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ABSTRACT

An aging assessment of battery chargers and inverters was conducted
under the auspices of the NRC's Nuclear Plant Aging Research (NPAR)
Program. The intentions of this program are to resolve issues
related to the aging and service wear of equipment and systems at
operating reactor facilities and to assess their impact on safety.

Inverters and battery chargers are used in nuclear power plants to
perform significant functions related to plant safety and
availability. The specific impact of a battery charger or inverter
failure varies with plant configuration. Operating experience data
have demonstrated that reactor trips, safety injection system
actuations, and inoperable emergency core cooling systems have
resulted from inverter failures; and dc bus degradation leading to
diesel generator inoperability or loss of control room annunciation
and indication have resulted from battery and battery charger
failures. For the battery charger and inverter, the aging and
service wear of subcomponents have contributed significantly to
equipment failures.

This paper summarizes the data and then describes methods that can
be used to detect battery charger and inverter degradation prior to
failure, as well as methods to minimize the failure effects. In
both cases, the managing of battery charger and inverter aging is
emphasized.

I. INTRODUCTION

Nuclear power plants use battery chargers and inverters to supply power to
safety-related equipment, instrumentation, and controls. A battery charger
converts alternating current (ac) to direct current(dc) to provide power to dc-
driven equipment and components as well as to keep the standby batteries fully
charged. Some plants are designed with a standby charger in addition to the
required number of units (typically two to four per plant). On the other hand,
inverters are used to supply ac-power to safety related equipment and equipment
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important to plant operation after converting the dc-power source to an ac
output. A typical plant design requires at least two such units to distribute
power to various control equipment vital to power and safe shutdown operations.
Plant systems such as the Reactor Protection System (RPS), Emergency Core Cooling
System (ECCS), Reactor Core Isolation Cooling (RCIC) System, and the ac/dc
distribution system use these devices to satisfy certain nuclear power station
safety requirements. Loss of a battery charger or inverter could significantly
impact plant safety due to any of these systems becoming inoperable.

Both battery chargers and inverters are discussed together in this paper
because of their similarities in design, construction, parts and materials. The
sub-components, particularly the electronic elements such as diodes, relays,
capacitors, integrated circuits, etc. are the same in both equipment. They also
serve related safety functions in the plant and experience the same environment,
as well as similar operational stresses. In recent years, improvements in design
and construction have been made on chargers and inverters to mitigate some of the
earlier problems associated with their older counterparts. fJespite the
continuous effort in improving the product, this equipment can fail because of
a malfunction or failure of one or more subcomponents such as capacitors, fuses,
and relays. Because of their safety implications, it is absolutely necessary to
detect defects and, if possible, to characterize charger and inverter performance
to assure their availability during all phases of plant operation, including
postulated accident conditions.

During normal power operation, battery chargers have the dual role of
supplying dc loads while maintaining the station batteries in a fully charged
state. In the event of a loss of ac power, which renders the battery charger
inoperable, the batteries must be fully charged in order to have sufficient
stored capacity to meet the design requirements for safe shutdown of the reactor.
These specific design requirements are identified in the plant Final Safety
Analysis Report (FSAR) and generally specify that the battery be capable of
supplying safety-related equipment following a loss of ac power for up to eight
hours.

In addition, once ac power is restored either from offsite or from the
emergency diesel generator, the charger must be capable of supplying dc loads
while recharging its associated battery within the required time frame. The
importance of maintaining an adequate dc power supply is best illustrated by
highlighting some of the dc loads typically found in BWRs and PWRs. These
include:

Emergency diesel generator controls and field excitation circuit
Auxiliary feedwater and Emergency Core Cooling System logic
Inverters for vital ac systems and instrumentation
Switchgear and electrical load center control power
Reactor trip and protection systems
Main Turbine Generator protection functions (non-safety)

During normal operation, the inverter is generally supplied by the dc bus
(battery charger) and provides power to important 120 volt ac loads. These loads
are both safety and non-safety related. Upon a loss of ac power to the station,



the inverter output is uninterrupted, since the dc bus remains energized from the
battery. The dc power is converted to ac power by the inverter to maintain the
vital bus energized. An alternate supply to the vital bus from a reliable ac
supply is typically provided, and in some cases automatic switching between power
sources is also available. The ac loads supplied by the inverters include:

Emergency Core Cooling Instrumentation and Logic
Feedwater Controls (non-safety)
Annunciators
Neutron Flux Monitoring
Reactor Protection System
•Emergency Diesel Generator Auxiliaries

As illustrated in the lists of equipment typically supplied by battery
chargers and inverters, maintenance of these important components in an operable
condition is essential both to reactor safety and to plant availability. Despite
the use of redundant equipment and buses, failures, especially invertSr failures,
have resulted in reactor trips, inadvertent safety system injections, and
emergency core cooling system unavailability. Within the program outline and
guidance provided by the Nuclear Plant Aging Research (NPAR) Program1 sponsored
by the NRC Office of Research, a comprehensive examination of the aging and
service wear characteristics of battery chargers and inverters was conducted
using the operating plant experience data. Particular emphasis was given to the
root causes of subcomponent degradations based on several failure data bases.
The significant consequences of inverter and charger failures necessitated a
review of the various configurations used by the nuclear industry in their dc and
vital ac supply schemes. The differences found among plant electrical system
designs were also analyzed to determine if system level transients on the charger
and inverter varied as a result of the system design. In addition, the charger
and inverter types, construction, and materials were reviewed in detail, with
special attention to the age and/or wear related aspects of these areas.

II. ASSESSMENT OF OPERATING EXPERIENCE

The operating experience data have demonstrated that inverter failures can
impact plant safety and availability. One of the most visible and dramatic
effects of an inverter failure is reactor trip. In the 9 years from 1976 to
1984, 42 reactor trips were cited from inverter failures in the LER data base.
From 1984 to 1986, 57 reactor trips resulted from an inverter failure. As
illustrated in Figure 1, in addition to 57 reactor trips (44 of which occurred
during power operation), containment isolations, safety injection (SI)
actuations, and safety-system [high-pressure coolant injection (HPCI)( and
reactor core isolation cooling (RCIC)] inoperability directly resulted from
inverter failures2.

Each reactor trip has the potential for impacting safety because of the
additional equipment and operator actions generally needed to bring the plant to
a safe and controlled condition. The plant effects associated with inverter
failures can challenge safety systems, place the plant in an abnormal transient
condition, and hinder operator response by providing misleading information or
limited control capabilities.
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Figure 1: Effects of Inverter Failures (LERs 1984-1986)

The three predominant failure causes associated with nuclear power-plant
battery chargers and inverters are overheating, electrical transients, and
personnel errors3 (Figure 2). Overheating affects the life of components and
materials. For example, electrolytic capacitors, which provide electrical
filtering for chargers and inverters, have been found to be temperature
sensitive. Their failure, in a short-circuit mode, directly results in the loss
of the equipment. Overheating also affects the insulation performance of the
various transformers and inductors used in the chargers and inverters.

Electrical transients associated with a nuclear power plant result from
motor starts, circuit-breaker switching operation, and fault conditions. These
disturbances can result in the initiation of protective devices, such as fuses
and circuit breakers, which can render the equipment inoperable. In addition,
stresses are imposed on sensitive electrical and electronic components within the
equipment, which can result in their premature failure.

i.ersonnel errors during operation and maintenance activities were
associated wi;h approximately 18% of the failures. Some of these failures were
due to stresses induced by personnel when operating, testing, or maintaining this
fairly complex equipment.

A number of other conclusions based on operating experience data include
the following:

• inverter failure effects are more dramatic in PWRs than BWRs because
of their close association with feedwater and turbine-generator
control systems;

• degraded or overvoltage inverter output can result in extensive
plant transients;
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Figure 2: Battery Charger and Inverter Failure Causes

(LERS 1974-1986)

circuitry associated with battery charger output voltage regulation,
especially the float and equalize potentiometers, can affect charger
operation and the equipment supplied;

inverter failures attributable to aging have occurred during the
first two years of operation, as well as during later years. Many
of the early failures may be a result of the stresses applied during
the construction and pre-operational test phases of the plant.

III. AGE-SUSCEPTIBLE COMPONENTS

A. Electrolytic Capacitors

Thermal stress is the major contributor to failure in electrolytic
capacitors. The exact impact that the capacitor's operating temperature has on
its expected life varies from one type and size of electrolytic capacitor to
another; however, in all cases the result is a decrease in expected life with
increased temperature. Figure 3 is one manufacturer's curve for a family of "can
style" electrolytic capacitors. As depicted in this figure, a 20°C increase in
operating temperature, from 25°C (77°F) to 45°C (113°F), results in more than
doubling this failure rate. Figure 4 illustrates, in a secondary way, the effect
of operating temperature on expected life; it is a composite of the data in the
literature. Again, a small decrease in operating temperature can significantly
improve the life of electrolytic capacitors.
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B. Semiconductors

Power semiconductors, including silicon-controlled rectifiers (SCRs), are
composed of materials with different rates of thermal expansion. Short- or long-
term temperature excursions can impair the device's electrical characteristics
and set up internal mechanical stresses at each of the material's interfaces.
These combined effects can ultimately lead to malfunction of the device.
Temperature buildup may be caused by excess ambient temperature, poor or blocked
air circulation, failure of cooling devices, dirty heat sinks, or equipment
overloading. Important specifications are provided for thermal joint compound,
heat-sink mounting surface, and fastening hardware torque requirements. The
importance of the heat sink cannot be overemphasized. One manufacturer
(International Rectifier) cautions that rated voltages be applied only
momentarily to an SCR if the heat sink is not connected5.

VI. CORRECTIVE ACTION

When the primary causes of battery charger and inverter failure are
identified, the corrective actions that may be implemented must be determined.
The options generally available are to eliminate the problem or minimize the
failure effect. Component upgrade, equipment replacement, or increased
maintenance may be used to eliminate the problem. Inverter failure effects may
be minimized by the redistribution of vital ac loads or the use of an automatic
transfer switch. The transfer switch can detect inverter failure and,
immediately upon sensing the failure, transfer the vital bus to an alternate
supply with no detected power interruption to safety-related equipment. If a
specific plant has enhancements, such as an automatic transfer switch or
redundant inverters, inverter problems identified in the generic data base may
not be applicable; therefore, no further corrective action may be necessary.

A. Degradation Detection Methods

One of the goals of the research work associated with battery chargers and
inverters is to identify methods of inspection, surveillance, and monitoring that
will ensure timely detection of aging effects prior to the loss of safety
function1. Several viable methods were found to detect degradation at both the
component and equipment levels. These are discussed as follows:

Inspection - The inspection of this equipment by experienced personnel can
provide a great deal of information about the equipment's overall
condition. Observation of meter oscillation, cyclical electrical hum, or
cooling fan noise while the equipment is operating can indicate an
impending failure. Similarly, a careful inspection of the charger and
inverter while it is deenergized can detect component degradation caused
by overheating and loose electrical and mechanical connections. Signs of
capacitor pressurization, such as the presence of electrolyte or bulging
of the casing itself, also can be observed during inspection.
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Temperature Monitoring - Overheating is an important cause of stress and
failure. In particular, the expected life of capacitors,-fuses, SCRs, and
transformers is directly affected by temperature. Therefore, it is prudent
to monitor them periodically to detect any temperature increase.

The testing of a naturally aged inverter proved that monitoring its
temperature can be an effective technique. The installation of thermocouples on
component surfaces and inside the panel offers insight into component operation.
For example, SCR heat-transfer degradation can be detected by monitoring its case
temperature, and electrolytic capacitor degradation, as reflected by the increase
in internal resistance, may be indicated by an increase in the temperature of its
casing5.

Component performance data may change with time and can indicate
degradation that will eventually lead to an equipment failure. Two parameters
associated with electrolytic capacitors are recommended for detecting
degradation, equivalent series resistance (ESR) and capacitance value.

Maintenance - For the jiitigation of degradation, maintenance must be
performed periodically to refurbish and replace those components which
exhibit aging. In addition to discrete component,s such as capacitors,
transformers, and semiconductors, the integrity of other entities, such as
cable connectors, wiring, and structural fasteners, also must be
maintained to ensure proper performance of the equipment under normal
operating and postulated accident conditions.

Examples of maintenance activities recommended to detect and manage aging
are identified as follows:

1. Cleaning - Cleaning can minimize the risk of overheating. The cleaning,
especially of SCR, the sinks, and ventilation flow paths, improves heat
transfer away from temperature-sensitive components.

2. Component Replacement - Equipment qualification requirements for component
replacements should be incorporated into the preventive maintenance
program to maintain the qualifications for chargers and inverters. The
vendor maintenance recommendations should also be considered.

3. Tests/checks - A number of tests and circuitry checks can be performed to
ensure the operational readiness of equipment.

4. Calibration - External metering of the inverter typically consists of
indicators that monitor the output voltage, current, and frequency.
Internally, relays may be provided for sensing high or low voltage, high
temperature, or other abnormal conditions. These devices should be
calibrated periodically to mitigate the effects of "setpoint drift."

With personnel-induced stresses accounting for approximately 18 percent of
the age-related equipment failures, it is recommended that training be provided
and procedures established for the operation and maintenance of this fairly



complex equipment. In addition, to minimize the effects of an inverter failure,
it is important that procedures exist to provide response .guidance to the
operator. This action may reduce the number of reactor transients and scrams
resulting from an inverter failure.

B. Mitigating Degradation Through Design

Although emphasis has been placed on maintenance practices for mitigating
plant aging the potential improvement in vital bus reliability through the use
of an automatic transfer switch should not be overlooked. The automatic transfer
switch reduces the impact of inverter degradation by sensing the failure and
switching the vital bus to an alternate electrical source without interrupting
power to safety-related instrumentation, controls, and equipment. Calculations
for a typical two-train electrical configuration indicate that a sevenfold
increase in vital bus availability can be obtained by adding an automatic
transfer switch. Other recommended design improvements include the use of
equipment for detecting and suppressing electrical bus transients" regularly
experienced in power plants, the use of higher voltage and temperature-rated
components in the inverter circuitry, and the addition of forced air cooling to
reduce the overheating problems that have been experienced.

On the basis of known life-limiting stresses, it can be deduced that such
components as capacitors, semiconductors, and fuses that are subjected to
electrical transients fail prematurely. These transients can take the form of
voltage spikes, high or low voltages, or momentary interruptions of power and may
be caused by lightning, motor starts, circuit-breaker operation, and electrical
faults. It is therefore advantageous to protect sensitive electrical equipment,
such as inverters, from transients while monitoring the electrical distribution
system so that the sources of power disturbances can be located and isolated.
Equipment for detecting and eliminating the effects of electrical transients on
chargers and inverters is commercially available.

V. CONCLUSIONS AND RECOMMENDATIONS

The degradation of battery chargers and inverters can be detected and
mitigated (1) by implementing a maintenance program that incorporates inspection
and preventive maintenance activities, and (2) through design considerations that
focus on components that are most susceptible to degradation. The benefit of
maintaining a high level of equipment reliability in a nuclear power plant is
directly related to safety-system operational readiness and plant availability.

Recommendations developed through the NPAR effort outside of the
maintenance and testing area include the following:

• The specific effects produced by failures of the battery charger and
inverter at some plants warrant the development of operating
procedures which detail these effects. Pre-planned responses to an
inverter failure could mitigate any deleterious effects of a plant
transient.



• Monitoring and alarming high cabinet temperatures and failure of the
cooling fan should be implemented to reduce the potential for
failure of the inverter and charger due to overheating.

• Recommendations for physical inspection developed in phase 1 through
a "weak link" analysis are viable, based on recent data from
operating experience. These include periodic inspection of cabinet
supports, component mounting, and cable connectors to preserve the
seismic design integrity.

Improvements in the human interface area have been made by manufacturers
of this complex equipment. While backfits of existing equipment with status
displays may not be cost effective, the incorporation of such features in new
installations is recommended.

Other recommendations include:

• Because of the importance of electrical transients as a contributor
to the aging of inverters and battery chargers, it is recommended
that utilities use transient monitoring equipment to determine the
source of damaging transients, so that prudent corrective actions
may be taken. The state-of-the art of transient monitoring
equipment has advanced to the point where monitoring of vital power
sources at nuclear power plants is technically feasible and highly
desirable. Improved system reliability and extended life of the
equipment should result.

• Maintenance procedures should have specific requirements on data
collections so that readings can be reviewed and compared to
previous data.

• It is recommended that battery charger failures be alarmed so that
prompt corrective action is taken. At some plants, a degraded dc
bus voltage condition must occur before an alarm is received.

• Based on the evaluation of equipment designs and the significant
impact that an automatic transfer switch can have on vital bus
availability, it is recommended that for those plants with recurring
inverter failures, the installation of an automatic transfer switch
be seriously considered and thoroughly investigated.
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