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Delivering Leadership: Technology, Safety & Quality’ and it captures the key challenges of , /3 g
the Electricity Supply Industry for today and into the future

Studay Committe A3 technical activities including
Reliability surveys on Equipment,
Innovations for Transmission & Distribution of the future

Hiroki Ito
Chairman, CIGRE Study Committee A3: High Voltage Equipment
Energy & Industrial System Group ) MITSUBISH

Mitsubishi Electric Corporation Changes for the Better

EEA conference, Wellington, New Zealand, June 26, 2015




What is CIGRE?

Founded in 1921, CIGRE, the Council on Large Electric Systems, is an
international Non-profit Association for promoting collaboration with
experts from around the world by sharing knowledge and joining
forces to improve electric power systems of today and tomorrow.

» Perform studies on topical issues of the electric power system,
such as Supergrid, Microgrid and lifetime management of aged assets,
and disseminate new technology and improve energy efficiency.

> Review the state-of-the-art of technical specifications for power
systems & equipment and provide technical background based on the
collected information for IEC to assist international standardizations.

» Maintain its values by delivering unbiased information based on
field experience
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CIGRE Technical Committee/ 16 Study Committees Jf/ ZIgre
A: Equipment B: Sub-system C: System

Al Rotating electrical machines B1 Insulated cables C1 System development & economics

N. Smith (S. Africa) P. Argaut (France) K. Staschus (Germany)
A2 Transformers B2 Overhead lines C2 System operation & control
C. Rajotte (Canada) K. Papailiou (Switzerland) J. Vanzetta (Germany)
A3 High voltage equipment B3 Substations C3 System environmental performance
H. Ito (Japan) T. Krieg (Australia) F. Parada (Portugal)
Disseminate new technology and B4 HVDC and Power electronics C4 System technical performance
Promote international standardization M. Rashwan (Canada) P. Pourbeik (USA)
_ _ B5 Protection and Automation C5 Electricity markets & regulations
Technical committee
Chairman: M. Waldron (UK) |. Patriota de Siqueira (Brazil) A. Ott (USA)
ggg:g:::y: gérl\]/l;gﬁa;n A(S;?:ili)rance) Perform studies on topical issues of C6 Distribution systems &
y Y electric power system and Facilitate the QNSRS ENe])
exchange of information B. Buchholz (Germany)

D: Common technology
J. Kindersberger (Germany) C. Samitier (Spain)
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Working Groupes and Publications

— = Technical Brochures

230 Working Groups produce 40~50 Technical Brochures per year.




World Wide Network of Experts |gre
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Population, Electricity Supply and Forecast

Population (100 milion) Electricity supply (1000kWh)
2008 2012 2020 2008 2013 2020
China 13.4 13.5 13.9 3.5 4.2 6.6
India 11.9 12.3 13.9 0.8 1.0 1.6
Brazil 2.0 2.0 0.6 0.7
Germany | 0.8 0.8 0.8 0.6 0.6 0.6
Japan 1.3 1.3 1.2 1.1 1.1 1.0
USA 3.1 3.1 3.4 4.3 4.7 5.3
World 40 69.5 76.5 20.1 20.3 25.7
| New Zealand | 0.45 0.44

Worldé)opulation IS assumed to rise from 4 billion in 2008 to 8 billion
In 2020, 8.6 billion in 2035. Global primary energy demand only
Increases more than 30% in the period to 2020. Over 80% of the
electricity demand growth arises in non-OECD countries expecting $37
trillion of investment in the world’s energy supply infrastructure.

Electricity of 1000 TWh is consumed per 0.1 billion population in the
US and Japan. China and India are foreseen to continue their

IEA/OECD data

Investments on energy supply infrastructure.

|gre




What Is Study Committee A3 lgre

Founded in 1921 as SC 3 studied design and developments on circuit
breakers. In 2002 the scope was extended to all substation equipment.

The mission of Study Committee A3 is to facilitate and promote the progress of
engineering and the international exchange of information and knowledge in the field of
AC & DC transmission and distribution equipment, and to add value to this information
and knowledge by means of synthesizing state-of-the-art practices and developing
recommendations

T2.5kV 31.5kA 2500A VCB 145kV 31.5kA 3150A CO, GCB

550kV LT-GCB




Study Committee A3 focus on |gre

New technologies (e.g. DC circuit-breakers)

Requirements of equipment in changing network conditions

Incorporation of intelligence into HV equipment (e.g. Controlled switching)
Monitoring and diagnostics of transmission & distribution equipment
Reliability assessment, End-of-life management of ageing equipment

Regarding current work programme

WG A3.26: Capacitor bank switching and impact on equipment
WG A3.27: Vacuum switchgear for transmission use

WG A3.28: UHV equipment (GCB, DS, HSGS, ES, MOSA)

WG A3.29: Deterioration and ageing of HV subsation equipment
WG A3.30: Overstressing of substation equipment

WG A3.31: Non-conventional instrument tramsformers

JWG A3.32/CIRED: Non-intrustive condition monitoring

WG A3.33: Equipment for series and shunt compensation
JWG A3/B4.34: DC switchgears including DCCB

WG A3.35: Controlled switching

WG A3.36: Multi-physic simulation for temperature rise test
JWG A3/B5/C4. 37: Out-of-phase experience

10




42
circuit breaker (1965-75)

0kV 10 BFéak A-i'r-last

245 kV double pressure type
gas circuit breaker (1970-75)

A A
u i

72 kV minimum oil
circuit breaker (1960-70)

~ 550 kV single break gas

circuit breaker (1994)
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WG 13.01 Circuit breaker, Interrupting phenomena {?iélgl‘é |gre

. ) 1984-1998 :
Installation of CB in Japan VCB /
1000 unitsfyear
ABB GCB
0cB | | | | | |
'B5 60 65 70 75 80 ‘85 a0 95 00 05 =
20 — 550 KV 63 kA

Interruption capacity (GVA per break)

15 -

10 |- 300 kV 50 kA

Vacuum  145kV40 kA
72 kV 40 kA J/
| —_ | | | | |

1950 1960 1870 1980 1990 2000 2010 2020

Air

Transition from Air Blast Breakers (ABB) to GCB occurred in late 1960s.

Higher voltage and larger capacity GCB developments were accelerated in 80's & 90's.

Development slowed down in the middle of the 1990’s.
Technical breakthrough on HV-VCB and UHV single breaks is required.

12




Superior SF; dielectric / interrupting performance

Dielectric performance: 3 times better
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- Smaller diameter in arc
(Less energy dispassion)

- Rapid switching:
conductor to insulator
(Faster resistance change)
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Less breaks for interrupter

Compact equipment & substation
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WG A3.27: Application of vacuum switchgear at 4 >
transmission voltage 2009-(2014) G igre lzre

245kV load switch (USA) 132kV 16 KAVCB (UK) ~ 72.5kV 31.5kAVCB (France)  72kV VCB (China) 72 kV 31.5 kA VCB (Japan) 145 kV & 72 kV VI (Germany)

HV-VCB technical merits
Frequent switching capability, Less maintenance work, SF, free

HV-VCB challenges at transmission level despite of excellent experience at distribution
Limited experience on long term reliability

Scatter of dielectric performance especially for capacitive current switching
Limited current carrying capability, limited unit voltage

14




Reiginition and High frequency interruption .,
durlgng Inductive Igad sv%tchin%g P lgre
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84/72 kV CB testing conditions
Test voltage : 72.7kV, Breaking current : 350A, Power frequency :60Hz 15




CIGRE surveys on HVDC & Power Electronics

ﬁ;sc

DC Yard

Future multi-terminal HVDC Links

J.HAFNER(ABB),et.al,” Proactive Hybrid HVDC Breakers - A key
innovation for reliable HVDC grids ”,CIGRE Bologna-264 2011

HVDC transmission has been expanding for
Rapid development of power electronics technology

Connection of offshore / remote wind farms and
large hydro power generation

Less system stability problems / Low loss
transmission for long distance

LCC HVDC (Line Commutated Converter)

=800 kV dc put in service up to 8GW
=+ 1000 kV dc being developed in China

VSC HVDC (Voltage Source Converter)

=+ 320kV dc operated up to 800MW

SC B4 investigations

WG B4.52: HVDC Grid Feasibility Study, TB533

WG B4.56: Guidelines for the preparation of
connection agreements for HVDC grids

WG B4.57: Guide for the development of models for
HVDC converters in a HVDC grid

WG B4.58: Methodologies for direct voltage control
in a meshed HVDC Grid

WG B4/B5.59: Control and Protection of HVDC Grids
JWG A3/B4.34 on DC switchgear

|gre
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DCCB with different technologies

Resistive Current limiting

Passive Resonant scheme

Active Resonant scheme

Hybrid type with IGBT devices

ristor swi Main Circuit Breaker
DC power supply Ihriglgterinsg ;bacg cga{;' tnrg'r?}lé 3:5"?‘5‘:5’
Cp Lp A
MOSA YN =
LA
o— | [F "g ...... = A [oallfoal [oal
' 3 E Currerll:[mT .
Circuit Breaker Circuit Breaker Circuit Breaker ' Tonetas Iswich g@?n
-0 —~ Dam O— O—th AHh Ao
Rt ! Va | i Eanc | Va | | Va Egrsrg'ﬂaépegkﬁ Eiassl!cnnectur
Vv ~ Va
I Current Arcvoltage - | 2 I A
A I|II ill,. Iswil:h
Va t t IIi|||) o t
LV-DC Circuit Breaker DC Circuit Breaker for LCC DC Circuit Breaker for VSC DC Circuit Breaker for VSC
DC Disconnecting Switch  two terminal connection HVDC grids HVDC grids
DC Earthing Switch MRTB
480V-15kA with MCCB, 10kV-5000A for MRTB 72kV-25kA for VSC 80kV-9KA for VSC
750/1500V-50KA for railway ~ 550kV-2200A for LLC 250kV-8000A 320kV concept

networks, Less than a few ms

Arc voltage generated
across the contacts limits
the DC current.

MCCB: Molded Case Circuit
Breaker (No Fuse Breaker)

20-40 ms for interruption

Parallel capacitor and
reactor across the circuit
breaker generates the
current oscillation, which
eventually leads to the
current zero.

Less than 8 ms

Pre-charged capacitor
Imposes an reverse

Less than 5 ms

IGBT devices connected in
parallel and series block

current on DC currentand DC fault current.

instantly creates the
current zero.

MRTB: Metallic Return Transfer Breaker

|gre
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Resistive Current limiting scheme: DC-MCCB

DC480V10kA-MCCB

Rated voltage: DC 480V

Rated interrupting current: DC 10kA

Typical interrupting time: 5ms

MCCB trip
Current level

MCCB: Molded Case Circuit Breaker (NFB)

P

— -

Short circuit cursenf” ~

-arc voltage
circu,/it voltage

<ty

t

i,

t

t,: time to the MCCB trip current level

t,: contact parting time

t,: time from the instant of contact parting
to the instant of current peak

t,: Arcing time

t;: total time of interruption
q: rate of rise of current (di/dt)

@

igre
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Active Resonant current commutation scheme
High Speed Vacuum Circuit Breaker (HSVCB) for railway application

Rated voltage: DC 750, 1500 V

Rated nominal current: 3-4 kA

Rated interrupting current: DC 100kA
Interrupter: VCB (Active resonant)

Fault occurrence
!

i Interruption of main circuit
f//' Vi

\/ Main circuit current

I
/" .&/ Interruption of main VCB

Main VCB current

[ |-Energizing of commutating current
Commutating circuit current

| NLR current

Energizing of open operation
| | of main VCB
0. bms bms

L -|“' = — Main VCB contact

In case of fault occurrence, external DC source
discharge a reverse current and create a current zero.

_« Auxiliary VCB

P
- G

Vacuum
interrupter

External DC
power source |

Electrmagnetic epelling drive

ngaullitntlli;Jgent Making switch
(Thyristor)

MO Varistor
Main CB — External DC
(VCB) source

+' ' (Capacitor)

0 [

—{ 01}

Auxially CB
(VCB)

|gre
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Passive resonant current commutation scheme

MRTB (Metric return transfer breaker) for the neutral line of HYDC transmission

Rated voltage: DC 250 kV Disconnecting unit

Rated interrupting current: DC 2800/3500 A et :;:re
Interrupter: SF6 puffer type '
Typical interrupting time: 20-40 ms

Interrupter unit

.
i

Parallel impedance

Artificial grounding DC current interruption by MRTB

Return line
voltage ; W_,_,,ﬁ ! g
65kV 3 4k\ﬂ \/\W \
T 5 \

Lnterrupter current : - =

\ i return line current
2400A L oaRA /

/310A 1820Hz

MRTDB

Gl

,Ii'““l']“h”

' disconnector
current

18.3ms i5.6ms

MRTB

interrupter disconnector
opens

current cleared currnt cleared

G

igre
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Hybrid (power electronics & mechanical switchy DCCB %{/‘ igre

/" Hybrid DC Breaker @ ®
| |

T
Fast Disconnector Auxiliary DC Breaker

Current Limiting
Reactor

Residual
e | s 7 ) %

DC Breaker
Breaking time
- &— Breaking current
D ® —l VBreaKer
evelopment target lswiten
Rated voltage: DC 320 kV @D \_ p roctor
Rated nominal current: DC 2000 A
Rated interrupting current: DC 9 kA et clearance
Interrupter: Power electronics devices >
Typical interrupting time: 5 ms T

2. Commutate the current by Auxiliary DC Breaker

3. Disconnect the main circuit by Fast DS

4. Interrupt the current by power electronics DCCB

5. Disconnect the residual current 21




DC Current interruption tests |gre

Mechanical DCCB prototype with forced current zero formation (active resonant)
composed of HV-vacuum interrupter was tested to interrupt DC current up to 16 kA.

Testing setup Testing circuit

@ Active resonant circuit

E Lo Gap :
E YN E
Auxiliary R
DC Breaker [\ | VCB Interrupter unit E
Current O O : MoV 0 O- :
Source Lecccccccodecasooom, .- s
Vv |
. = 20 = 20
Interrupting 2 0| 1ok 2 0 om
current 16 kA £ 0 5 £ 0 o5
o -10 S o -10 <08
5150 ~\ 5150
¢ mTsuBiSHI g o0 W 8 o .
AV N ELECTRIC 3 5ms, % 0,5 ms
Changes for the Better ~-150 >-150
Current Current

interruption interruption 2 2




Impact of Megaquake experienced in May 11, 2013

Japan Faces an Unprecedented Challenge
{(Enormous Earthquake, Tsunamis and Nuclear Accident)

M -5 class 588 tomes
T

Fulmzhima Dag-ieha
Casualties : over 25000

«Dead over 13,830
Missing  over 3,250
o
1]
rﬂ'

‘Injured  over 6,000
(As of February 24th)

&

igre
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Megaquake affected the energy policies in the world |gre
3.Damage of Substation and Facilities (1)

300KV Air Blast Breaker 300KV Air Blast Breaker (Damaged by earthquake)

24




All nuclear power plants are still shut down in Japan |gre
3.Damage of Substation and Facilities (3) |

Damage of
hollow Insulato

a0

Oil Leakage

25




Seismic Requirements considering recent Megaquakes |gre

resonant fequency ranse of damaged equpment resonant frequency range of damaged equpment
10000 10000
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Fig. 7 Comparison of acceleration response spectrum among the past big earthquakes in Japan

The acceleration of the recent East Japan Earthquake is two times higher than the
standard values stipulated in JEAG5003, IEEE693 and IEC62771-207.

CIGRE Session paper A3-304, 2014, I. Ono et al.,

26




CIGRE WG A3.06: Reliability survey on Equipment Tergre

List of CIGRE Reports

TB 319 Failure Survey on Circuit Breaker Controls Systems

TB 509 Reliability of High Voltage Equipment - Part 1: General Matters

TB 510 Reliability of High Voltage Equipment - Part 2: SF6 Circuit Breakers

TB 511 Reliability of High Voltage Equipment - Part 3: DS & Earthing Switches
TB 512 Reliability of High Voltage Equipment - Part 4: Instrument Transformers
TB 513 Reliability of High Voltage Equipment - Part 5: Gas Insulated Switchgear
TB 514 Reliability of High Voltage Equipment - Part 6: GIS Practices

wr - 7

) | [ Previous survey o il

:5" 44— I Presentsuvey :E g [ vive tank ——

(3] il e [ Dead tank
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Major failure frequency of CB increases Major failure frequency of CB for different

with increasing rated voltages switching applications 27




CB surveyed service experience

Bus coupler
10%
Capacitor
3%
Cable
6%
Shunt reactor
1%

100<=U<200 kV
36.6%

00<=U<300 kV

Overhead line
56%
Transformer
24%

500<=U<700 kV

1.9%
60<=U<100 kV
34.2%

Two thirds of the CBs surveyed have rated voltages less than 200 kV

&

igre
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CB operating mechanisms lgre

Spring

Spring 52%

18%

. Other
Hydraulic 1%

51%

Pneumatic
30%

Pneumatic Hydraulic
22% 26%
1988-1991 CB survey 2004-2007 CB survey

Spring drives have become more popular due to less maintenance
works, reliability and expense

29




CB Major Failures situations and components |gre

Loss of mechanical integrity Operating mechanism

8%
Lecking in open or close positia
25%

Other
17%

Opens without comma
5%

Electrical control and aux. cir

Does not open on command Does not close oncommand ~ 30% Components at service voltage
16% 28% 20%

75% of CB MaF caused by mechanical reasons (do not operate)
17% of CB MaF caused by electrical reasons (such as Flashover)

30




CB Major Failures responsibilities

MaF distribution ALL [%]
primary cause of the failure

5,8%

7,6%

3,6%
1,8%

1,3%

4,4%

1,1%

42,3%

42% of MaF caused due to ageing factors such as wears

W Design fault

B Manufacturing fault

O Incorrect transport or
erection

O Lightning overvoltage

B Mechanical stress

O Corrosion

B Wear / Ageing

@ Incorrect operation

O Incorrect monitoring

@ Mechanical failure of
adjacent equipment

| Incorrect maintenance

O External damage

| Others

B Unknown causes

@
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Major Failure Frequency of DS and ES lgre

not operate on command

Locking in open 6? close
7%

Most of DS/ES MaF caused by mechanical reasons (do not operate)
Only 2% of DS/ES MaF caused by electrical reasons

32




420kV GIS composing of 1-break CB with spring |gre
operating mechanism

BUS/DS*. .‘ BUS/D

VT

DS/ES/FES

P - 3 - " 1
:

g MITSUBISHI GCB unit under type-testing

Changes for the Better

33




Major Failure Frequency: Spring vs Hydraulic

MaF frequency of CB with Hydraulic operating mechanisms are
30% higher than that with spring operating mechanisms.

Major Failure Frequency

(failures/unit*100yars)

30 r

25

20

1.5

10

05 r

0.0

1.62

035 04 0.31
0.27
Spring Spring Hydraulic  Hydraulic
Major Minor Major

Minor

168 to 300 kV in Japanese fields

I CIGRE survey by WG A3.06

|gre
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CIGRE WG A3.06: Reliability surveys on CB Targre

Reliability surveys 1st survey 2nd survey 3rd survey
Period 1974 - 1977 1988 - 1991 2004 - 2007
Obiective All types of CB Single pressure SF6 CB | Single pressure SF6 CB

J (In service after 1964) (In service after 1978) (No limitation)
Voltage class 63 kV and above 63 kV and above 60 kV and above
Participation (world) 120 utilities from 132 utilities from 83 utilities from

P 22 countries 22 countries 26 countries
Number of CB-year 77,892 CB-year 70,708 CB-year 281,090 CB-year

CIGRE reliability surveys can provide good feedback on validity of international standards.
There is a well-known unwritten rule that the standards cover 90% of current network
conditions in order to avoid too severe requirements, which means there are some special
requirements are not covered by the existing standards. For examples,

o Some of CB requirements for transformer limited faults

» Some of CB requirements for reactor switching

» CB requirements for series-capacitor bank switching

For these requirements, special attentions are required for CB applications

35




WG A3.06: CB Reliability surveys : rating voltages

Major Failure, /100 unit-year

Minor Failure, /100 units - year

Ratings 1st Survey | 2nd Survey | 3rd Survey | 1st Survey | 2nd Survey | 3rd Survey
1974 - 1977 | 1988 - 1991 | 2004 - 2007 | 1974 - 1977 | 1988 - 1991 | 2004 - 2007
60- 99 kV 0.41 0.28 0.13 1.65 2.23
100 - 199 kV 1.63 0.68 0.28 4.18 4.75
200 - 299 kV 2.59 0.81 0.35 6.39 6.97
300 - 399 kV 4,55 1.21 0.78 16.35 7.76
500kV & above | 10.46 1.97 0.48 4.93 8.18
World data 1.58 0.67 0.30 3.55 4.66 2.37

[__] indicates that hydaulic operating mechanisms dominate their designs. (in Japan)
The increased application of spring operating mechanisms improved CB reliability.

|gre
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WG A3.06: CB Reliability surveys : components Tergre

Major Failure ( /100units -year) | Minor Failure ( /100units - year)

Components 1st Survey | 2nd Survey | 3rd Survey | 1st Survey | 2nd Survey | 3rd Survey
1974 - 1977 | 1988 - 1991 | 2004 - 2007 | 1974 - 1977 | 19388 - 1991 | 2004 - 2007

Main Circuit | 0.76 (48%) | 0.14(21%) | 0.06 (20%) | 0.92 (26%) | 1.44 (31%)
Control Circuit | 0.30 (19%) | 0.19(29%) | 0.09(30%) | 0.57 (16%) | 0.92 (20%)
Operating Mech. | 0.52 (33%) | 0.29 (43%) | 0.15(50%) | 2.06 (58%) | 2.05 (44%)
Others 0.05 (7%) 0.05 (5%)

World data 1.58 0.67 0.30 3.55 4.66 2.37

Half of the Major / Minor failures are responsible for operating mechanisms.

37




GIS reliability surveys

Table 1: Failures rates according to the 3" CIGRE inquiry and the GIS Userforum data

_ _ 1979- | 1984- | 1989- | 1994- | 1999- | 2004-
manufacturing period <1979 | 1983 | 1988 | 1993 | 1998 | 2003 | 2007
MaF, per per 100 bay years 20 1.25 0.65 0125 0.15 01 03
100 - thereof dielectric failures 16% 18% 14% 8% 38% 46% 75%
—— dielectric failures
CIGRE, per 100 bay years 0.32 0.22 0.09 0.01 0.06 0.05 0.23
37 inquiry MaF, per 100 bay years 40 20 13 0.6 0.4 0.3 0.55
ggg by thereof dielectric failures 16% 18% 14% 8% 38% 46% 75%
LEEIET AL 0.64 0.35 0.18 0.05 0.15 0.14 0.41
per 100 bay years

MaF has been improved up to 2003 and recently increased due to
Increasing number of aged assets. The ratio of dielectric failures are also

Increasing.
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WG A2.37: Transformer Reliability lgl‘e

Preliminary results, based on a transformer population with more than
150.000 unit-years and 685 major failures in 48 utilities, indicate a failure

rate of 0.44%.

Winding related failures appear to be the largest contributor of major
failures, and a significant decrease in tap changer related failures.
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Different ageing patterns

Failure Rate

Failure Rate

Failure Rate

Bathtub ’

Age
Gradual Wear out

S

Age

Constant Failure Rate

Age

Failure Rate Failure Rate

Failure Rate

Pronounced Wear out

Age
Decreasing Failure Rate

Age

Low Initial failure rate with
quick increase

—

Age

Patterns with increasing unreliability are required to innovate the maintenance strategy

|gre
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Smarter Maintenances / RCM lgl‘e

Focus on Critical Functions / Responsibilities
Apply the most effective strategy to prevent the cause of MaF

» On-line Monitoring or Periodic Diagnostics
» Renewal strategy, End-of-life definitions
» Hidden Failure Findings

> Redesigns

> Continue reduction of minor failures
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Increased environmental concerns for OHL
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