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Abstract : This paper presents the robust design of each component used in the
development of an induction bolt heating system for dismantling the high-temperature
high-pressure casing heating bolts of turbines in power plants. The induction bolt
heating system comprises seven assemblies, namely AC breaker, AC filter, inverter,

transformer, work coil, cable, and CT/PT. For each of these assemblies, the various
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failure modes are identified by the failure mode and effects analysis (FMEA) method,
and the causes and effects of these failure modes are presented. In addition, the risk
priority numbers are deduced for the individual parts. To ensure robust design, the

insulated-gate bipolar transistor (IGBT), switched-mode power supply (SMPS), C/T
(adjusting current), capacitor, and coupling are selected. The IGBT is changed to a
field-effect transistor (FET) to enhance the voltage applied to the induction heating
system, and a dual-safety device is added to the SMPS. For C/T (adjusting current), the
turns ratio is adjusted to ensure an appropriate amount of induced current. The
capacitor is replaced by a product with heat resistance and durability: further, coupling
with a water-resistant structure is improved such that the connecting parts are not
easily destroyed. The ground connection is chosen for management priority.
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Table 1. Parts and assembly of IBHS

No. Assembly Parts
P1100 Fuse
P1200 SPD
P1300 GND
P1400 MCCB
P2100 Inductor
P2200 EMI filter
P3100 Encapsulation
P3200 Connectors
P3300 IGBT
P3400 IGBT/DSP board
P3500 HMI
P3600 Protective relays
P3700 MC
P3800 SMPS
P3900 Fan(cooling)
P4100 Transformer
P4200 Tap
P5100 C/T (adjusting current)
P5200 Capacitor
P5300 Coupling
P6100 Aerial cables
P7100 CT/PT

A1000 AC Breaker

A2000 AC filter

A3000 Inverter

A4000 M/T

A5000 Work coil

A6000 Cable
A7000 CT/PT
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Table 2, Severity ranking criteria”®

Rank Severity Description

1 negligible Failure is of such negligible nature of internal

or external.
. Failure results in slight customer annoyance,
2 minor L
and/or deterioration of system.
. Failure results in major customer annoyance,
3 major L
and/or deterioration of system.
. Failure results in serious customer annoyance,
4 serious -
and/or deterioration of system.
Failure results in hazardous customer annoyance,
5 hazardous ¥

and/or deterioration of system.
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Table 3. Occurrence ranking criteria’®

Rank Occurrence Description
An almost never probability of occurrence during
1 almost never L
the operating time interval.
3 remote An remote probability of occurrence during the

operating time interval.

An medium probability of occurrence during the

3 di L
fedium operating time interval.

An moderately high probability of occurrence

4 moderately high during the operating time interval.

An very high probability of occurrence during

3 very high the operating time interval.

Table 4. Detection ranking criteria™®

Rank Detection Description
. Very high effectiveness that the defect will be
! very high detected.
. .| Moderately high effectiveness that the defect will
2 moderately high be detected.
Low effectiveness that the defect will be
3 low
detected.
Remote effectiveness that the defect will be
4 remote
detected.
5 very remote Very remote effectiveness that the defect will be
ey detected.
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Table 5. FMEA sheet
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Item No. | Potential failure modes Potential causes Potential effects E  C |  E P
C|C | C|N
1100 Fuse
Bad system configuration,
B1101 Premature open mechanical defects, construction defect No power output 5 1 2 10
. Bad system configuration, Overheating, excessive increase of
B1102 Chipped mechanical defects, construction defect current in the system 4 ! 3 e
. Bad system configuration, Overheating, excessive increase of
B1103 Fail to open mechanical defects, construction defect current in the system 4 ! 4
Bad system configuration, Overheating, excessive increase of
B1104 Slow to open mechanical defects, construction defect current in the system 4 1 3 12
1200 SPD
B1201 Missing Construct}on defect, mecharucal defects, Excessive increase of current in the 4 3 1
improper maintenance system, overheating
. L . Humidity/contaminant/water entrance,
B1202 Corrosion Bad lamination, high voltage stress, hot spots increased degradation 4 13 1|12
Construction defect, improper maintenance, .
B1203 leakage mechanical defects Overheating, arcs, fire, safety 3 1 1 3
L . Humidity/contaminant/water entrance,
B1204 Damaged Bad lamination, high voltage stress, hot spots increased degradation 4 1 4 |16
Construction defect, improper maintenance, .
B1205 Broken mechanical defects Overheating, arcs, fire, safety 3 1 1 3
B1206 Bent Construction defect,. improper matntenance, Overheating, arcs, fire, safety 4 1 1 4
mechanical defects
B1207 Pressure incorrect Bad lamination, high voltage stress, hot spots, aging Overheating, arcs, fire, safety 3 1 1 3
BI208 Sheared Construction defect, mechanical defects, Overheating, arcs, fire, safety | 3 | 1 | 1 | 3
Improper maintenance
Construction defect, improper maintenance, .
B1209 Warped mechanical defects Overheating, arcs, fire, safety 3 1 1 3
Insulation breakdown, water/particles in oil, Reduced power output, no power
BI210 Wom damages to structural parts output, safety, fire 3 ! 2 ©
1300 GND
B1301 ‘ Open or ineffective ‘ Corrosion, improper installation, too high resistance‘ Safety, reduced power output. 4 3 4 ‘ 48
1400 MCCB
. Faulty switch, improper maintenance, aging, . .
B1401 No operation Jamages to structural parts No disconnection, fire, arcs, safety = 4 1 1 4
B1402 Open without stimuli Comﬁuc@on defect, mecharucal defects, No power output 5 1 1 5
improper maintenance
B1403 Intermittent operation Corrosion, improper installation Reduced pow]er O;tput, thermal 4 1 2 8
B1404 Does not open Faulty switch, aging, damages to structural parts | No disconnection, fire, arcs, safety = 4 1 4 | 16
B1405 Mechanical failure Damages, improper installation, disconnections Reduced power output, 4 1 1 4
no power output
B1406 Degraded operation Damages, improper installation, disconnections No disconnection, safety fire, arcs 4 1 3112
B1407 Induced Construct}on defect, mecharucal defects, Reduced power output, 4 1 3 12
improper maintenance no power output, safety, fire
B1408 Induced failure Construct}on defect, mecharucal defects, Reduced power output, 4 1 3 12
improper maintenance no power output, safety, fire
B1409 Contamination High voltage stress, lé?:tsg?;’ damage from frame Humidity/water/contaminant entrance = 3 1 1 3
2100 Inductor
. . Construction defect, mechanical defects, Excessive increase of
B2101 Alignment improper improper maintenance current in the system 2 2 2 -
2200 EMI filter
. Lo . . Reduced power output,
B2201 Drift Corrosion, improper installation, damage thermal damage 4 2 2 | 16
B2202 Intermittent operation Corrosion, improper installation, lightning damage Reduced power output, 4 2 2 | 16
thermal damage
B2203 Open Damage, disconnection, pulled cables No power output 5 1 1 5
Insulation breakdown, water/particles in oil, Reduced power output,
B2204 Short damages to structural parts no power output > ! ! E
B2205 Unknown Unknown Reduced power oufput, s 11 s
no power output
SHRQIHBISIA, H|36H 25, 2021 13



Table 5. Continued
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Item No. | Potential failure modes Potential causes Potential effects E  C |  E P
C | C|C|N
3100 Encapsulation
B3101 Loss of air tightness |Bad lamination, high voltage stress, hot spots, temperature| Humidity/water/contaminant entrance | 2 2 5 120
Improper response to L . Increased degradation,
B3102 clectrical input Bad lamination, high voltage stress, hot spots, temperature reduced power output 3 2 12|12
3200 Connectors
B3201 Open Damage, disconnection pulled cables No power output 5 1 2 | 10
B3202 Mechanical failure Damages, improper installation, disconnections | Reduced power output, no power output, 4 1 1 4
B3203 Poor contact/intermittent | Corrosion, lightning damage, improper installation |Reduced power output, thermal damage| 5 1 4 |20
B3204 Induced failure Construct}on defect, mecha.mcal defects, Reduced power output, 4 1 3 12
improper maintenance no power output, safety, fire
3300 IGBT
B3301 Degraded output MPPT unbalance Reduced power output Transformer | 4 | 4 3 148
Insulation breakdown, water/particles in oil, transient
B3302 Erratic operation overvgltage fisireaes ges (o stIu.ctural [PERES, Reduced power output Transformer = 4 3 4 | 48
continuous overvoltage, lack of protective device,
shorting, improper maintenance, aging
B3303 Fail to transfer Contact damage, card/board problem, software failure No power output 5 3 1 15
Failure of tap changer, improper maintenance, . .
B3304 Parameter change aging, damages {o structural parts Loss of efficiency, improper power output| 3 3 2 |18
Insulation breakdown, water/particles in oil, Reduced power output, no power
B3305 Improper output damages to structural parts output, safety, fire > 3 ! =
B3306 Open Electric fire/burning, shorting, aging No power output 5 3 1 |15
B3307 Short Insulation bregkdoyvn, shoﬂmg{ lack of protective Reduced power output, 3 3 2 18
device, improper maintenance no power output, safety, fire
3400 IGBT/DSP board
B3401 Induced failure Construction defect, improper maintenance Reduced power output, 4 4 1 |16
> no data output, safety, fire
B3402 Parametric failure Damages, improper installation, disconnections |Reduced power output, no power output, 5 1 2 |10
B3403 Mechanical failure Damages, improper installation, disconnections | Reduced power output, no power output| 4 1 1 4
B3404 Short . Inadequat'e protective dpv1ce, . Structural damages with reduced 4 1 31
improper setting of protective device power output
3500 HMI
Insulation breakdown, water/particles in oil, Reduced power output,
B3501 Improper output damages to structural parts no power output, safety, fire 3 3 U
B3502 No output Electric fire/burning, shorting, aging No data output 5 3 1 |15
B3503 Electrical failure Bad lamination, high voltage stress, hot spots, aging Increased degradation 3 2 2 |12
B3504 Intermittent Corrosion, improper installation, lightning damage Thermal damage 5 1 4 |20
3600 Protective relays
B3601 Fail to trip Damage, disconnection, pulled cables No power output 4 1 2 8
B3602 Spurious  trip Configuration, corrosion, aging, lack of maintenance No power output 5 1 1 5
B3603 Short . Inadequate protective device, | Loss of protection 41 3
improper setting of protective device
B3604 Bent Constructpn defect, mechamcal defects, Overheating 3 1 1 3
1mproper maintenance
B3605 Broken Construct}on defect, mechajilcal defocts, overheating, arcs, fire 3 1 1 3
improper maintenance
Improper response to . . Increased degradation,
B3606 lectrical input Damage, disconnection, pulled cables reduced power output 4 1 2 8
B3607 Out of specification Improper maintenance, Mechanical defects Overheating, arcs, fire, safety 4 1 3112
3700 MC
B3701 Intermittent Corrosion, improper installation, lightning damage Thermal damage 4 2 2 | 16
Insulation breakdown, water/particles in oil,
B3702 Improper output damages to structural parts Reduced power output, fire, safety = 5 2 1 10
B3703 Open Jamage, disconnection, pulled cables No power output 5 1 1 5
Insulation breakdown, water/particles in oil,
B3704 Short damages to structural parts Reduced power output, fire, safety | 5 1 1 5
3800 SMPS
B3801 No operation Damage, disconnection, High voltage, pulled cables No voltage output 5 4 | 2 40
B3802 Degraded operation | Aged deterioration, equipment loss, corrosion, Damage| Reduced voltage output, safety, fire | 5 3 3 |45
B3803 Function failure Damage, disconnection, pulled cables No voltage output 4 2 1 8
14 J. Korean Soc. Saf., Vol. 36, No. 2, 2021



Table 5, Continued
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Item No. | Potential failure modes Potential causes Potential effects E  C |  E P
C | C|C|N
3900 Fan(cooling)
B3901 Inoperative Damage, disconnection Reduced power output, safety, fire | 5 2 1 |10
Construction defect, improper maintenance, .
B3902 Broken mechanic;]pdeg ol Overheating, arcs, fire, safety 4 2 1 8
B3903 Seized Construction defect,. improper maintenance, Overheating, arcs, fire, safety 4 2 1 8
mechanical defects
4100 Transformer
B4101 Induced Failure Construction defect, mechanical defects Reduced power output, safety, fire = 3 3 2 | 18
B4102 Degraded Operation | Aged deterioration, equipment loss, corrosion, damage No power output, safety, fire 3 2 3 118
B4103 Unknown Unknown No power output, safety, fire 2 1 4 8
B4104 Mechanical Failure Damages, improper installation, disconnections |Reduced power output, no power output| 4 1 2 8
B4105 Opened Damage, disconnection, pulled cables No power output 5 1 1 5
4200 Tap
B4201 Loose Damages, improper installation, disconnections No disconnection. 2 3 3 |18
B4202 Binding/Sticking Bad larmngtilon, .hOt spots, £ from frame Humidity/water/contaminant entrance = 3 2 12|12
stortion, cleaning actions
B4203 Excessive Play Damages to structural parts, particles in oil No power output, safety 3 1 3 9
. . . . Safety, no energy output,
B4204 Induced Failure Mechanical defects, improper maintenance fire reduced energy output 3 1 3 9
Insulation breakdown, water/particles in oil, No energy output, safety,
B4205 Wom damages to structural parts fire reduced energy output 3 ! 3 2
5100 Capacitor
Damages, improper installation, Reduced power output,
S0 Cegied disconnections, High temperature, no power output S a2y
5200 C/T(adjusting current)
B5201 Mechanical Failure Damages, improper installation, disconnections No power output 4 |5 2 | 40
B5202 Unknown Unknown No power output, safety, fire 3 1 4 |12
B5203 Opened Damage, disconnection, pulled cables No power output 5 1 1 5
B5204 Drift Corrosion, improper installation, damage No energy output, thermal damage | 3 1 4 | 12
B5205 Shorted ]mprpper setting .Of protectlveAdewce, No data output, safety, fire, explosion| 4 1 312
improper maintenance, aging
5300 Coupling
Insulation breakdown, water/particles in oil, Reduced energy output,
Rl e damages to structural parts no energy output, safety, fire sl S
B5302 Broken Damages, improper installation, disconnections No disconnection, safety, fire, arcs | 4 2 1 8
Damage from frame distortion, - .
B5303 Damaged cleaning actions, carthquake Humidity/water/contaminant entrance | 3 2 3 118
B5304 Leakage Construct}on defect, mechamcal defects, Overheating, safety, arcs, fire 3 2 12|12
1mproper maintenance
B5305 Missing Construction defect, mechanical defects, Ovetheating, safety, arcs, fire | 3 2 | 3 | 18
improper maintenance
B5306 Fails During Operation Damages, improper installation, disconnections No disconnection, fire, arcs, safety | 3 1 3 9
B5307 Ruptured Damages, improper installation, disconnections No disconnection, fire, arcs, safety | 5 1 3 |15
6100 Aerial cables
B6101 Open Faulty cabling, material aging, earthquake No power output, safety 5 1 2 | 10
B6102 Broken Damages, improper installation, disconnections No disconnection, safety, fire, arcs 3 1 1 3
B6103 Loose Damages, improper installation, disconnections No disconnection, safety, fire, arcs 3 1 1 3
B6104 Short, Arc Aging, insulation failure, cracks/ruptures on cables No power output, safety, fire 5 1 1 5
B6105 Excessive wear Improper system design Reduced power output, thermal damages| 3 1 1 3
B6106 Mechanical failure Damages, improper installation, disconnections |Reduced power output, no power output, 5 1 2 |10
B6107 Out of specification Construcgon defect, mechamcal defects, Overheating, safety, arcs, fire 3 1 4 12
1mproper maintenance
7100 CT/PT
B7101 Shorted Improper setting of protective device, No data output, safety, fire, explosion 4 | 1 | 3 | 12
1mproper maintenance, aging
B7102 Opened Damage, disconnection pulled cables No power output 5 1 1 5
B7103 Unknown Unknown No data output, fire 5 1 1 5
B7104 Degraded operation Damages, improper installation, disconnections No disconnection, safety, fire, arcs | 4 1 312
SHEQPMSHS|R|, M|36FH A2, 20213 15
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