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4.6 Functional Design of Reactivity Control Systems

The control rod drive system (CRDS) consists of the control rods and related 
mechanical components that provide the means for mechanical movement.  For the 
U.S. EPR, the CRDS consists of the control rod drive mechanisms (CRDM) and rod 
cluster control assemblies (RCCA).  Additional systems, such as the protection system 
(PS), the reactor control surveillance and limitation (RCSL) system, and the control 
rod drive control system (CRDCS) support the CRDS by providing the control logic 
and electrical power for CRDS movement and trips.

As addressed in Sections 4.6.1 through 4.6.5, the CRDS design satisfies the following 
GDC of 10 CFR 50, Appendix A:

• GDC 4, which requires the CRDS to remain functional and provide reactor 
shutdown capabilities under adverse environmental conditions and after 
postulated accidents.

• GDC 23, which requires the CRDS to fail in an acceptable condition, even under 
adverse conditions, to prevent damage to the fuel cladding and excessive reactivity 
changes during failure.

• GDC 25, which requires the design of reactivity control systems to prevent a single 
malfunction of the CRDS from causing acceptable fuel design limits to be 
exceeded.

• GDC 26, which requires the CRDS to provide sufficient operational control and 
reliability during reactivity changes under normal operation and anticipated 
operational occurrences (AOO).

• GDC 27, which requires the combined capability of CRDS and the safety injection 
system (SIS) to reliably control the reactivity changes establishing the capability of 
cooling the core under postulated accident conditions.

• GDC 28, which requires the CRDS to prevent reactivity accidents from damaging 
the reactor coolant pressure boundary (RCPB), or resulting in sufficient damage to 
the core or support structures to significantly impair reactor cooling capability.

• GDC 29, which requires the CRDS to provide an extremely high probability of 
functioning during AOOs.
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In addition to the CRDS, reactivity control systems that operate under shutdown 
conditions, normal operating conditions, transients, or postulated accident conditions 
include:

• Chemical and volume control system (CVCS).

• Extra borating system (EBS).

• SIS.

4.6.1 Information for Control Rod Drive System

The U.S. EPR contains 89 electromagnetic jack designed CRDMs, each consisting of a 
drive rod, pressure housing, latch unit, and coil housing assembly.  The CRDMs use 
natural air circulation, convection cooling; therefore a separate, dedicated liquid or 
forced air cooling system is not required.  Natural convection cooling maintains the 
temperature of the CRDMs below design operating temperature.  CRDM equipment is 
designed and qualified to operate in the reactor vessel cavity environment.  Details of 
these CRDM components and how the components operate are provided in Section 
3.9.4, and a diagram of the CRDM assembly is shown in Figure 3.9.4-1—Control Rod 
Drive Mechanism Assembly.  An overview of the CRDM penetrations into the reactor 
pressure vessel is provided in Figure 3.9.5-1—Reactor Pressure Vessel General 
Arrangement, and the layout of RCCA control and shutdown banks within the core is 
provided in Figure 4.3-34—Rod Cluster Control Assembly Pattern.  The RCCAs are 
described in Section 4.2.  The instrumentation and control (I&C) systems providing 
rod control are described in Section 7.7, which includes the CRDCS and RCSL systems.

The CRDMs are mounted on top of the reactor pressure vessel head and are protected 
from potential tornado-generated missile damage by being housed in a Seismic 
Category 1 structure, i.e; containment.  The CDRM are protected from internally 
generated missiles by the concrete secondary shield wall and by reinforced concrete 
missile shield slabs mounted above the reactor vessel.  The CRDMs are seismically 
restrained by the reactor pressure vessel closure head equipment as addressed in 
Section 5.4.14.

The CRDMs are equipped with a digital and analog position indication system so the 
RCCA position is measured over the height of the core by two diverse methods:

• The digital measurement, as addressed in Section 7.7, is non-safety-related.

• The analog measurement, as addressed in Section 7.2, is safety-related.

Additionally, an upper and lower rod position indicator provides indication when the 
RCCA is at the top or bottom position.

Section 7.2 describes the PS, including I&C for CRDS trip functions.
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4.6.2 Evaluation of the Control Rod Drive System 

The safety-related function of the CRDS is to perform a rod drop and put the reactor in 
a subcritical condition.  As described in Section 3.9.4, the CRDMs fail in an acceptable 
condition in accordance with GDC 23.  When power is interrupted, the CRDMs insert 
the RCCA into the core by gravity.  Therefore, the power supply to the operating coils 
of the CRDM is non-safety related.  Additionally, the CRDS is part of the 
environmental qualification program as described in Section 3.11 and in Table 3.11-1, 
so that the CRDS remains functional and provides reactor shutdown capabilities under 
adverse environmental conditions.  As noted in Section 3.1, in the event of a high or 
moderate energy pipe failure within the plant, adequate protection is provided so that 
essential structures, systems, and components are not impacted by the adverse effects 
of postulated piping failure.  Within the support structure, the reactor vent lines and 
in-core instrumentation lines are high energy lines and are designed to comply with 
ASME Section III (Reference 3).  These lines are less than nominal pipe size (NPS) 1 
and as addressed in Section 3.6.2.1.3, are not postulated for line breaks or leakage 
cracks and therefore, do not represent a credible failure mode.  As addressed in Section 
3.5.1.2.2, a CRDM pressure housing failure, sufficient to create a missile from a piece of 
the housing or to allow a control rod to be ejected rapidly from the core, is non-
credible.  The U.S. EPR design also prevents the dynamic effects of postulated pipe 
ruptures based on the application of the leak before break approach.

The CRDS design follows the guidance of IEEE 384-1992 (Reference 4) and RG 1.75 
with respect to physical independence and electrical isolation between essential and 
non-essential components.  Physical separation, or barriers utilized to achieve the 
physical separation, and approved electrical isolation devices are utilized to implement 
electrical isolation.   As addressed in Section 7.1, the I&C systems and components 
important to safety are designed to accommodate the effects of, and to be compatible 
with the environmental conditions associated with normal operation, maintenance, 
testing, and postulated accidents, which include loss-of-coolant accidents (LOCA) and 
from events and conditions outside the plant in accordance with GDC 4.  Section 7.1 
also addresses I&C architecture implementation of several design strategies such as 
defense-in-depth, functional diversity, priority, and redundancy that optimize plant 
safety.

The U.S. EPR Digital Protection System topical report (Reference 1) demonstrates that 
the PS conforms to IEEE Std 603-1998 (Reference 2).  To conform to this standard, the 
PS design was evaluated against numerous criteria, including but not limited to the 
following:

• Single failure criteria.

• Environmental and seismic qualification.

• Independence.
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• Reliability.

• Common cause failure.

As described in Section 7.2, the PS is designed to fail into a safe state or into a state that 
has been demonstrated to be acceptable in accordance with GDC 23.  Each protective 
function has different requirements and therefore different criteria are used to achieve 
a fail safe state.  The PS divisions are physically separated in their respective Safeguard 
Buildings.  The four divisionally separated rooms containing the PS equipment are in 
different fire zones.  Therefore, the consequences of internal hazards, such as fire, 
would impact only one PS division. The analog position indication system, which is 
part of the PS is the only instrumentation required of the CRDM and supporting 
systems to safely operate.  Failure of the analog rod position indicators to operate 
properly would not prevent the RCCAs from inserting into the core or resulting in 
inadvertent withdrawal from the core.  The PS has also been evaluated in the 
probabilistic risk assessment (PRA) and determined to be of high reliability because of 
its diverse signals and redundant channels and divisions.  Chapter 19 provides a 
summary of the PRA.  The PS is environmentally and seismically qualified to perform 
its designed safety functions while exposed to normal, abnormal, test, and post-event 
environmental conditions, as addressed in Section 7.2.  As noted in Sections 7.1 and 
7.7, there is independence between safety-related equipment of the PS and non-safety-
related equipment, and failure of the non-safety-related portions of the CRDCS can 
not affect the safety-related function of the trip contactors.  

A failure modes and effects analysis of the PS, as described in Section 7.2, verifies that 
the PS will initiate a reactor trip when required even with a credible failure of a single 
active component.  

4.6.3 Testing and Verification of the Control Rod Drive System

The CRDS operability assurance program is described in Section 3.9.4.4.  Testing of the 
CRDS verifies system operability and is conducted in several stages:

• Prototype tests and manufacturer tests prior to initial installation.

• Preoperational and initial startup tests.

• Inservice tests.

• Tests following maintenance and fuel movement.

Abstracts of CRDS tests performed as part of the initial test program are provided in 
Section 14.2.  Also, the Technical Specifications and Section 3.1 provide requirements 
for surveillance and testing of reactivity control systems.
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4.6.4 Information for Combined Performance of Reactivity Systems

The U.S. EPR contains two independent reactivity control systems in accordance with 
GDC 26: the control rods and the soluble boron in the coolant from the CVCS, SIS, or 
EBS system.  Control rods compensate for reactivity effects of the fuel and water 
temperature changes accompanying power level changes over the range from full load 
to no load.  In addition, the control rod system provides a minimum shutdown margin 
during AOOs and is capable of making the core subcritical to prevent exceeding 
acceptable fuel damage limits, assuming that the highest worth control rod is in the 
fully withdrawn position.  Soluble boron in the reactor coolant compensates for xenon 
burnout reactivity changes and maintains the core reactivity within the shutdown 
requirements for the cold shutdown condition.

As indicated in Chapter 15, except for large break LOCA, no credit is taken for 
reactivity control systems other than reactor trip to mitigate the events to achieve a 
stable plant condition.  For large break LOCA, reactor trip is not credited during the 
initial mitigation of the event.  Shutdown occurs through voiding of the core.  Borated 
water from the accumulators and SIS provide the necessary boration to maintain the 
shutdown margin during the refilling of the core.  Insertion of the control rods is 
credited to provide additional shutdown margin during long-term cooling.  For plant 
events that go from a stable plant condition to cold shutdown condition, EBS is 
credited for boron addition.  Information on the CRDS is provided in Section 3.9.4.  In 
addition to CRDS, the SIS, EBS, and CVCS systems contribute to the combined 
performance of reactivity control systems:

• SIS is described in Section 6.3.  SIS is designed to meet single failure criterion.  The 
system consists of four independent 100 percent capacity trains with each train 
located in a separate Safeguards Building, as further described in 6.3.2.  The SIS 
limits fuel assembly damage during core flooding (via accumulators) and 
emergency core cooling following a LOCA.  This separation and independence 
provides protection from physical damage due to natural phenomena and hazards, 
and it allows fulfillment of the system safety function in the event of a single 
failure.  See Figure 6.3-1—Safety Injection System for a system layout. 

• EBS is described in Section 6.8 and is available to inject high-pressure borated 
water into the reactor coolant system to support reactor shutdown.  The EBS is a 
safety-related system and is used for reactivity control during postaccident 
cooldown after Postulated Accidents, including small break LOCAs and non-
LOCA events where cooldown to cold shutdown conditions is the final design end 
state.  The EBS performs its safety functions assuming the most limiting single 
active failure concurrent with a loss of offsite power.  EBS consists of two 
redundant trains.  Except for the injection lines that enter the reactor building, the 
two EBS trains are housed in separate divisions within the Fuel Building.  Within 
the Fuel Building, each EBS train is physically separated by a wall, and the 
common suction and outlet lines are protected from each other and from high 
energy piping in other systems.  The EBS is designed to withstand the effects of 
natural phenomena within the plant design basis without losing the capability to 
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perform its safety functions.  Redundant pumps and injection paths are installed in 
separate fire zones.  Divisional separation protects these injection loops against 
dynamic effects that may result from equipment failures in accordance with GDC 
4.  See Figure 6.8-1—Extra Borating System for a system layout.  

• CVCS is described in Section 9.3.4.  The CVCS is an operational system and is used 
to maintain RCS boron concentration during normal plant operating modes.  The 
CVCS and the CRDS work together to maintain reactivity control during normal 
plant operations. As addressed in Section 15.4.6, during normal operation, 
administrative controls preclude dilution events through procedures that limit the 
rate and duration of dilution.  In addition, the CVCS is designed to limit the rate of 
boron dilution, provide alarms, and take certain protective actions (refer to Section 
9.3.4) to mitigate an inadvertent dilution event.  Section 15.4.6.2 addresses 
analyses that show antidilution, safety-related protection channels that provide 
effective protection by automatically eliminating the dilution source.  The analyses 
indicate that possible dilution events are terminated as required.  Refer to Figure 
9.3.4-1—CVCS P&ID for a system layout.  

For the Chapter 15 analyses involving a reactor trip, the single, highest worth RCCA is 
postulated to remain untripped in a fully withdrawn position to satisfy the stuck rod 
criterion.  Analyses specifically related to the CRDS failure or misoperations are 
provided in Section 15.4:

• Uncontrolled rod assembly withdrawal in Sections 15.4.1 and 15.4.2. 

• Control rod misoperation in Section 15.4.3.

• Rod ejections in Section 15.4.8.

Mechanical failure or overheating of the CRDM causes failure of only one RCCA from 
inserting into the core by gravity, and the other CRDMs remain functional.  Table 4.3-
6 shows that more than 100 percent shutdown margin is available for reactor 
shutdown.  This demonstrates that the CRDS maintains the reactor in a subcritical 
condition assuming a credible failure of a single active component and the CRDS has a 
high probability of functioning during AOOs and other accidents in accordance with 
GDC 29.  As addressed in Section 7.2 and 7.7, the PS and RCSL are designed with 
sufficient reliability to perform their functions in the event of AOOs.  RCSL performs 
limitation functions to help reduce the risk of actuating a protective action as a result 
of an AOO.  In the event an AOO leads to conditions requiring protective actions, the 
PS is designed to initiate reactor trip and ESF functions to protect the core and RCPB 
in accordance with GDC 29.  

4.6.5 Evaluation of Combined Performance

For reactor trip functions, there are diverse means of tripping the reactor by dropping 
control rods even if a postulated common cause failure were to disable the PS.  An 
automatic diverse actuation system and a manual hardwired trip function are provided 
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as described in Section 7.2.  Similar diversity is provided for the engineered safeguard 
functions.

The CRDS reactivity insertion rates are described in Section 4.3.

The maximum reactivity change rate for normal operations and postulated accidental 
withdrawal of control banks prevent the peak heat generation rate and departure from 
nucleate boiling ratio from exceeding the maximum allowable values in accordance 
with GDC 25.  The PS is designed to protect the fuel design limits in the presence of 
any single malfunction of the reactivity control systems.  Additional information is 
provided in Section 7.1.  The PS contains the functionality required to establish that 
specified acceptable fuel design limits are not exceeded for any single malfunction of 
the reactivity control systems in accordance with GDC 25.

• The maximum reactivity worth of control rods and the maximum rates of 
reactivity insertion employing control rods are limited to preclude rupture of the 
coolant pressure boundary or disruption of the core internals to a degree which 
would impair core cooling capacity during a rod withdrawal or ejection accident, 
as described in Section 15.4.

• Following a reactivity accident, such as rod ejection or steam line break, the 
reactor can be brought to the shutdown condition, and the core will maintain 
acceptable heat transfer geometry in accordance with GDC 28.  The RCSL system 
is designed with sufficient reliability to perform automatic control and limitation 
of primary parameters associated with the reactor core and RCS.  The PS is 
designed to protect against damage to the RCPB in the event of a postulated 
reactivity accident, as described in Section 7.2 and in accordance with GDC 28.

• Reactivity addition associated with an accidental withdrawal of a control bank or 
banks is limited by the maximum rod speed (i.e., 29.52 inches per minute) and by 
the worth of the banks. 

The CRDS is constructed to have a combined capability, in conjunction with boration 
by the emergency core cooling system (i.e., SIS or EBS), of reliably controlling 
reactivity changes to establish that under postulated accident conditions the capability 
to cool the core is maintained.   The SIS has been evaluated as described in Section 
6.3.1 and in the Chapter 15 safety analyses.  These analyses demonstrate that the CRDS 
and SIS and EBS systems reliably control reactivity changes to cool the core under 
postulated accidents in accordance with GDC 27. 

4.6.6 References 
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Tier 2  Revision  0  Page 4.6-7



U.S. EPR FINAL SAFETY ANALYSIS REPORT
2. IEEE Standard 603-1998, “IEEE Standard Criteria for Safety Systems for Nuclear 
Power Generating Stations,” Institute of Electrical and Electronics Engineers, Inc., 
1998.

3. IEEE 384-1992, “IEEE Standard Criteria for Independence of Class 1E Equipment 
and Circuits,” Institute of Electrical and Electronics Engineers, Inc., 1992.
Tier 2  Revision  0  Page 4.6-8


	4.6 Functional Design of Reactivity Control Systems
	4.6.1 Information for Control Rod Drive System
	4.6.2 Evaluation of the Control Rod Drive System
	4.6.3 Testing and Verification of the Control Rod Drive System
	4.6.4 Information for Combined Performance of Reactivity Systems
	4.6.5 Evaluation of Combined Performance
	4.6.6 References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


