address shortfalls
* Independent confidence building measures shall include
— Instrument typetests
— Examination, inspection, maintenance and test records
— Prooftestrecords
— Commissicning tests
— Hardware reliability analysis
— Prior use
— Supplier pedigree
— Statistical testing
* Independentconfidence building measures should consider
— Certification
— Review of supplier's standards and procedures
— Functional safety assessment

otice tee — Review oftools
Nuciear Requiation
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Requirements for Class 2 smartdevices (102 pfd)

* Class determined accordingto IEC 61226 (LAEA terminology: safety-related systems)
* Claimed probability of failure on demand of 102
* Production excellence
— Emphasis assessmentwith Class 2 techniques
— Compensatory measuras 3s required to address shortfalls
* Independent confidence building measures shall include
— Instrument type tests
— Examination, inspaction, maintenance and test records
Proof test records
Commissioning tests
Hardwars refiability analysis
Frior uss
Supplier padigres
* Independent confidence building measures should consider
— Dynamic analysis
Static analysis
Statistical testing
Certification
Review of supplier's standards and procadurss
Functional safetyassessment
Review of tools

Office for
Nuciear Reguiation

Requirements for Class 3 smartdevices (10" pfd)

» Class determined according to IEC 61226 (IAEA
terminology: safety-related systems)
» Claimed probability of failure on demand 10-" or less
* Production excellence
— Demonstrated good commercial quality
— Compensatory measures as required to address shortfalls
* Independent confidence building measures shall
include
— Examination, inspection, maintenance and test records
— Commissioning tests
» Independent confidence building measures should
consider
— Prior use
— Supplier pedigree

Office for
Nuciear Reguiation
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&

Some examples of good practice

Limited operational experience of Smart devices in electrical
applications within UK's operational nuclear power plants,
exceptllon is recent introduction of VFCs in gas circulator
control.

Licensee generic pree-gualiﬁcation of a range of
microprocessor-based electrical protective relays at Class 3
— work currently in-hand to extend to specific relay types at
Class 2.

ONR's Generic Design Assessment of UKEPR has
highlighted need for use of the approach described to other
electrical applications, e.g. EDG control.

Recent work in UK has also focussed on security of
computer-based systems important to safety (CBSIS).
Being considered within standards and guidance, e.g. ONR
NS-TAST-GD-046 rev 3, IAEA NS-G-1.1 & NS-G-1.3.

Office for
Nuciear Reguiation

Office for
Nuciear Reguiation
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Mass Alarms in Main Control Room Caused Condensate on the Instrumentation and Control Cards
in Turbine Building

Cheol-Soo Goo
Korea Institute of Nuclear Safety, Korea

Abstract

A bunch of alarms and trouble lights on the main control room simultaneously turned on during
inspection and exchange of the coolers of the turbine building at pressurized water reactor of the Hanbit
nuclear power plant No. 6. The main cause was condensate on instrumentation cards of plant control
system (PCS) installed at enclosures in the turbine building which have mux cabinets to transmit signals
between the main control room and local equipment. To control the temperature and humidity of the MUX
cabinets, two coolers of the plant chilled water system supply air to the compact enclosures at turbine
building where temperature and humidity is high in the summer.

It is an unusual experience that mass alarms abnormally were occurred in the main control room
during normal plant operation phases. Spurious signals with unknown cause at control and instrumentation
system occasionally may have an unnecessary actuation of monitoring equipment and a plant scram even.
One of the main causes is humidity by a rapid temperature change of the control and instrumentation cards.
Dew on the instrumentation cards could form an abnormal short circuit in printed circuit board with the
compact circuits and make any malfunction of the related system. Instrumentation and control cards with
integrated circuits are vulnerable to high humidity and temperature where the system is enclosed in a small
housing or enclosure surrounding with hash environment such as a turbine building. It was found that there
was no functional degradation of the safety systems and no outsides releases of radioactive materials by
this occurrence.

1. Introduction

Hanbit units 5&6 are located on the shores of the Yellow Sea in the western part of Korea peninsula.
The two-loop pressurized water reactors were manufactured by Doosan Heavy industries/Combustion
Engineering Corporation. The reactor core is designed for a thermal output of 2,825 MWth. The turbine
generator has a rated electrical output of 1,050 MWe, supplied by Doosan Heavy industry in Korea [1].
Figure 1 shows the layout of the unit 5&6 of Hanbit site.

At 13:28 on August 7, 2013, trouble lights and related alarms were raised simultaneously on the
switch board of the main control room at unit 6 in Hanbit nuclear power plant site, operators have not been
experienced such a large number of indications of an unexpected occurrence during normal operation since
the unit commercial operation. Maintenance engineer stopped a cooler No.05 at turbine building for an
inspection which is a three monthly checking of the coolers as to maintain integrity of plant chilled water
cooling system before replacement of other chiller. Root cause of the alarm and indication was a rapid
increase of humidity and temperature of the inside of enclosure at the turbine building. There are many
instrumentation and control cards and modules of the plant control system (PCS) installed in the enclosure
at which local equipment such as valves and pumps were operated signals from main control room through
MUX cabinets of the PCS.
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The PCS, illustrated in Figure 2, is designed to perform data acquisition and transfer function via
communication data links to control most of the field components such as pumps, fans, valves, dampers
and circuit breakers. The system is composed of the safety related and non-safety related cabinets that are
installed to the printed circuit boards based on microprocessor. Safety related functions are provided by
redundant trains of microprocessor based single loop controllers with direct connections to the field
input/output instruments to control the components associated with Engineered Safety Feature Actuation
system. Most of non-safety related components are controlled remotely over communication network
which performs the signal transmission with the input/output boards and fiber optic cables through several
interfaces from the controllers to the field sensors [2].

PERFORM Net

Control Workstation
’ =

Figure 1. Hanbit 5&6 site layout Figure 2. Configuration of the PCS
2. Overview of Event
2.1 Event Sequence

The turbine building chilled water system is designed to provide adequate quantity of chilled water at
approximately 42 °F(6 C) to the turbine building area coolers, the high voltage distribution room air
handling units, and area cooler cooling coil. The turbine building chilled water system consists of two
100% capacity chiller with its corresponding chilled water circulating pump, an air separator, a
compression tank, a chemical additive tank, associated piping, controls and instrumentation. During
normal operation, one of two chillers is operating and the other is on standby. Air separator and
compression tank are provided to accommodate trapped air, and accommodate system expansion and
contraction due to temperature variation in the system. The turbine building chillers condensers are cooled
by the turbine building closed cooling water system [3].

The following sequence illustrates the situation at that time.

Event sequence (August 7, 2013)

13:20 Perform the test procedure of inservice surveillance-3632 in the plant chilled water system, cooler
No.5 was stopped in the turbine building.

13:28 Alarm occurred “PCS MUX 16 Humidity Hi”

13:31 Alarm occurred “PCS MUX 13 Humidity Hi”
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13:28 ~ 13:35 A bunch of alarms and indicators turned on simultaneously on the switch boards in main
control room.

13:40 Immediately start of cooler No.4 immediately at the turbine building.

13:46 Alarm reset “PCS MUX 13 Humidity Hi”

13:52 Alarm reset “PCS MUX 16 Humidity Hi”

13:46 ~ 14:00 Control switch trouble reset in the mail control room.

2.2 Cause and Analysis of Event

There are eight cabinets of PCS MUX in the turbine building which are installed in the separate five
enclosures scattered in several locations in the building. Two chillers supply cooled water to the coolers
and air handling units (AHU) for the cooling of the major equipment of PCS MUX cabinets, main feed
water pump turbine control panel and exciter. Table 1 shows the cooling air supply facility and the major
loads in the turbine and generator building. Each four coolers were serving to the turbine generator
building level 73" and 100" respectively where four cooler supply cooling air to the building of 73" and 2
cooler and 2 AHU in 100°. Two chillers supply cooled water to the heat exchanger coils of the cooler and
AHUs in the turbine generator building in which only one chiller operates and the other is on standby
during summer. Figure 3 illustrate the layout and arrangement of the coolers and AHUs in the building.

Table 1. Cooling air supply facility and loads

Cooling air supply facility Major loads
TGB 100” Cubicle Cooler HV01 PCS MUX Cabinet 15/16
PCS MUX Cabinet 13
TGB 100" Cubicle Cooler HV02 MFWP TBN Control Panel
TGB 73" Cubicle Cooler HV03 PCS MUX Cabinet 11/12
TGB 73" Cubicle Cooler HV04 PCS MUX Cabinet 09/10

TGB 73" Cubicle Cooler HV05, HV06
TGB SWGR Room Supply AHU HVO8, HV09 |  PCS MUX Cabinet 14
TGB Supply AHU HV10, HV11
Exciter Room Cubicle Cooler HV12 Exciter

For removing of the heat in the cabinet, cooler and AHU supply air to the enclosures through ducts
and two additional air conditioners in the enclosure where one always operates in summer and the other is
standby. According to the National Weather Service, the local temperature and humidity near the plant was
36.0 C and 84.1 % respectively. PCS MUX Humidity alarms were occurred after 8 minutes of the chiller
stopping to exchange with a standby chiller by manually. Normal replacement time is usually about 10
minutes, but the time was delayed 20 minutes at that time. The air in the turbine building with a high
temperature and humidity rapidly permeated to the enclosure with a small space. The temperature and
humidity increased to 6.1 Cand 35 % in an enclosure contained PCS MUX 16 shown in Table 2.
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Table 2. Variation of the temperature and humidity

Temperature [C] Humidity [%]
% Alarm Set Point: 35 % Alarm Set point: 75

MUX 09/10 | 23.4 —24.0 (A 0.6) | 55.7 — 68.8 (A 13.1) | TGB 73
MUX 11 | 27.1 ->27.5(A0.4) | 59.4 —63.3(A3.9) | TGB73'
MUX 12 | 273 —273(A0 )| 54.0—553(A13) | TGB73'
MUX 13 | 24.0 —27.8 (A3.8) | 60.2 — 83.3 (A 23.1) | TGB 100"
MUX 14 | 27.3 —29.2 (A 1.9) | 45.0 — 64.9 (A 19.9) | TGB 100'
MUX 15 | 232 —27.5(A4.3) | 658 —67.9(A2.1) | TGB 100

Enclosure Position

GB 73
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Figure 3. Cooler and Mux cabinet arrangement in the turbine and generator building

We can see a variation of temperature and humidity shown in figure 5 and 6 before and after the
events in which humidity in enclosure increase rapidly than temperature and made condensation on the
surface of cards in the MUX cabinets. Condensation water could be a circuit in the printed circuit board
that may be a root cause of the alarms and indication in the main control room. Operating and maintenance
manual describes a ground fault detection to detect ground failure that a power supply monitor contains
three ground fault detection circuits. One circuit determines if catastrophic current leakage has occurred
between control common and case ground. Similarly, the other circuits detect catastrophic current leakage
from logic common and field common to case ground. Any current leakage between control common and
case ground appears as a voltage across a resistor. No leakage yields a relative ground. Leakage of
approximately 3.14 pA in either direction trips the window comparator sinking current to ground. As a
result, the CONTROL POWER GND FAULT indicator lights on the front panel. And the window
comparator energizes a solid state relay grounding the ground fault indication (GFI) line. The logic and
field ground failure detection circuits operate in the same manner as the control ground-failure detection
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circuit. However, 7.5V biases the logic circuit. As a result, the window comparator limits are
approximately ¥0.981 V and the current leakage limit is approximately 0.981 pA.

The three solid state relays that control the GFI line are wired in parallel. As a results, control, logic or
field common leakage to case ground, grounds the GFI lines. The corresponding GND FAULT indicator
lights on the front panel, to identify the faulty ground connection [2]. Figure 6, logic diagram, shows the
process of the indication as a result of faults from the remote MUX cabinets, verifying an assumption that
the root cause of the event is the condensation by rapid change of temperature and humidity in the
enclosure. Leakage current through the bridge of water made a circuit to flow current over the ground fault
limit.
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Figure 4. Temperature variation in the MUX 13(red) and 16

Figure 5. Humidity variation in the MUX 13(red) and 16
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Figure 6. One of functional interconnection diagrams for fault indication

3. Corrective Actions

To prevent from reoccurrence of similar practices during plant normal operation, we have investigated
the results and cause of the event and revised procedures related to the event such as a plant chilled water
cooler checking that has been performed at three months intervals and adjusted a schedule of the cooler
replacement to avoid a humidity increase in the MUX cabinets. Also it was recommended that staff
involved into the maintenance and replacement should be trained about activities including cooler
operation, replacement and emergency operation of two chiller failures.

4. Conclusion

The same operational activity can lead to a different result due to environment and times, making an
unexpected event which will be a minor incident or severe accident in some cases that is depend on a plant
and environmental condition. We need a consideration that cabinet located local area should be managed
carefully in order to prevent a rapid change of temperature and humidity because of the control and
instrumentation cards are vulnerable to the environment. Investigation of procedures and adjustment of in-
service schedules can be useful to avoid unplanned scram, reducing an unexpected occurrence due to the
instrumentation and control system failures.

5. References

[1] Final Safety Analysis Report of Hanbit Nuclear 5&6 units,

[2] Plant Control System Operating &Maintenance Manual, Korea Electric Power Corporation Hanbit
Nuclear Power Plant Units 5 & 6

[3] Operational Experience Report of Hanbit Nuclear Power Plant No.6.

[4] Functional Interconnection Diagram, Rev. 3, Korea Hydro & Nuclear Power Co., LTD.
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Introduction

A bunch of alarms and trouble lights on the
main control room simultaneously

The main cause was condensate on
instrumentation cards of plant control
system (PCS)

No functional degradation of the safety
systems and no outsides releases of
radioactive materials by this occurrence

Introduction

Hanbit units 5&6 is two-
loop pressurized water
reactors

Thermal output of 2,825
MWth

The turbine generator
has a rated electrical
output of 1,050 MWe
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Introduction

The PCS is designed to
perform data acquisition and
transfer function

Control most of the field
components such as pumps,
fans, valves, dampers and
circuit breakers

Composed of the safety
related and non-safety
related cabinets

Controlled remotely over
communication network

Overview of Event

Adequate quantity of chilled water at
approximately 42°F(6°C)

- Turbine building area coolers
- High voltage distribution room air handling units
- Area cooler cooling colil
Two 100% capacity chiller
- One 18 operating and

- The other is on standby
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Overview of Event

13:20 Periorm the test procedure of inservice surveillance-3632 in the plant
chilled water system, cooler No.5 was stopped in the turbine building.

13:28 Alarm occurred “PCS MUX 16 Humidity Hi"
13:31 Alarm occurred “PC8 MUX 13 Humidity Hi"

13:28 ~ 13:35 A bunch of alarms and indicators turned on simulfaneously on
the switch boardsin main controlroom.

13:40Immediately start of cooler No.4 at the turbine building.
13:46 Alarm reset “PCS MUX 13 Humidity Hi"
13:52 Alarm reset “PCS8 MUX 16 Humidity Hi"

13:46 ~ 14:00 Control switch trouble resetin the main control room.

Cause and Analysis of Event

Eight cabinets of PCS MUX in the turbine building

Two chillers supply cooled water to the coolers and air
handling units (AHU)

TGB 100” Cubicle Coolex HVOI PCS MUX Cabinet 15/16

PCS MUX Cabinet 13
TGB 100™ Cubicle Coolex HV02 MFWP TEN Control Panel

TGB 13" Cubicle Coolex HV03 PCS MUX Cabinet11/12

PCS MUX Cabinet 09/10
PCS MUX Cabinet 14

Exciter Room Cubicle Cooler HV1Z Exciter

Cooling aix supply facili | Majorloads |
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Cause and Analysis of Event

Cause and Analysis of Event

Local temperature and humidity near the plant
was 36.0°C and 84.1% respectively

Normal replacement time is usually about 10
minutes, but the time was delayed 20 minutes at
that time.

The air in the turbine building with a high
temperature and humidity rapidly permeated to
the enclosure.

The temperature and humidity increased to
6.1°Cand 35% in an enclosure contained PCS
MUX 16 shown in Table 2.
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Cause and Analysis of Event

Temperature [°C]

B Mlecro: St Point: 35

Hmdnv [%] -
Position
3 Mo Set point: 15

234 —240 (AQS)
211 — 213 (A04)
213 — 213 (AQQ)
240 — 218 (A3%)
213 —232 (A19)

232 — 215 (A43)

230 —231 (A5

350

35T — 282 (A131)
504 — 533 (Ad9)
550 — 253 (A13)
802 — 833 (Az31)
450 — 549 (4189)

£58 — 513 (A2))

831 — 881 (A 350)

TGB 13
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Cause and Analysis of Event

Humidity in enclosure increase rapidly than temperature

Made condensation on the surface of cards in the MUX
cabinets.

Condensation water could be a circuit in the printed circuit
board

Leakage of approximately 3.14 pA in either direction trips
the window comparator sinking current to ground

The logic and field ground failure detection circuits operate
in the same manner

Current leakage limit is approximately 0.981 pA.

One of functional interconnection diagrams for fault indication
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Corrective Actions

To prevent from reoccurrence of similar
practices during plant normal operation.

We have investigated the results and cause
of the event and revised procedures

Also it was recommended that staff involved
into the maintenance and replacement
should be trained about activities.

Conclusion

The same operational activity canlead to a
different result due to environment and times,
making an unexpected event.

Consideration that cabinet located local area
should be managed carefully to prevent a rapid
change of temperature and humidity.

Control and instrumentation cards are vulnerable
to the environment.

Needs investigation of procedures and
adjustment of in-service schedules
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OTHERS

"Related Activities at CSNI/WGRISK"'

Probabilistic Safety Assessment Relating to the Loss of Electrical Sources
Jeanne-Marie Lanore (IRSN, France)
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Agence pour |'énergie nucléaire OECD «.

Nuclear Energy Agency

WGRISK Task 2013-1

Insights provided by Probabilistic
Safety Assessment relating to the loss
of electrical sources

Presented by Jeanne-Marie Lanore IRSN
WGRISK vice-Chair

ROBELSYS Workshop - 1-4 Aprfi 2014 IRSH

Agence pour |'énergie nucléaire OECD «.

Nuclear Energy Agency

Background

# The loss of electrical sources is generally an imporiant
contributor to the nskrelated to nuclear plants. In particular the
External Hazards initiating events lead generally to a loss of
electrical sources. This importance was underscored by the
Fukushima accident.

& Astrength of PSAis to provide insights not only into the causes
of the event but also into the potentizl consequences for the
plant and the provisions aiming to limit these consequences
(core damage prevention, large release prevention and
mitigation) with the corresponding risk impact. PSA could
provide a measure of Defence-in-Depth in case of loss of a
safety function.

ROBELSYS Workshop - 1-4 Aprfl 2014 IRSN
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Agence pour |'énergie nucléaire OECD «‘
Nuclear Energy Agency

General objectives

¢ The taskintends to illustrate the PSA capabilities with
outstanding practical examples.

¢ The taskwill rely on a survey of existing PSAs.

+ It will provide a complementary view for ROBELSYS task.

Agence pour |'énergie nucléaire OECD «‘

Nuclear Energy Agency

Content of the task

+ Survey of results and insights relating to LOOP/SBO event
in different PSAs:
— Risk conirioutions (Core Damage Frequency, Large Release
Frequency).
— Dominantsequences,
— Importance of components, of common cause failures, of human
actions....
— Impact of plant modifications (already implemented or planned, e.g.
post-Fukushima).
+ Expected insights:
— For plant safety: main issues, interesting examples, good
practices....

— For PS4 methodology issues (CCF, recoveries...), data, supporting
calculations...

ROBELSYS Workshop - 1-4 Aprfl 2014 IRSN
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Agence pour |'énergie nucléaire OECD «‘

Nuclear Energy Agency

Status of the task

+ June 2013: CAPS(2013-1) approved by CSNI
+ June-November 2013: Questionnaire prepared by a
core group .

— Canada, Czech Republic, France (IRSN task leader),
Germany, Hungary, India, Italy, Mexico, Sweden, Taiwan.

¢ December 2013: questionnaire sent to WGRISK
members (including 5 examples of answer)

& December 2014: draft report
& June 2015: report submitted to PRG and CSNI
& June 2014: responses collected and analysed

ROBELSYS Workshop - 1-4 Aprfl 2014 IRSN
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