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SUMMARY

I . Project Title

A Survey on Reliability and Safety Analysis Techniques of Robot Systems

in Nuclear Power Plants

II. Objective and Importance of the Project

Recently, robot systems have been introduced into various industries.

Over the years there have been many robot-related accidents and increasing

attention is being given to both reliability and safety of robot systems

nowadays. Many organizations such as ANS in USA, JISHA in Japan and

International Organizations including ISO and IEC are establishing

standards and regulations for robot safety and reliability. But the

analysis of safety and reliability of robot systems has not been main

stream in robot industry so it had less concern than the design and

manufacturing field. Thus techniques and models for robot safety and

reliabiltiy were mostly from other industry fields. For the purpose of

safety and reliability analysis of robot system which is the subsystem of

reactor inspection system we are developing now, state of the art

techniques related to safety and reliability analysis of systems are

surveyed. Especially for robot systems in nuclear power plant environment

ultra high level of reliability and safety are required and also requires

special considerations related to the working environments such as

teleoperation and radiation tolerance. Thus these topics were also

surveyed.

III. Scope and Contents of Project

1. This report describes the current status of reliability and safety

analysis techniques which have been used widely in many industry fields

and which have been approved in practical applications. There were no

inherent techniques or models for the safety and reliability analysis of
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robot fields. Though all of these techniques approved in real fields they

are still insufficient for the complicated system such as robot systems

which are composed of electronic parts, mechnical parts, and software.

Particularly the application of these techniques to digital and software

parts of robot systems is immature at this times.

2. It is necessarty to understand target system for the analysis of the

system. Robot system has many characteristecs differentiated from other

systems and these characteristics are essential for the reliability and

safety analysis of robot systems. All features and failure modes of

mechnical parts, electronic part, and overall system were studied and the

effect of these to the analysis was surveyed.

3. Working environments of robot systems must be considered in the

analysis of robot systems. In nuclear applicaions of robot systems

radiation degradation effect of components or teleoperation environment

must be included in the analysis.

4. The case studies of safety and reliability analysis of robot systems

developed in other countries were collected and stuped. They were mainly

robot systems developed for nuclear applications. System description,

chracteristies, analysis techniques, and the specialties of the analysis

for each case were surveyed.

IV. Result of Project

The current status of the reliability and safety analysis was surveyed

for the purpose of overall quality improvement of the reactor inspection

system which is under development in our current project. The results of

this survey are: (1) Reviewed various safety and reliability analysis

techniques and models of systems: Reviewed reliability and safety analysis

techniques were generally accepted techniques in many industries including

nuclear industry. And we selected a few techniques which are suitable for

our robot system.(2) Studied the characteristics of robot systems which

are distinguished from other systems and which are important to the

analysis of our robot system and reactor inspection system. (3) Studied
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nuclear environmental factors which affect the reliability and safety

analysis of robot system. (4) Collected and analyzed the case studies of

robot reliability and safety analysis which were performed in foreign

countries.

Reviewed techniques were proven in many industries but they still has

limitations in real application, especially for the complex systems as

robot systems. For the advenced and complex robot systems which are

composed of electric parts, mechanical parts, and software parts the

effectiveness and the exactness of these techniques were not validated

until now, and quantitative assessment of robot systems using these

techniques is just started. The research for safety and reliability

analysis of digital systems including software are carrying out by many

industries including nuclear field, military field, chemical field, and

transportation field and new techniques such as advenced Markov model or

Bayesian Belief Nets are introduced and applied to various applications.

The results of this survey will be applied to the improvement of

reliability and safety of our robot system and also will be used for the

formal qualification and certification of our reactor inspection system.
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3<H

K Clemens<Hl

(1) Management Oversignt and Risk Tree(MORT) Analysis

(2) Interface Analysis

(3) High potential method

(4) Fault Tree Analysis(FTA)

(5) Failure Mode and Effect Analysis(FMEA)

(6) Event Tree Analysis(ETA)

(7) Critical incident technique,
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(8) Change analysis,

(9) Audits,

(10) Criticality Analysis

(11) Job safety analysis,

(12) Flow analysis,

(13) Sneak circuit analysis,

(14) Systematic inspections

(15) Single point failure analysis

(16) Prototype

(17) Subsystem Hazard Analysis

(18) Technique of human error rate prediction

(19) System hazard analysis,

(20) Random number simulation analysis

(21) Industrial hygiene methods

(22) Generic preliminary hazard analysis

(23) Naked man method

(24) Procedure analysis

(25) Networks login analysis,

(26) Preliminary hazard analysis

(27) Worst case condition technique

(28) Operating and support hazard analysis

(29) Energy analysis

(30) Contingency analysis

(31) Scenario technique

4

1. Checklists

JE.
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2. Hazard Indices

safe
Dow Chemical Company Fire and Explosion Index Hazard Classification Guide

Dow Index)7> ZL

. 3E. 2.
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3. Management Oversignt and Risk Traa(MORT) analysis

US. Nuclear Regulatory Agency^ Johnson^] ^ * | 1970V*tflofl

R-fe S3} c}©|©}:2^( fault tree)6il ^7]*} A}^.(accident) 3.

MORT ^ ^ (

51

-f-B] "̂̂ 'Sfet:-!] ZL^i^: (i) specific job oversight and ommissions (ii) the

management system that controls the job o|c}. o] S-Q^. ̂ ] X[3.&\) $X°]*\

o nonroutine operationg mode, such as trials and tests(Chernobyl

o maintenance and inspection(TMI

o changeover or repair(Flixborough

o starting or stopping, special jobs, troubleshooting, incipient

problems

MORTfe A}3.^^# 7fl

o technical informaton system

o design and planning

o maintenance

o inspection

o immediate supervision and high-level management

o barriers

o unwanted energy flow

o policy

o management system
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MORT

4. Fault Tree Analysis(FTA)

^ 4 ^ ^ > ^ ^ > ^<HlA-l ^B] 4 - g - S ] ^ ^ ^ o ] c > . 1961^4 Bell

H.A. Watson<H) ^«B 7t[a^£| &feT3fl Minuteman Launch Control System

51 ^§7|-7} H ^ ^ o l S i c K H ^ Bell

Boolean Logic ^ ^ M FTA<̂ ]

t+g-2}

o Al^

o Fault Tree

o ^ A ^ «.^

o

(1) Al^

A-1

*l-§-#7} A } ^ # # ^ [ ^ ^ C K 41^1 A}^S] 1 ^ ^ nfl-f

SI 71

(2) Fault Tree

A l ^ o j %*)7} 51^ Cfg- TctTJIfe

A>^(top event)-§• ^^*W1 ^ 4 . Hel3. ©1

^ofifl<H logic symbol^ ©1-g-̂ H ^^*fl ^H^^r}. FTA

fe logic symbol^ H ^ - i
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FTA ^ ^

5. Failure Mode and Effect Analysys(FMEA)

o] 7]

ia 4

. ZL51JL 4

. 4

4

S - l FMEA

Component
Failure

probabi1i ty
Failure mode

Percent failures
by moce

Effect
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7}

1H* aicfe ^^o) safe ^ 3. *}# A} #2} aj-g-i- s

FMEA7>

6. Event Tree Analysis(ETA)

FTA7> A ] ^

717} <H^n>. ETA^ WASH-1400̂  ^ # § ^ | 41^35. ^ ( p r o b a b i l i s t i c risk

assessment, PSA)̂ ( FTA-i- ^ ^ g * } ^ -f- ^]^f ^ ^ § ^ ] ^ #

A>-g-5l^ ^^^^ - (dec i s ion tree)

FTA7} 7f^*> 4 ^ r

initiating event)^l

6\]

4 ^ ] ^ ^ # ° 1 Af̂ S ^^-51 headingo]

heading^ ^1^1*> 4 A ] ^ ^ ^ ^^- ^ f e ^sf<Hl 5|*1|

$7 l fe ^ 7 W ^^-7} 3c]feo)l (i) i ^ ^ ^ o )

branch), ( i i ) 2i3l TJl^o] ^3fl*}fe ^-f(lower branch)o]u>

X[3.(accident)^ ^^(sequence)7> ^t:>. ETA-b

^ sa>rr
o C te ^ 7 ^ 1 ^ ^ ^ ^ ^ o ] ^ ^ FTA^ ^ ^ Af

o
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ETA7>

7. Hazards and O p e r a b i l i t y Analysis(HAZOP)

HAZOP^ ^ ^ - ^ Imperial Chemical $\X[6\] ^ * | | l960\ltf l

o)

HAZOP̂ r AflS^ ^ T ^ I ^ l A ^ ^ l^o |u} ^ ^ o f l ^ JLB^^x]

o The design intention of the plant

o The potential deviations from the design intention

o The causes of these deviations from the design intention

o The consequences of such deviations
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3.-2. Guidewords for HAZOP

NO, NOT, NONE

MORE

LESS

AS WELL AS

PART OF

REVERSE

OTHER THAN

<>) n]

The intended result is not achived, but nothing
happens
More of any relevant physical property than there
should be
Less of a relevant physical property than there
should be
An activity occurs in addition to what was
intended, or more components are present in the
system than there should be

Only some of the design intentions are achived

The logical opposite of what was intended occurs

No part of the intended result is achieved, and
something completely different happens

8. Cause-Consequence Analysis(CCA)

CCAfe 1970^^11^1 Neilson<H] ^«fl 7lH*£|&t:)-|[32].

backward search) BE. 1

search). Cause-sequence diagram-^

Sl-

Cause-sequence diagram^]

£ critical eventej-

M-ufl:a:(top-down or

forward

t:f§-3f

o AND gate, OR gate, AND vertex, Mutually exclusive/exhaustive OR vertex,

o Mutually exclusive OR vertex(used after time delays),

o EITHER/OR vertex(decision box), Condition vertex, Basic condition,

o Initiating event(maybe critical event), event,

o Significant consequences, Condition, Fixed time delay, Variable time

delay

CCAfe FTAofl

(Cause-consequence)

CC

7|-g-o|t|-

cc
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time delays, alternative consequence paths, combination of events

2 ^ . A l ^

1. Failure Mode and Effect Analysis(FMEA)

o) 7 ^ * W . o| 7 ] * ^

fail-safeuf X\^^ redundancy^}- Q-&

%t-o]o_} 3.^- ^2f^ ^]^J£1- # ^

SI^K-ilSlJE §^^1^1 ^ > ^ ^ S ^ TS'ti J2/8- (singularity-failure)

2. Fault Tree Analysis(FTA)[29]

. FTA ^ ^ f e ZL^ 25} 2°] 7}

FTA
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4

<y^-(multiphase mission) fe

>M7|-

«> Aj^^oil jn.#o]
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3.Reliability Block Diagram(RBD)

K ©1

4

RBD S.^ 71^- ̂ f-^^: C^g-af

o Failure Independence Of Block Failures

o Bimodal Device Status

o System Operational If All Devices Operate

o System Failure If All Devices Fail

o A Device Failure Cannot Make a Failed System Operational

o System Remains Operational After Any Device Repair

o All Block Connecting Lines Have A Reliability Of 1

o A Block Fails If Any Part Of the Block Fails
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S-3.

Series

simple parallel

redundancy

m of nparallel

redundancy M, iUn-lV. R<>(-l-

standby
redundancy

parallel-serial
redundancy

serial-parallel
redundancy

(2Ra-Rl)(2Rb-Ri)

4. .^(Combinational Models)

7fl

[27]. ^ ^ ^ FTA5+ RBD#

o It is difficult, if not impossible to allow for various types of

dependencies such as repair, near coincident faults, transient and

intermittent faults and standby systems with spares
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o The nature of the combinational approach requires that all

combinations of events for the entire time period must be included.

For complex systems, this results in complicated models.

o A fault tree is constructed to predict the probability of a single

failure condition. If a robot has many failure conditions, separate

fault trees must be constructed for each one of them.

5. Markov Models

Markov :§M

ts)

4 4 o|A>4(discrete)*l7l- <?!^4( continuous )<J]7H]

-'iNKstate)#

K Wt ^ t7>
Markov 3.*$-^ 47]-

7]

state

(continuous variable)o|jL

Tfl

Markov

Markov

Markov ocessH e>JL *Vt:f.

x=i ^ W i j

J S.5| ^©1(transition)

44

}(independent).

. Markov
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Markov 3 } ^ £ j g

M#°] ^ # # ^ t f t R r Markov 2^£) 7j£ 7}^ 4§6fl *«J# Sil l>fl

£<first-order differential equation)^

^°1 ^ ^ transit ion matrix)S ^ i M ^^ty- ̂ r Sll̂ K Rowfe

M 3 . column^ 2f^§o| A]^> t+dtofl

initial state), ^f-f- S]#^B|((final state)e>

Markov

(node)5} ^ o | ^ 1 - ^ - u}Efuf^ x]^(branch)S °]-f-<>|̂ l Markov graph

6.Simulation Technique(Monte-Carlo)

Monte-Carlo S ^ A J ^ ^ M^4: ^ * R r -¥-§^ ^-^#<>il ^7] ^ - ^ i ^ A}

3.7ISI Al^^o] s j ^ o ]^ 2.3) ^ ° .

4-g-SiuK O) 71 ̂ »1 i ^ ^ f e 7j|A>6lt ^^.*> Hj-g-o)

JE. " I

l)

o Fault Tree Analysis(FTA)
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o Failure Mode and Effect Analysis(FMEA)

2) S.%2) <&%5L #*} 7]$

o Failure Mode and Effects Analysis(FMEA)

o Fault Tree Analysis(FTA)

o Reliability Block Diagram(RDB)

o Combinational models(FTA£} RDB ^ )

o Markov models

o Simulation Technique(Monte-Carlo

^ ^ < H ) f e 7]

^ Advanced Markov SM, Bayesian Belief Ntes^f
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]^. 717H

21517} ^ f e

x:}^*} oflM^|^4(source)o)

thermal, electrical, laser, X-ray

- kinetic, chemical,

-L
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el3. ^SH

5lJL 4 JL^

o incorrect action by the robot during manual operation (16.6%)

o incorrct movement of peripheral equipment during teaching or

testing( 16.6se)

o erroneous movement of the robot during teaching or testing(16.6%)

o incorrect movement during checking, regulation, and repair(16.

o sudden entry of the human to the robot area(11.2%)

o incorrect movement of peripheral equipment during normal

operations(5.6%)

o erroneous movement of robot during normal operations(5.

o others (11.2%)

General Motors Corporation^]^ JLJlS 3.-%;

o The presence of an authorized person in the robot operating enclosure

o The robot operating enclosure may simply be defined as the utmost

operating boundaries of the robot, including any attachments to the

robot or its arm

o Workers were not vigilant to adjacent robots,

o People with authorization ignorant of the robot program's

ramifications
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(stationary or mobile), ^ ^ 7]7]M]^oJ| 7fSfl*|if S * ^ ^ I§-SL£. O]

o Fire

o Flooding

o Release of poison or radioactive material

o Electrical harm

o Loss of plant control

o Damage to plant stucture

General Motors<HH 1

o no effort was spent to plan the task

o there was no anticipation of the injury

o there was no development of specific safeguard methods

o the injured workers himself took initiatives to rectify the situation

7]
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44
o £ § S * ^ 4 ^WI L># &SH$

2. -S4

7}.

o

7]7l#

l-purpose) D | | ^^e ) lo ]^^ A}-g-

4 SS.ZLs«

rigging
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o 1H l

o ^^ -^ r

o Electromagnetic interference^]- aoU}-ti ^ ^ ^ Jl^sflo]: ^Vt:]-. (<>fl
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4 g-

7JJEL

^ • § •

7]7|

7 | 7 )o j

electrical actuatores with bearings, gear boxes,

position feedback devices
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o sensors

distance and force sensors, viewing systems, microphones

o cables and other communicaton devices

line driver, multiplexing circuits, analog to digital converters,

radio links, preamplifiers for sesnors

-?•# «a^-fe
(sudden failure or progressive failure)

1. Drive mechanisms

o loss of insulation in the motor coils or in the connection wires

o embrittlement of the connections

o hardening of the lubricant in the bearings and gear boxes

o degradation of the commutation electronics

o gamma heating causing too high an internal temperature

o halogen release from polymetric materials and lubricants inside the

motor leading to the corrosion of critical parts
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£. joints

fail-safe i M H ^ 7 M <#*}£) #7l 71-fesg- -M^ofl afHAl ^^.*> <tf# 7l

o use of radiation hardened motors

o use of radiation hardened cables for coils and leads

o use of radiation hardened lubricants in the bearings

(or grease free bearings)

o careful design of the connections to remove any source of fatigue

o no electronics should be located at the motor level

cflsfl *l%i# *i ^ ^ Megagray

A - i -4^ : ^r SliCfe ^2j-7> *L\$}$\v.}.(ref -Rohrbacher, Radiation and

temperature hardened components for in-vessel handling equipment, 18th

Symp. Fusion Tech. 1994) HB\3. 3.% °^-& °i—

^ f ^ ^^1}^1 lubricant

l ^ ^ 5 | a] ^ § ^ ^

2. «a

smart sensore}JL

; H 7]^2} 3.71 -̂oflA-1 ^ ^ o ] i&x}*}; ̂ 3 .*>^ passive*}
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3. 7]Z] ^9*1 (Distance sensors)

(1) electromagnetic for short distances

71 Shi- €• -&M3 3-f * W M - g T ^ F ^ 20MGy

decalibration«H ^A*>JL ^ 4 ^ € -3-M

£ ^ H ^^S tKS^r 7]el^ ^-^^1 Afg-5]^ safety

limit ifl^lSJE. A]~g-̂ t:>.capacitive JLi|-# A1~§-«> ^|^fe. ^ S . # # 3|sl-g-

(2) ultrasonic for large distance and wide angular coverage

# ^ JL^Sflo]: *>^Kcapacitive membrane

(angular coverage 30 deg.)$} piezoelectric crystal ^Ef(angular coverage

10 deg. )SJ ^ 7

J2.Jp 10

(3) optical systems for accurate angular resolution

light emmiterS} receiver7>
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4. Force sensors

force ̂ A-ife n R i ^ e M E ^ gofl

h force control JEE-b nflv|3f.eflo]B|i4 S.^-°\] 3}*}

strain gauge, load cells,

force/torque $i^£\ ̂ g-fS ^ ^ ^ 1 ̂ ^ lMGy7fxl decalibration

5. Viewing systems

o optical elements: lenses

o drive mechanism: pan/tilt, focus, zoom

o image sensors: tube, CCD

o image transport system: prisms, periscope, optical fibre bundle or

cables

o front end equipments: scan circuit, power supply

CCD#

10-100

6. Audio feedback

1 audio feedback^
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JL -S.J2.5l &t]-. (Home, Advanced teleoperator development at CERN, BNES

Conference on Remote Techniques for Nuclear Plants, 1993)

CERN<HH MANTISefe A | ^ ^ ^ - o]-g-sfl 4<g-g- s> ;g^ofl $)%}# force

reflexing &o] audio feedback 7]%-i?># 7 ^ | 2 nfl-f ^:S*}; «f<a# - r ^ ! ^ ̂ r

. *>t;>.audio feedback* £]*Mfe n}oja^.-g-<>l ^s. 4-g-ScK °] nj-

capacitive/piezoelectric

7. Communication systems

control station^)- on-board

o ?flol^.ofl nfg. ^ ^ connector7}

o multiplexingolL-f

o Eaj^.

t:}A| A/D ̂ % , 3:̂ 1-̂ 1 line driver, front-end preamplificaton^f %}£-

8. Electrical cables and connectors

^ polymeric insulation 7l«lA
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*H&-3fe ? H # £ ^S. mineral insulation

] fe£: polymeric insulation

actuators ofi

. bending stress7f

o PVCT-I- PEif ^-^r polymeric insulation

o »y-AHl<HI cH«U x-]%^ol ^^- Radox(polyolefin), PEEK(polyetherketone),

Kapton{polyimide) ^fl^^ -

o polymeric ^fl^^l ^l<>l#^r W\&«H ^«fl halogen 7}^

^ ^ ^ ^71 4 . ^ 1 ^ J2/SM
o PEEK E}-«y^ f i ^ B l ^ lOMGy *

9. ^ J S . ^ ^ - ^^f7l7l(Electronics for signal communications)

7l7]7>

on-board ^ I J l^e l , front-end preamplification, A/D

on-board optoelectronics, mobile $.$:$) ^-r- n f o | 3 ^ .

Bit- S#*Hr 4 ^ ^^I-S- ^^7171 #ol olofl e f l^^Ko]^ 7}7l
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o 4

10

o 10kGy# ^ .

arsenide)7f

insulation l^

U | MOU}.A1 CMOS^ 1

SOI (Silicon on Insulation) J|- GaAs(fallium

S-4. Limit of usability for subsystems

Sub-system

Drive mechanisms

Distance sensors

Force sensors

Viewing systems

Audio feedback

Electrical cables and connectors

Electronics for signal communications

Limit(MGy)

10

20

1

1

1

10

1

(radiation degradation factor) ^-o]
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A =

(Po - Pt)/(Po - Pf) for P0>Pt<Pf or P0<Pt<Pf

0 for P0>Pt>Pf or Po<Pt<Pf

1 for Po>Pt>Pf or Po<Pt<Pf

where,

Po = value of a characteristic parameter(e. g., the modulus of elasticity

of a polymer) before exposure

Pt = value of the characteristic parameter after a total radiation dose Dt

Pf = value of the characteristic parameter at failure

j a. *}^$) radiation degradation function

^tfl radiation degradation function^

radiation degradation function^ -7}^] ^Efl7|-

5\3L ?tS) &<>}

degradation function^]

"^ piece-wise linear radiation

Parameter value

t: at failure
t: at time t

Dose

H^]-3. Simple radiation degradation function
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P a r a m e t e r v a l u e

P.-

D ose

HQ-4. Piece-wise linear radiation degradation function
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5 S"

o Remote Reconnaissance Vehicle(RRV)

o Remote Work Vehicle(RWV)

o Weigh and Leak Check System(WALS)

o INGRID

o ROBUG III

o Gripper

o Waste Retrieval Manipulator

1. Remote Reconnaissance Vehicle(RRV) [5]

7\. A ] ^

Carnegie Mellon tfl*WH 7flaĵ }<̂  u\^*\ Q*}^*^^. TMI-2^ Clean up

project^

^ video/radiation survey, sampling of concrete walls, sludge

deposit washdown of structures °]t:f.

FTAAf FMEA7} X[^B\$Xt[. $* 4 ? 1 ^ S . «RRV irretrievable"o]
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o Loss of hoisting capability for retrieval from the Reactor

Building(RB) basement

o Loss of drive force

o Loss of systems required for operator remote guidance

°l-& M2- 7}e)l3.el^ t\X[ D| M}^ 4 # S 5 . £b*)l "Loss of drive force"

4 -¥-#^ 3.^, -£<ti 3-i- 3.%, « :s.# ^ ^ ^ * 1 -
FMEA^ bottom up H H ^ . ̂ *|3cl Sdfec-i] RRV£) 7]-&

RRVS]

redundancy, diversi ty, OLZ\3. assurance^ /fl7>x|

"Highly recommanded", "Recommanded", "Marginally recommanded"

(1) Highly recommanded

g l M l l H ^ f l SX<>]M ZL

(2) Recommanded

(3) Marginally recommanded

"highly recommanded" ̂ ' J H ^3. -?-^ £]$^Ai^ ZL

o ̂ 1̂1 Al^^ofl 3. ̂ ^^. ̂ ^ ^g. 3]>iS.# 7 l ^ S * H pre-mission

check listl- 7B^*>

Pre-mission check l
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. structural integrity of upper boom support columns and light

assembly,

. leak tightness of electronics enclosure and 0-rings seals,

. connectors to each camera and light, hydraulic pumps and

filters,

. wheel bolts, tether cable, idle roller for tether cable and

capstan,

. hydraulic hoses and fittings,

. hydraulic fluid level,

. boom hose track assembly,

. boom tip assembly,

. camera and light fuctions,

. reservoir nitrogen pressure,

. on-board sensors,

. telemetry diagnostics on console monitor7} S^i\o] %!.£}.

o Implement a procedural constraints that requires retrieval of the RRV

upon recognition of a failure of one of the identified redundant

components

o Practice returning to the hoist location without the tether retrieval

capability

o conduct an environmental test of the RRV by storage in and

appropriate environment and inspect selected components

2. Remote Work Vehicle(RWV)[5]

7}. A ] i ^ 7fl.fi.

RRVif nf^V7}x)S. n R i q ^ H U ^ U i TMI-2<>M A>-g-£]o] £ _ O B | Carnegie

Mellon W > M *fl4£|$m. RRVJit;)- tf-Sf

%°] RRV
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fl FTAn>

7J)<i) 3 ^ } # ^ ^ 3 ^Sifecfl "RW irretr ievable"^

"RWV fails to complete mission^t:}-. "RWV irretr ievable"^ RWV# Q*\S. ^

# a W i ' d H o i H ^lAov 5111S S1^*W ^ f e %°}3. "RWV fails to

complete mission"^ RWV7f 3.^o]tJ- ^ ^ ^ 0 ] ^sfl^l A l ^ o V ^ 5 ^ ^ <g

^sfltrfe %o^_ $$]li\$X-c}.$% A>^ "RWV irretrievable"^]

RRVAJ- -frA>*>3. "RWV fails to complete mission"^ ;

. Loss of steering capability,

. loss of propulsion capability,

. loss of hydraulic power source,

. RMS telemetry systems fails,

. tether management system fails,

. loss of boom control,

. loss of stiffleg control,

. loss of video system,

. master control arm fails,

. slave control arm fails,

. loss of graphics display.3.

^ "Highly recommanded", "Recommanded"

recommanded"ofl

bypass lineal <g%K§-

"Highly

*.t% o] $)o)} f i l ter

hydraulic X\

3. WALS(Weigh and Leak Check System)[6][20]

7}. A]>

Department of Energy(DOE) Pantex
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Sandia National Lab. oflA-J 4 t i ^ ^ K A l ^ ^ ^ r track-mounted Fanuc

Model S-700 3.^3}

^: DOE Order 5480.231- 7}^^S. M^K DOE Order 5480.23<H| 2]

FMEA-

>. WALS5]

FMEA

WALSiif

4. INGRID(Intelligent Nuclear Gantry Robot Integrated Demonstrator)

[7]

7}. A ) ^ ^ 7H.fi.

EC7J- ^ * ^ f e Teleman Phase II S S Z L ^ S J 57{|
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]n} British Nuclear Fuel Sellafield A}o|S«ij

4 JL H^H-H £ 4 * H r *1<*HW 4-§-l ^ SllS.^ Ad^)5i$dJL 7-̂ *1 7H

Puma roboto]t:>. 7fl«

o Inspection, Cutting and Welding of Pipe

o Dismantling of the constant volume feeder

o Decontamination of calciner surface and tray

o Removal of heavy components

o Loss of robot(event)

-g-
ol*> S ^ # n>#7l $l*fl o] task#^ 4A] ^ ^ - ^ elementary

JL S-l-Sl- 51 Stic}. n.e]3. elementary task#^r 3+^5^ >J[̂

A]
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.3.-5.Scenario decomposition with elementary task specification

Scenario task

description

Position nut

runner

Operate nut

runner

Stop nut

runner

Remove nut

runner

Change tool

Elementary

task no.

3.1

3.3

3.5

3.1

1.2

Additional features

sensor type no.

3

10

5

10

1-+22

Tool type no.

16

17

Other no.

§• ̂ f e 4 elementary taskofl

event)#

4 elementary

o] sfe 4 (fault tree)

.-6. Equipment requirements for elementary tasks. Teleoperator mode

Equ i pment/Personne1

Text

RHWS, TOM

RS, HTC

GS

Joint ctr.

NEATER

robot

operator

Model top

event no.

5002

5010

5011

5054

5058

various

Elementary task

3.1 Manual

tool

positioning

X

X

-

X

X

X

3.2 Jib

operation

X

-

X

-

-

X

3.3 Tool

task

X

X

-

X

X

X

3.4 Stove

robot away

X

X

X

X

X

X

3.5 Stop

tool

operation

X

X

-

X

X

X

INGRID

(1)
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o IEEE STd 500-1984, IEEE Guide to collection and presentation of

electrical, electronic, sensing component and mechanical equipment

reliability data for nuclear power generating stations, IEEE

o Handbood of reliability data for electronic components, RDF 93,

CNET,1993

o Smith, D. J., Reliability, Maintainability and Risk Practical Methods

for Engineers, Oxford, 1993

o FARADIP.THREE, Failure Rate Data in perspective, Failure rates,

Failure Modes and Failure Mode and Effent package, Technis, UK, 1994

o Guidelines for Process Equipment Reliability Data with Data tables,

Center for Chemical Process Safety of the Americal Institute of

Chemical Engineers, 1989

(2)

SL-7. Failure rates for equipment categrois

Category No.

1

2

3

4

No. of
components

1 - 10

11 - 50

51 - 300

301 - 1000

Average no.
of comp.

5

30

175

650

Failure
rate(h"')

4*10"'

2*10"b

1* 10"*

5*10"3

13S.

set

cut

4

- 52 -



. "Failure

of Inspection, Cutting and Welding of Pipe"*] cut set list <H)-fe

3E-8. Top event: Failure of Inspection, Cutting and Welding of Pipe

Cut Set(Basic event)

Operator error in the operation: tool task

Operator error in the operation: Tools into rack

Operator error in teleoperator mode by jib operation

Gripper unit failure

Gantry subsystem controller software failure

HTC software failure

Semi autonomous Controller software failure

Sensor support unit software failure

Sensor support system failure

Auxiliary hoist drum cable or hook failure

Probability of

occurence

0.1

0.1

0.1

0.3 * 10""*

0.5 * 10-""'

0.5 * 10-""'

0.5 * 10-""'

0.5 * 10-""'

0.5 * 10-""'

0.5 * 10-""'

o] nfl-f- 3.7\]

! operator error7f

. INGRID &*$ ^ ^ o] operator error^

X\±

o)
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S.-9. Top event: Failure of Inspection, Cutting and Welding of pipe

Cut set(basic event)

Force torque sensor unit failure

Force sensor unit failure

1 of 8 optical fibre heads failure

1 of 4 electronic modules failure

Relative radiation

Low dose case

0.18

0.18

0.17

0.00

High dose case

1.00

1.00

1.00

0.00

ZLB\3L

(1) Cut set li

(2)

(7)-) make the equipment tolerant

Semiconductor electronics^}- -#°l

reduce doses

(t:f) replace the equipment in time before it fails

dose monitoring^

5. ROBUG III [8]

7\. A j ^ ^

Portsmouth PORTECHofl
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ROBUG Il l^r

^ 100

^ 1000 Gy/hS. 4£%$\&t\.-OLil]3. ^ ^ A f ^ o . 5 . ^ c f § - ^ 47}*]

o Failure of more than 3 legs

(max. 2 legs on the same side of the robot)

o Loss of communication with the robot

o Navigation failure

o Foot adhesion failure

>. o]

INGRID A l i ^ S ] ^:^4 ^ ^ - ^ n ^ 7 M l cut set listing^]

-b &XM INGRID Al>,^ JLcfe C-j % A ] ^ ^ t #

7fl^>S|Sii;K a-lO^g: "Failure of ROBUG communication with the

robot" 3 3 -M-̂ ofl tfl$> cut set li
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.3--10. Top event : Failure of ROBUG communication system

Cut Set (basic event)

graphic workstation software failure

graphic workstation hardware failure

control computer software failure

control computer hardware failure

communication cable failure

umbilical supply cable failure

back plane supply cable failure

rectifier-stabilizer failure

graphic workstation communication failure

control computer communication card failure

back plane pcb failure

U8 chip LM393 failure

Total probability

Prpbability

2.50E-04

2.50E-04

2.50E-04

2.50E-04

1.40E-05

1.16E-05

7.60E-06

6.20E-06

2.60E-06

2.60E-06

4.00E-07

1.60E-07

0.1049E-02

6. The Gripper[7]

7\. X\^ 7fl.fi.

Advanced grippereR

screwdriver

active

Delft

"active

radiation tolerance -?-S:6fl

7}

Gripper- hydraulic, electronic A]>b.^ zLi
. o
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Cf. ol gripper^ &$\] 9\V\BY 5.-£O} ^ ^ - g . 6 | 7 | nfl̂ -ofl "Loss of equipment

in radiation area"^- JLB^xl <&

Fault Tree Analysis7f Afg-S^Sii 18945]

gateS.

Gripper#

"not-repairable"S. ^^SJSit:}-. ^ ^ A } ^ "Failure of normal gripper

function"^ cut set
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.3.-11. Cut set list of top event: Failrue of normal gripper function

Cut Set

Actuator unit finger 1 link 2 motion failure

Actuator unit finger 1 link 1 motion failure

Pancake rotation motor, finger 1 failure

Rotation gear, finger 1 failure

Sensor controller unit failure

Wire for force sensor finger 1 failure

Pancake rotation motor finger 1 failure

Force sensor finger 1 failure

Pump motor finger 1 link 1 failure

Gear, pump motor finger 1 link 1 failure

Mechanics, finger 1 link 1 failure

Rotation mechnism, finger 1 failure

Pressure sensor finger 1, link 1 failure

0-rings before canal 1.1, finger 1 link 1 failure

0-rings of actuator finger 1, link 1 failure

Current sensor finger 1, link 2 failure

Hydraulin pump finger 1, link 1 failure

Rotation position sensors finger 1 failure

Hydraulic hose, finger 1 link 1 failure

Actuator unit finger 1 link 1 pressure failure

0-rings finger 1 link 1 sliding failure

Pump position sensor with finger 1, etc

Motor axis position sensor with finger 1, etc

Total probability

Probability

4.80E-04

4.80E-04

4.80E-04

3.20E-04

2.80E-04

1.60E-04

1.60E-04

1.44E-04

1.20E-04

8.00E-05

8. OOE-05

5.60E-05

4.80E-05

2.24E-05

2.24E-05

8.00E-06

8.OOE-06

6.40E-06

4.80E-06

2.24E-06

8. OOE-07

2.56E-08

2.56E-08

1.22E-02

SH-Mfe- 2000

kGyiJ- 10,000

200

•€: hydraulic hose£} 0-ring#

gripper A|>b
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7. WRM(Waste Retrieval Manipulator) [26]

7\. X\±

Hanford

^ ^ S . manipulator arm-based retrieval ^ j ^ ^ S l «y-̂ -o]"C>. 7] 7}] 2}

*1A<H telescoping mast7> &2. *1*H Bfl^sj ^]7]

manipulator7> #<H7>7l| Sl^^i^K ^L«l3. manupulator^

End effertor7} - f -^£l^ S t i ^ . ^H

o Input device(operator interface)

o Supervisory Computer(planning functions)

o Subsystem controller

o Individual Joint Controller

o Low-level Actuator Drivers

o Analog to Digital Converters

3.5|2 armS} kinematics^- tfg-ij-

o first joint motion - vertically down into the tank

o rotation about the vertical axis

(rotate the arm in the tank to all directions around the tank)

o the following joints are all in the same plane

(perpendicular to the ground)

M". ^J35L £*} 71 £
%$q Fault Tree §^oj -MgSjSU c}#^ 27fl A m ^ cf«fl
6|

(1) The failure scenario of a collision with a vertical riser within the

tank

(2) The failure scenario of the inability to remove the manipulator from
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the underground storage tank

JE

(1) The position of any risers are presumed to be reasonably accurately

known

(2) The operator is assumed to have access to a monitor with camera feed

from inside the tank

(3) The actuators are assumed to be hydraulic, driven by hydroelectric

valves.

(4) Arm/mast collision scenario is caused primarily by motion of one

joint, by rotation about a horizontal axis

(1) redundant sensors

i^.M- redundant sensor#

(2) sensor fault detection

Redundant sensor* %-g-*>7l ^ ^ -f-^--*S. ^ ^ - ^ AJUJ.g.

^^ov ^ISL1?!^ Joint controllerS MM^7] ^]t> ^ o ]nK

(3) kinematic redundancy

Manipulator arm mechanism Jl^ofl tjf*f fault tolerance-§-

41*11 joint failure Sll^ofl kinematic reconfiguration 7|-^

(4) Emergency stop

(5) Reflex control module
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(6) Hardware limiters

Actuator driver 7]^Si\ *}.E.$W

fe joint -g^M; ̂ l*Hr 7l^

(7) Model-based preview

n]el

(8) Heartbeat monitor

(9) Communication network redundacny

j ^ ^| ?11o]-i- ̂ ^|7|- ^JLSl&::}. communication network^]

back-up -g-olcK

(10) Fail-safe brakes

Dual redundant power hardware unitJUsl -?-^^[ fail-safe -M.

r>. power-on release ^ ^ H ? ] ^fl^o

ol3.7> ^el7|| SlS^- -gTJISjSicK o]

^ } ^ emergency shutdown(ESD) -tl̂ .(S.̂ ?- ̂ l^l^l, watchdog computer,

reflex control
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c]-(M0RT analysis, interface analysis, high potential method, fault tree

analysis, FMEA, event tree analysis, critical incident technique, change

analysis, audits, job safety analysis, flow analysis, sneak circuit

analysis, single point failure analysis hazard analysis, networks login

analysis, energy analysis ^ ) . 1 1 3 ^ °1S 7 ] ^ # #of[A-] J£T§ Z\

&JL 3E. 4 &>}%

o

o

o

o S 3 ^-g- %^<^) ̂ M - f e »o*t> oim^]^(source)

(1)
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-b 3.* Al^

71

S3.

(2)

SJ-fe

IE

o

- Fault Tree Analysis(FTA)

- Failure Mode and Effect Analysis(FMEA)

o 3.^1 -ilSjH ^ ^ 7)3

- Failure Mode and Effects Analysis(FMEA)

- Fault Tree Analysis(FTA)

- Reliability Block Diagram(RDB)

- Combinational models(FTA£]- RDB-§-)

- Markov models
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- Simulation Technique(Monte-Carlo)

A]

, ̂ ^r ̂ i ^ •§• °̂ 5l ̂ r 0 ) ^ ! ^ £*H % ^ * 1 ̂ l*5^ ol^ Advanced Markoc 3.

Bayesian Belief

-fe-̂n ZL# -f-

(1) Remote Reconnaissance Vehicle(RRV)

o Q^- '• video/radiation survey, sampling of concrete walls, sludge

deposit washdown of structures

o *\3)5. *£ ̂ 1 ^ ^ ̂ H 71^ : FTA, FMEA

o •̂ •̂  : -g-^ ̂ ^f-^l -2]7} "Highly recommanded", "Recommanded",

"Marginally recommanded"*]

"Highly recommanded"ofl

(2) Remote Work Vehicle(RWV)

o <&3r '• RRV̂ I 7]^ofl cj-SH dismantling ^ demolition task in RB

basement

o ^ S ] £ £ 6K£^ ^ - ^ 71^ : FTA

o Sf^ : ^ ^ ^3}ofl ô Ti RRVi} n f ^ W S 37W -^g-Sl ^ J I

S.#*}S5l^I Zi^- ""Highly recommanded", "Recommanded"
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(3) WALS

o 4-g-S
o •y-T' : check the nuclear material used in weapons for damage, leaks,

weight

o *\S\5. ̂  o } ^ § ^ 7 ] ^ : FMEA

o ̂  :

(4) INGRID

o Afg-^

o ^ - T " : task planning, autonomous execution of various task by remote

handling

o -il^S. 31 ̂ ^ A^ § ^ 71^ : FTA

o ̂  • ̂ .m^l l̂̂ l-E. ̂-̂ <H1 t:-l*H radiation degradation

(5) ROBUGIII

o

o

o Als^i 3J « > ^ ^ ^^4 71^ : FTA

o ^ : radiation degradation^! tfl«l

6) The Gripper

o

o

o ^ S ] S . 31 < L > ^ ^ - ^ 7 1 ^ : FTA

^1515. %v -̂iiLt:]-fe ^ S . radiation tolerance

7) Waste Clean-up Manipulator
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o A}~§-£1 ^ ^ : Nuclear Site(high-level radioactive waste storage)

o ^-r" : remove, treat, dispose the wastes stored in tanks

o *±3\S. £ <>M^ ^ 7]$ : FTA

o

1^ cH-f-g. Fault

Tree Analysis^ FMEA# A}-g-*]-Ji 5^c>. JE
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quality improvement of reactor inspection system which is under development in our
current project. The contents of this report are :

1. Reliability and safety analysis techniques suvey - Reviewed reliability and safety
analysis techniques are generally accepted techniques in many industries including nuclear
industry. And we selected a few techniques which are suitable for our robot system.
They are falut tree analysis, failure mode and effect analysis, reliability block diagram,
markov model, combinational method, and simulation method.

2. Survey on the characteristics of robot systems which are distinguished from other
systems and which are important to the analysis.

3. Survey on the nuclear environmental factors which affect the reliability and safety
analysis of robot system

4. Collection of the case studies of robot reliability and safety analysis which are
performed in foreign countries.

The analysis results of this survey will be applied to the improvement of reliability
and safety of our robot system and also will be used for the formal qualification and
certification of our reactor inspection system.
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