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The development of new generation
is crucial to the viability of the grid, and
new generation (pardon the pun), can
generate opposition.

The objections to nuclear are the
loudest, especially from those who
would live closest to any proposed plant
fearing that their back yards could turn
into another Three Mile Island.

Construction of coal-burning plants
has all but been shelved thanks to the air-
quality requirements of the K yoto
Accord, despite impressi ve advances in
cleaner burning coal and scrubbing tech-
niques.

Large-scale hydro-electric projects
are mostly a thing of the past, only
because the majority of potential hydro-
electric sites near de veloped areas ha ve
already been exploited.

Natural gas? Clean b urning yes, but
the potential for a terrorist attack on sup-
ply lines does exist.

Really, the v ery few generation
options that seem palatable to e veryone
seem to be solar and wind.

Or so we thought.
On radio stations in Madison and

Fond du Lac Wisconsin, a group called
the Advocates for the Horicon Marsh
wildlife refuge has been running spots in
the hopes of stopping construction of
wind turbines for that state’s largest wind
farm, asking Governor Jim Doyle to per-
sonally intervene.

Timed to coincide with the go ver-
nor’s announcement of an environmental
and energy policy program - a program
that includes a greater state investment in
renewable energy (that includes wind
power) - the radio spots e xpress concern
that development of the Forward Energy
Center will result in the destruction of
birds at the marsh.

Invenergy is the Chicago-based
company that is developing the project -
a project that w ould generate four times
the electricity of all of Wisconsin’s wind
turbines combined. The wind farm aims
to sell to Wisconsin Public Po wer Inc.;
Madison Gas & Electric Co.; Wisconsin

Power & Light Co.; and Wisconsin
Public Service Corp.

Paul Baicich of the National Wildlife
Refuge Association has stated that, “Our
concern is that you can be for rene wable
energy and also be responsible. To put
(the wind turbines) this close is not
responsible.”

Along with the Horicon Marsh
System Advocates, other groups lik e the
Wisconsin Audubon Council and the
National Wildlife Refuge Association
want the wind turbines to be built at least
four miles from the marsh.

Huh?
Admittedly I am not an e xpert on

ornithology, but surely the winged crea-
tures that inhabit and use the marsh can
avoid the slow turning blades of a wind
turbine. And the current positioning of
the turbines still pro vides for a b uffer
from the marsh.

Wisconsin’s Public Service
Commission has so far approved placing
turbines two miles from the edge of the
marsh - a buffer based on the recommen-
dations of the U.S. Fish and Wildlife
Service, which manages the marsh, and
Wisconsin’s Department of Natural
Resources.

If you b uy into what the objectors
are saying, it seems that no w even the
blades of wind turbines need the same
distance that nuclear fuel rods and carbon
dioxide belching smok estacks do from
the homes of living creatures.

It should be noted that the U.S. Fish
and Wildlife Service originally sought a
buffer of 3 to 4 miles from the marsh b ut
later endorsed the minimum b uffer of 2
miles. But it should also be pointed out
that they called for more studies to be
conducted to document the impact the
turbines have on wildlife. Translation:
They aren’t certain the turbines have any
impact whatsoever.

Indeed, previous studies of similar
wind turbine sites sho w that on a verage
there are two bird deaths per turbine per
year. Although the deaths are re grettable
(and at the risk of being insensiti ve to

avian lovers everywhere), they seem
acceptable.

If I really w anted to ruf fle some
feathers, I could point to the ratio of bird
deaths to aircraft propeller blades (both
jet turbine and turboprop). I can safely
say that those numbers are considerably
higher, and no one is eager to put a halt to
air travel any time soon. 

Ironically, the fiercest debate may be
shaping up between en vironmental
groups that adv ocate for clean ener gy
against groups concerned about wind tur-
bines’ impact on birds and bats.

According to the Wisconsin Public
Interest Group, the en vironmental bene-
fits of wind power should be obvious.

A spokesperson for the group says
that “if you take a big-picture view of our
energy choices, if you care about wildlife
and the environment, global warming has
to be the top issue, and that is the biggest
threat.”

Global warming should be a major
concern especially in Wisconsin, where
more than 70 per cent of that state’s ener-
gy is deri ved from coal (with another
four or f ive coal-fired generation plants
on the drawing board).

Although global w arming concerns
should be balanced with future genera-
tion concerns, the cries from the adv o-
cates for the marsh can be lik ened to the
ludicrous efforts of PETA (People for the
Ethical Treatment of Animals).

PETA - an or ganization that be gan
with the good intentions of protecting
and bettering the li ves of animals - has
become so left-wing that even some veg-
etarians have begun to question their
motives and distance themselv es from
the group.

So too could the actions of the
Advocates for the Horicon Marsh
wildlife refuge. The downfall of creating
a stir o ver wind f arms harming the
wildlife is that when the y raise their
voice over more serious threats to the
marsh, they lose credibility - akin to the
story of the boy who cried wolf. ET

EDITORIAL

KNOWING WHEN AND WHERE
TO CHOOSE YOUR BATTLES

By Don Horne
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Do you want better overall economy, as well as longer lifetime for your high voltage switchgears?

Then take a look at an oil that has been tailored for the job. Nyswitcho has a low viscosity and 

pour point, even at low temperatures. And it offers great oxidation stability, even for those switches 

you use the most. Don’t settle for anything less than the real thing; choose a proper switchgear oil 

for your high voltage switches.
\\ Expect more

There are many oils out there.
But few are tailored for switchgears.
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A message from the President of IEEE PES, Hans B. Püttgen:

Dear Friends,
As the reports of the de vastation in New Orleans come in,

our first concerns have been for our man y friends in the area
and, in particular, for the members of the local organizing com-
mittee of the IEEE PES Transmission and Distrib ution
Conference and Exposition. It has now become evident that the
recovery process will be prolonged and will require a broad
range of resources, including those of our industry .  My col-
leagues from the IEEE Po wer Engineering Society Go verning
Board and I have come to the conclusion that the most reason-
able course of action, under these dramatic circumstances, is to
postpone the event until next spring. We feel that this decision
is in the best interest of the industry we serv e.    

The decision has been reached to postpone the e vent until
spring.

If at all possible, we would like to support the great City of
New Orleans and its w onderful team of volunteers by holding
the event there next spring.  

The venue and dates will be announced within the next few
weeks. We are well aware of the conflicts with other events will
endeavor to minimize any inconveniences to the exhibitors and
participants. Please continue to watch this site for details.

The exact details as to the transition to the ne w dates are
still being worked out.  In particular:

-     All contracted exhibiting companies will be contacted
shortly by 

the show management organization to discuss the tran-
sition to the 

new dates. 
-     We will contact those of you who ha ve already regis-

tered as an 
attendee with information as to the transition of your

registration.
-     We will shortly ha ve details regarding your housing

arrangements if 
you had already made reservations.

Please check with your airline for conditions re garding
refunds for your New Orleans travel arrangements.

In closing, I would like to ask that you keep our friends in
the devastated areas in your thoughts as their ener gies are
focused to restore their living conditions.  Your support is vital
in these difficult times. 

We are counting on all of you to attend the e vent next
spring.  I am comforted by the strong and broad support we
have received from the manuf acturers during the decision
process; I am confident that we can count on their full support

of as exhibitors next spring.
Best regards,
Hans B. (Teddy) Püttgen
President, IEEE Power Engineering Society

Editor’s note:
Our thoughts and best wishes here at Electricity Today go

out to the people of Ne w Orleans who are enduring unspeak-
able hardships in the wake of Hurricane Katrina.

We are confident that the city will bounce back from this
tragedy with the resolute pride that e veryone in Louisiana has
shown throughout the past few weeks, and look forward to par-
ticipating at next year’s IEEE Conference - hopefully down on
the bayou. 

INDUSTRY NEWS

NEW ORLEANS TRAGEDY SHUTS DOWN
IEEE PES CONFERENCE

Satellite photos before and after the hurricane.
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Bell Wireless Data Specialists are helping utilities inspectors work more efficiently.
We're setting them up with solutions like the rugged Symbol® handheld running
on our fast, dependable 1X network. Inspectors can submit data once, from the
field, and go directly to the next site instead of going back to the office.

Certain conditions and restrictions apply. Service, features and functionality available in Bell Mobility
coverage areas where technology exists. SYMBOL is a registered trademark of SYMBOL technologies.

Now there’s a way for inspectors to

SPEND MORE
TIME ON SITE

and less time in the office. Our Wireless Data Solutions 

give them the tools to access up-to-date inventory information

and submit reports from almost anywhere.

To learn more about how we can help your business,  
call 1 866 838-4107 or visit www.businessonthego.ca/utilities
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Six-hundred volt and 480V electri-
cal power distribution systems within
most commercial and institutional b uild-
ings are solidly grounded by tradition.

In solidly grounded systems, ground
faults can cause do wntime, equipment
damage, and in se vere cases, arc flash
injury to personnel. Man y industrial
facilities choose high resistance ground-
ing for their 600V distrib ution systems
because they experience more frequent
ground faults than commercial and insti-
tutional buildings. A high resistance
grounded distribution system responds
much more safely to ground f aults, pre-
venting downtime, damage, and injury.

Why do commercial and institution-
al buildings continue to ha ve solidly
grounded 600V systems when high resis-
tance grounding of fers superior protec-
tion against ground faults?

• Habit and tradition
• A presumption that solid

grounding is safest
• 347V lighting requires a 4-wire

solidly grounded source
• A preference for a ground f ault

to trip a breaker and de-energized imme-
diately

• No maintenance electricians are
not available to locate ground faults

Let’s examine the principal problem
faced in the design of solidly grounded
systems – arcing ground f aults.  High
capacity power systems deli ver tremen-
dous energy when electrical faults occur.
Seventy to 85 per cent of electrical faults
begin when an ener gized phase conduc-
tor contacts ground, typically through an
insulation failure or human error
(dropped tool while w orking on li ve
equipment). These are known as ground
faults.  When the resistance at the point
of the fault is practically zero, a “bolted”
ground fault occurs, causing v ery high
current to flow until interrupted by a cir-
cuit breaker or fuse.  Such f aults usually
cause no damage because the y are inter-
rupted instantaneously, within 2 – 50 mil-

liseconds (3 cycles or less).
Unfortunately, ground faults caused

by insulation f ailures (typically due to
mechanical damage or aging and wear)
are not bolted f aults; there is an air gap
between the ener gized conductor and
ground.  In 600V and 480V po wer sys-
tems, there is enough v oltage to create a
sustained electrical arc across the air gap.
Called “low level arcing ground f aults”
because the arc resistance reduces cur-
rent flow, they are not quickly detected
by circuit breakers or fuses. Without spe-
cial ground fault protection relays, these
arcs can escalate into phase-to-phase and
three-phase faults, releasing tremendous
heat and mechanical ener gy [1].
Equipment is damaged and people can be
injured or killed if e xposed to these
faults.  Since the early 1970s both the
Canadian Electrical Code and National
Electrical Code ha ve required ground
fault protection on the main break er on
600 V or 480 V solidly grounded systems
where the rated current is 1000 A or
higher. The maximum ground fault pick-
up setting allo wed is 1200A, and the
maximum time delay allo wed is 1 sec-
ond. This measure limits, b ut does not
entirely prevent, equipment damage or
downtime – arcing f aults can do much
damage within one second. To avoid trip-
ping the main breaker each time a ground
fault occurs, ground fault relays are often
specified for branch feeders as well.

Low level arcing ground faults occur
more frequently in industrial f acilities
than in commercial or institutional build-
ings because there is f ar more electrical
equipment, particularly motors within a
relatively confined space.  In some indus-
tries, the en vironments are electrically
hostile with moisture, dust, contaminants
or excessive temperatures. Continuous
process industries e xperienced intolera-
ble equipment damage and do wntime
due to arcing ground f aults in the 1950s
and 60s, after they started solidly ground-
ing their 600V and 480V distrib ution

systems. Up to the mid-1950s, most low-
voltage industrial distrib ution systems
(600V and 480V) were ungrounded
three-wire systems, in which high energy
arcing ground faults were rare. However,
ungrounded systems were sho wn to
cause high transient o vervoltages under
certain failure conditions, leading to mul-
tiple simultaneous motor f ailures [2].
Hence 3-wire 600V and 480V systems
became solidly grounded in the 1950s to
cure this o vervoltage problem. Solid
grounding solved one problem, but creat-
ed another.

The probability that phase-to-ground
faults on 600V and 480V systems will
become sustained and dangerous arcing
faults is high. On 208V systems, sus-
tained arcing faults are rare. A safety haz-
ard exists for solidly grounded 600V and
480V systems from the se vere flash, arc
burning, and blast hazard from a phase-
to-ground fault [3]. The phase-to-ground
voltage in 208V systems is not high
enough to sustain an arc; in most
instances the arc self extinguishes in a ?-
cycle.

Continuous process industries with
hostile electrical en vironments such as
petrochemical, pulp & paper , and steel
began high resistance grounding their
600V and 480V distrib ution systems in
the 1970s to pre vent low level arcing
ground faults.  As a result the y experi-
enced fewer arc flash injuries, reduced
equipment damage and less do wntime
from ground faults.

Although hospitals and data centres
experience fewer ground f aults than
industrial plants, when the y do occur ,
downtime is just as intolerable when
patient care or ATM networks are affect-
ed. High resistance grounding eliminates
this risk from 600V systems.

High resistance grounding is appro-
priate for enterprises where:

• downtime due to ground f aults

GROUNDING

600V HIGH RESISTANCE GROUNDING FOR
COMMERCIAL AND INSTITUTIONAL BUILDINGS -

WHY NOT?
By David Murray, P.Eng., IPC Resistors Inc.

Continued on Page 12
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is intolerable;
• ground faults are located and

repaired once they occur, i.e. they are not
ignored;

• 347V or 277V lighting is no
more than 10 per cent of the total electri-
cal load.

Continuous process industries ha ve
successfully used high resistance ground-
ing for over 30 years increase the a vail-
ability of electrical po wer from their
600V or 480V distrib ution systems.
Data/telecom centres are now using high
resistance grounding to squeeze e ven
more uptime from their backup genera-
tors and UPS systems.

Today, 600V and 480V systems are
solidly grounded for one of tw o reasons:
(1) either to pro vide a grounded neutral
conductor for 347V or 277V lighting
loads, and/or (2) because the solidly
grounded system is still percei ved to be
the safest method of grounding.

347V LIGHTING
Contrary to popular belief, 347V or

277V lighting does not require the entire
600V or 480V distrib ution system to be
solidly grounded, particularly when the
347V lighting load is less than 10 per
cent of the total electrical load. Small
delta-wye 600V-600/347V isolation
transformers can be locally distributed to
supply 600/347V lighting panels. This
practice (1) impro ves the safety of the
600V system in the rest of the b uilding
by allowing high resistance grounding,
(2) saves the cost of distributing a neutral
conductor throughout a f acility, and (3)
provides the added benefit of much lower
fault current at the 600V lighting panels,
for better coordination.  

Three-hundred-and-forty-seven volt,
1-pole, 15A and 20A lighting break ers
are available with interrupting ratings of
14-kAIC, 18-kAIC, and 25-kAIC only .
Lighting panels connected to 600V sys-
tems with higher than 25kA of a vailable
fault current cannot be fully rated, b ut
must use series-rated main and branch
breakers. Under a bolted ground f ault,
the series-rated main and branch breakers
must trip simultaneously, to dissipate the
fault energy across both breakers. In this
way a faulty lighting ballast can trip the

lighting panel main
breaker and plunge all
of the other branch
lighting circuits into
darkness. By insert-
ing a small isolation
transformer to supply
the lighting panel, the
available fault current
drops to 2kA or less;
a faulty ballast trips
the branch break er
only, and a less
expensive 14kAIC
lighting panel may be
used. (See figure 1)

It is not necessary to solidly ground
an entire 600V distribution system just to
supply 347V lighting. By limiting the
solidly grounded 600V systems to small
islands of lighting circuits, the bulk of the
600V distribution system can be high
resistance grounded to impro ve person-
nel safety, limit do wntime, and reduce
equipment damage from arcing ground
faults.

Also, ground f aults cannot tra vel
through a delta winding. Ground f aults
on a wye secondary winding are convert-
ed to phase overcurrents only on the pri-
mary circuit when the primary winding is
delta configured (the norm). Hence a
ground fault on the secondary cannot trip
a ground fault relay on the primary , for
better coordination.

Are 600V solidly grounded systems
really safer? Solidly grounded systems
are often percei ved to be safest on the
mistaken premise that all ground f aults
will quickly trip the affected feeder fuses

or circuit breaker. Unfortunately, no mat-
ter how low the impedance of the ground
return path is back to the neutral of the
transformer, a high impedance at the
point of f ault itself, such as occurs for
arcing ground faults, is enough to reduce
the fault current such that the feeder
breaker or fuses will not trip without sen-
sitive ground fault relays. (See Figure 2)
Only bolted ground faults are guaranteed
to trip the feeder breaker or fuses without
sensitive ground fault relays.

Contrary to popular belief, most
ground faults are not bolted f aults and
cannot be depended upon to reliably trip
the feeder o vercurrent protective device
each time, unless the feeders ha ve sensi-
tive ground f ault relays. Often only the
main breaker or fusible disconnect
switch has ground fault protection, set to
trip at a relati vely high le vel of ground
fault (1200A) after a time delay of one
second to avoid nuisance trips. A lot of

GROUNDING

Figure 1 – Improved Co-ordination with Distributed 600V Lighting Transformers

Figure 2 – High Impedance at Point of Fault Fails to Trip Breaker

Continued on Page 13
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arcing damage can occur at the point of
branch fault in one second.

To achieve time-current co-ordina-
tion between GFP relays, the upstream
relays must have longer time delays than
downstream relays. The minimum time
co-ordination interval between GFP
relays 0.2s. F or example three GFP
relays in series may ha ve time delays of
100ms, 300ms and 500ms for the branch,
feeder and main de vices, respectively.
Yet the clearing time of arcing f aults
should ideally be less than 12 c ycles or
200ms [3]. Unacceptable damage will
still occur for arcing ground f aults locat-
ed upstream in the distrib ution system,
where GFP time delay e xceeds 200ms.
Time coordination involves the trade-off
between tolerating more damage
upstream and achieving better co-ordina-
tion.

Co-ordinated GFP relays and branch
phase overcurrent devices reduce arcing

fault damage, but still do not satisfy the
rigid requirements of personnel arc flash
hazard protection [4]. This fact makes
solidly grounded 600V or 480V systems
actually less safe than high resistance
grounded systems.

NFPA 70E is a US standard for elec-
trical safety in the workplace. It address-
es the arc flash hazard pre valent in elec-
trical distribution systems. This standard,
or similar v ersion of it, will come to
Canada in the future. In order to reduce
the arc flash hazard, ground f ault break-
ers will have to be set with a shorter time
delay. This will reduce coordination, b ut
increase safety in the presence of ground
faults.

High resistance grounding prevents a
feeder from tripping on a ground fault by
limiting the ground fault current to 5A. It
also prevents an arc flash upon a ground
fault. There is less disruption and
increased safety. (See Figure 3)

The neutral point of the LV system is
grounded through a resistor which limits
ground fault current to a relati vely low
value of 5A or less. When a bolted

ground fault occurs, the line-to-neutral
voltage of the f aulted phase is fully
impressed across the neutral grounding
resistor, injecting a controlled current
into the fault, in this case 347V÷69 Ω =
5A. At such low fault current, the affect-
ed feeder need not be de-ener gized until
a more convenient time; hence a former-
ly un-scheduled outage on solidly
grounded systems is con verted to a
scheduled one on high resistance ground-
ed systems.

During a ground f ault on a high
resistance grounded system, the tw o
unfaulted phases rise in v oltage above
ground by 73 per cent to 600V .  See
Figure 4. The neutral point between the
three phases rises to 347V abo ve ground
during a bolted ground fault. If this were
a wye winding, the neutral terminal
would become energized to this v oltage
during ground faults. It is for this reason
that the neutral of ungrounded or high
resistance grounded systems cannot be
distributed throughout a facility and used

13Electricity Today Issue 7, 2005 
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GROUNDING

to supply line-to-neu-
tral loads – because it
becomes energized
during ground f aults.
To supply 347/600V 4-
wire loads, small local-
ly distributed isolation
transformers are used,
as explained above.

This voltage rise
on the tw o unfaulted
phases while a ground f ault is presence
does not hurt the insulation of cables,
transformers or motors. These insulation
systems are designed to withstand this
voltage with no problem.

Two items that must not be used on
high resistance grounded systems:  (1)
347/600V “slash-rated” lighting break-
ers, and (2) 347V/600V wye-rated tran-
sient voltage surge suppressors (TVSS).
Lighting breakers are designed to be used
only on solidly grounded systems, b ut
then so is 347V lighting. Only “600V”
rated breakers (no “slash”, as in
“347/600V”) may be used on high resis-
tance grounded systems. Ho wever most
power panelboards and all switchboard
with molded case circuit break ers rou-
tinely use 600V-rated breakers anyway.

TVSS must be 600V “delta-rated”,
which means that they can withstand the
increased voltage of the tw o unfaulted
phases to 600V. These TVSS are readily
available from TVSS manufacturers.

It is a common misconception that a
high resistance grounded system is not
really a grounded system. Nothing could
be further from the truth. First, the
grounding and bonding of all non-current
carrying exposed metal parts (cable trays,
conduits, enclosures, racks, etc.) is
absolutely unaffected by the method of
system grounding. All such components
are still bonded directly to ground in a
high resistance grounded system.
Second, the neutral is grounded, e xcept
through a resistor instead of through a
solid conductor. The IEEE Green Book
treats high resistance grounded systems
as grounded systems:

IEEE  142-1991 (GREEN BOOK)
Recommended Practice for

Grounding of Industrial and Commercial

Power Systems
1.4.1
Grounded systems emplo y some

method of grounding the system neu-
tral.... These methods can be divided into
two general categories: Solid grounding
and impedance grounding. 

1.4.2
Numerous advantages are attributed

to grounded systems, including greater
safety, freedom from e xcessive system
over-voltages that can occur on
ungrounded systems during arcing… and
easier detection and location of ground
faults when they do occur.

When a ground f ault occurs on a
high resistance grounded system, you fix
it just as you would on a solidly ground-
ed system. The difference is that the fault
will not ha ve caused an y damage or
unscheduled downtime. What’s not to
like?

Many data centres and hospitals now
use high resistance grounding on their
600V distribution systems for increased
service continuity and safety in the pres-

ence of ground f aults. As the trend for
increased electrical safety in the w ork-
place continues, more commercial and
institutional buildings will begin to real-
ize the benef its of high resistance
grounding that industrial plants disco v-
ered over thirty years ago. ET
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Figure 3 – High Resistance Grounded Power System
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Figure 4 - Voltage Rise of the Neutral and Two Unfaulted Phases
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INTRODUCTION
Partial discharge (PD) is becoming increasingly vie wed as

the best diagnostic for insulation, particularly for on-line mea-
surements. Clearly this applies to insulation, which e xhibits and
is degraded by PD activity. However, even for insulation, which
is designed to be PD free, the kno wledge that the system is actu-
ally PD free is still a vital part of the diagnostic process. Hence
PD measurements, which are accurate and reliable, al ways con-
tain important information about the high v oltage (HV) equip-
ment to which they apply.

With the development of on-line PD methods, se veral prob-
lems still exist to be solv ed to yield the optimum diagnostic for
insulation. These are: 

• Noise interference from RF radio broadcasts
• Noise interference from pulses other than PD pulses

15Electricity Today Issue 7, 2005 

CABLES

ADVANCED CONDITION-BASED ASSESSMENT
OF MEDIUM AND HIGH VOLTAGE ELECTRICAL
SYSTEMS WITHOUT REQUIRING AN OUTAGE

By R.R. Mackinlay, High Voltage Solutions Ltd., and Don Genutis, Hampton Tedder Technical Services

Fig 1 Pulse from a partial discharge in a cable (showing
computer generated cursors)

Continued on Page 17
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• Location of PD pulses on cables
and static equipment (e.g. switchgear ,
transformers etc)

• Estimation of remaining service
life for the PD acti vity measured in the
HV equipment under test

The remaining service life of equip-
ment exhibiting PD acti vity is briefly
dealt with for restricted types of equip-
ment, otherwise this is left for a future
paper. This paper addresses the main
issue of making reliable PD measure-
ments, namely the identif ication and
removal of noise sources, and the loca-
tion of PD e vents. To be able to do this
allows the identif ication of dischar ging
equipment, and hence the assessment of
the risk to reliable service performance.

This paper describes the de velop-
ment of methods to distinguish between
noise and PD activity, and to distinguish
between several different types of PD.
The recognition is done using simple
algorithms, which use the w aveform
shape of the PD (and noise) pulses, to
discriminate between the different types.

Partial discharges (PD) in voids and
cavities in general produce v ery similar
pulse shapes with very fast pulse widths.
Values of a fe w tens or hundreds of
picoseconds are typical. The pulse times
are closely related to the breakdown time
across the cavity. However, at the termi-
nals of the high v oltage equipment (or
using an electromagnetic pickup if these
are used) the pulse shape is dependant on
the parameters of the detection circuit.
Often these are determined by the equiv-
alent circuit of the po wer equipment at
the detection point. The observer may not
have much control over the detection cir-
cuit in these cases. Hence it might appear
that using the w ave shapes of the pulses
to distinguish between noise and PD (and
between different types of PD) does not
have a bright future.

However, there are tw o classes of
PD pulses, which do retain a reasonable
consistency of beha viour, for both on-
line and off-line testing. These are cable
PD’s and PD’ s from local equipment
(switchgear etc). In this case, local equip-
ment means equipment within a fe w
metres of the measurement point. The
algorithm used in the de velopment
described in this paper, essentially makes
three categories of pulsed signals. These
are cable PD’ s, local equipment PD’ s,

and all others are regarded
as noise. This simple
algorithm gives remark-
ably good results in a
wide variety of circum-
stances, and has now been
successfully incorporated
into several commercially
available products.

PD EVENTS FROM
HIGH VOLTAGE CABLES

In the special case of
partial discharge in
cables, the cavity responsible for the PD
discharges into a real impedance. This is
the surge impedance of the cable and is
purely resistive at the point of launch.
The resulting pulse is virtually monopo-
lar (see Ref 1) with f ast rise times and
very short pulse width. This pulse travels
outward from the originating site, and
arrives at the detection point wider and
smaller due to attenuation and dispersion
on its travel down the cable. The pulse is
in general well def ined by the time it is
detected, and in practice retains much of
the same characteristics as a consequence
of originating in the cable. Figure 1
shows a typical cable pulse, with com-
puter-generated cursors to measure the
rise times and pulse properties.

Providing the rise times and widths
fit into sensible v alues for a PD pulse,
then the event is cate gorized as a cable
event. The rise times are typically
between 50nSec and 1?Sec, with pulse
widths in general being less than 2?Sec.
Actually for XLPE cables these v alues
are generally shorter than this, as the loss
and dispersion are considerably less for
XLPE cables. The pulse rise time and
width are dependent on both the pulse
shape at the cable end, and the detection
circuit. Hence the neat method of using
the risetime (or pulse width) as a measure
of the location of the pulse cannot be rig-
orously used, as the detection circuit is
not known, and for example, may contain
a large inductance and al ways then give
slow rise times and longer pulses.
However, the rise time is
nevertheless a valuable tool
in the initial localization of
the pulses, as for on-line
PD detection using high
frequency current trans-
formers (CT’s) the detec-
tion circuits generally have
large bandwidth (>20MHz)
and simple localization
works reasonably well.

Figure 2 sho ws the current trans-
former arrangements for a 33kV XLPE
cable, where the CT’ s can be placed
around each of the single cores, abo ve
the ground strap take off point.

Normally the current transformers
are placed around the ground strap. The
PD pulses traveling down the cable to the
termination, have an equal and opposite
polarity on the conductor and screen
respectively. Hence it does not matter
whether the CT’s are placed in the earth
strap, or the conductor . The important
criterion is that only one of the ground or
conductor currents is intercepted. In
practice the two signals are very similar,
but often the noise content can v ary
between the two detection points.

Figure 3 shows a cable with a spread
of rise time events, where there are clear
bands to the rise times recorded. In prin-
ciple, a graph could be constructed from
figure 3, with the ordinate calibrated in
metres. This would assume a relationship
between the rise time and the distance
travelled for PD pulses in cables. This is
actually reasonably well established
(depending on the cable type), b ut the
main problem is the unkno wn detection
impedance at the termination. For exam-
ple, if the detecting impedance contained
a large inductance, then the rise times of
the pulses w ould be dominated by the
detection impedance, and not the dis-
tance travelled by the PD pulses.

Continued on Page 18
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Fig 2 High frequency current transformers (CT’s) around
cores of 33kV cable for PD measurement (CT’s are
arrowed)

Fig 3 Distribution of pulse rise times from a cable
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In cases lik e this, a relationship
between rise time and distance cannot be
made. The response of the detection cir-
cuit could be measured, and if possible,
the relationship could be correctly estab-
lished. This will be the subject of a future
paper.

The results in f igure 3 were tak en
from a 33kV paper insulated cable tested
on-line. Notice that the risetime of the
PD events for this cable are around
200nSec. The cable was around 2km in
length, and the locations were all from a
single splice located at 1600m.

The huge advantage of carrying out
PD detection using the waveforms of the
PD pulses is that it allo ws for correction
of the magnitude of the discharge almost
irrespective of the distance do wn the
cable the pulse has travelled. Particularly
for paper-insulated cables where the
attenuation is lar ge, making magnitude
only measurements of PD pulses leads to
poor conclusions about the peak magni-
tudes. A PD of the same size can easily
look a f actor of 10 or 20 smaller when
seen at some distance do wn the cable.
Hence a very severe event remote to the
measurement site can be observ ed as
quite a modest PD if the attenuation has
reduced the peak magnitude by a f actor
of say 20 or so. Using the w aveform to
measure the area under the curv e of the
PD current, a measure of magnitude can
be made which is much less sensiti ve to
attenuation. The measurement of char ge
is made by simply integrating the charge
under the current curve: 

where ‘const’ is the multiplier which
converts the current to v oltage. This will
include the transfer impedance of the
current transformer and such f actors as
the cable impedance and amplif ier gain.
Hence using this method for calculating
charge, the values of PD magnitudes can
be measured in Pico Coulombs, provided
that the detection impedance may be
assumed to be the cable sur ge imped-
ance, or a correction factor used. In prac-
tice the variation in the change of sur ge
impedance at the ends tends to be less
than 20% or so, when compared to mea-
surements made in the ground straps of

splices in the middle of the cable, where
the surge impedance will be close to the
surge impedance.

As an e xample of measuring the
charge in this w ay, at 3km on an 11kV
paper insulated mass impre gnated non-
draining (MIND) cable, the area measure
had only reduced by a factor 3.

However, the amplitude measure-
ment had reduced by factor of 15.

This means that for on-line PD tests,
without the need for an y calibration, the
cable events can all be expressed in pico
coulombs.

PRECISE LOCALIZATION OF PD
EVENTS ON CABLES USING A

TRANSPONDER
In the special case of testing high

voltage cables, the usefulness of measur-
ing PD acti vity is v astly increased if a
localization of the PD origin can be
made. For short cables, a double-ended
method of timing the arri val of the PD
pulses is the most effective. This requires
a sensor at both ends of the cable, and a
calibration of the cable tra vel time for
both legs. For longer cables, getting a
radio frequency cable to the f ar end sen-
sor is not usually possible. Several meth-
ods have been attempted to o vercome
this problem. GPS sensors can be used to
tie two PD recorders to the same absolute
time. This method takes a lot of care is
setting up, and requires a great deal of
marrying up signals after the data is
recorded.

Alternatively, the timing information
from the remote end of the cable can be
directed back down the cable cores them-
selves. A simple method has been adopt-
ed to achieve this. A transponder consists
of a detector and trigger le vel for PD
pulses, linked to a lar ge voltage pulse
generator, which launches pulses back
onto the cable under test. Figure 4 sho w
a photograph of the two battery operated
devices. The trigger levels for the input
device spans the range 1mV – 1V . The
linked pulse generator is capable of gen-
erating 1?Sec pulses at 200V into an
open circuit. If high frequenc y current
transformers are used as the detection
and launching sensors, the system can be
used successfully with cables of 2 or 3
km or more. The accuracy of the de vice
is dependant on the rise time of the PD
pulses, as the trigger must occur some-
where on the rising edge.

Figure 5 shows the results of carry-
ing out the locations of a cable PD with

and without the help of a transponder . In
this case the location of the PD e vent is
very close to the measurement substa-
tion, and the v ery large transponded
pulse is clear. The total cable length w as
around 750m.

The transponder developed for local-
ization of cable PD’s is battery powered,
allowing remote substation location mea-
surements to be made, e ven if no local
test power is a vailable (a circumstance
which is actually quite common). This
method for localization has pro ved very
successful largely as a result of its simple
and direct application. If the PD pulses

are clear, then the transponder method is
very robust, and locations are al ways
clear and unambiguous.

CABLES
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Figure 4 the trigger unit and large pulse
generator of the transponder unit

Fig 5 Location of PD pulses with and with-
out transponder location pulses

Continued on Page 19
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apply to ultrasonic signals and sensors, all of which have much
smaller frequency content. Other methods apply for the ultra-
sonic case.

It is reasonably surprising that such a simple algorithm for
recognizing local PD events is effective. However, pulses with
larger frequency content which are not PD related, are in prac-
tice quite rare. The authors have seen some local processing
equipment (intelligent switchgear monitors) which produced
similar high frequency pulses, but with this exception, the vast
majority of pulses with larger frequency content tend to origi-
nate from PD’s within switchgear or similar equipment.

NOISE REDUCTION FROM CONTINUOUS 
WAVE INTERFERENCE

A large problem in PD detection comes in the form of
radio broadcast interference. This is particularly the case for
on-line measurements made on cables attached to switchgear
which is not metal clad, although it can sometimes be a prob-
lem for metal clad switchgear.

To overcome this major problem, a spectral subtraction
method was developed. Again the ideas for this were simple,
and are shown schematically in figure 8.

Essentially the largest frequency in the w aveform is cal-
culated, and this frequenc y is subtracted from the w aveform,
leaving all the pulse data unchanged, b ut without the interfer-
ing RF noise. As the RF radio broadcast noise is in general in
the medium or short waveband, the carrier is in general ampli-
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PD EVENTS FROM LOCAL EQUIPMENT
For on-line testing local equipment (switchgear , trans-

formers, bushings etc) for PD activity, the most effective sensor
is an electromagnetic pickup, placed on the outside of the
grounded metal clad surf ace. Figure 6 sho ws a typical TEV
probe.

These so-called transient earth v oltage (TEV) pickups
detect the electromagnetic pulses from inside the local equip-
ment. They are essentially a capacitive coupling with the metal
surface.

This type of sen-
sor is only suitable for
local PD pickup, as
the sensors do not
pass low frequencies.
Typical cutoff fre-
quencies are in the
region of 2MHz -
5MHz, and signals
must be abo ve this
frequency to be
detected.

Hence for local PD, if the frequenc y content is typically
above this cutoff value, the chances are extremely high that the
pulses are from PD’s originating in local equipment. The argu-
ment also applies to testing equipment with a high frequenc y
current transformer as the pickup; as long as the upper fre-
quency cutoff is above say 20MHz, so that the lar ger frequen-
cy content of the local PD pulses is observable. Figure 7 shows
a typical resonant response from a local PD e vent.

Notice the f ast oscillations denoting the lar ge frequency
content.

The algorithm for recognizing a local PD event is therefore
very simple. If the frequenc y content of the e vent is above a
critical cutoff, (somewhere in the re gion of 2MHz to 5MHz)
then the event can be counted as a local event. This method can-
not

ASSESSMENT
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Continued on Page 20

Figure 6 transient earth voltage probes
(TEV’s or capacitive pickups)

Fig 7 Waveform of local equipment event using a capaci-
tive sensor
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tude modulated. Hence the best results are achie ved if the
length of the waveform is made over a time in which the mod-
ulation does not change much.

In practice for noise reduction of a waveform spanning the
whole power cycle, the length of the segments which are noise
reduced are typically 100?Sec - 200?Sec. Figure 9 shows wave-
forms before and after the noise reduction process.

In figure 9 the reduction in the standard deviation is around
7.6 between the tw o cases. The waveform interference is rea-
sonably sinusoidal, and the results w ould be e xpected to be
good in this case, b ut similar practical cases also yield similar
reduction ratios. The double pulse in f igure 9 is now clear and
can be used for location purposes, whereas before the noise
reduction, the second pulse is not evident.

OPERATION OF EVENT
RECOGNIZER METHOD

The implementation of the e vent recog-
niser algorithms starts with recording the
complete waveform of a single po wer
cycle of data. This is recorded at full
sample rate (normally at least
100MSamples/sec). This ‘longshot’
recording is no w RF noise reduced if
required.
The resulting waveform is then analyzed
for all the pulse data, and separated into
populations of cable, local equipment
and noise e vents. These categories can
now be treated separately if required.
The pulsed data is now really a list of PD
events with properties such as position in
the cycle, channel number (if this
applies), category of pulse, and all the
pulse data from the curve fitting and fre-
quency analysis. This per-cycle analysis
provides for v ery powerful techniques
for continuous monitoring and spot test-
ing. The traditional data resulting from

PD measurements was a record of the peak and count values. In
the new method, the peak and count data can be carried out for
each category of pulses, and hence in essence for each type of
high voltage equipment.

Figure 10 shows the results of 2 minutes of data recording,

CABLES
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Fig 8 Method for reduction of RF interfer-
ence from waveforms

Fig 9 Waveforms from before and after the application of the
noise reduction process

Fig 10 PD distributions across the power
cycle in separate categories of cable PD
and noise

Figure 11 Waveforms of noise and cable PD respectively from the
data in figure 10

Continued on Page 21
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which recorded around 6 power cycles of
complete waveform data. In this case, the
PD pulses were mixed with a large num-
ber of different noise sources. The event
recognizer has separated out the good
data from the PD recordings, so that all
the cable PD events are correctly identi-
fied. This was verified by manual inspec-
tion of the individual waveforms. Figure
11 shows two typical w aveforms repre-
senting noise and cable PD respecti vely.
If only peak and count methods had been
used, all of these pulses w ould count as
valid data. Using the e vent recognizer
technique, noise can no w be distin-
guished from the cable PD e vents. The
recordings were made on an oscilloscope
with an open PC, so the event recognizer
software can be run internally on the
device which records the data.

This improves data transfer rate
between waveform recorder and the PC
by a factor of between 2 and 5 times.

Hence by using this method, a lar ge
part of the classic dif ficulties of making
PD measurements can be transformed by
classifying the pulses into useable cate-
gories. This means that less e xperienced
operators can ha ve much more conf i-
dence in PD measurements, and that
more experienced operators can carry out
diagnostics very much more reliably
from one set of data.

CONCLUSIONS
The paper has described several new

tools which can help to make PD (partial
discharge) detection for high v oltage
equipment much more rob ust and reli-
able, by remo ving two of the lar gest
obstacles to making good PD measure-
ments on high voltage equipment, name-
ly:

• Noise reduction of radio
Interference from broadcasts and po wer
line carrier signals

• Separation of noise pulses from
cable PD pulses and local equipment PD
pulses

The methods described follo w sim-
ple algorithms, and produce reliable
results in practice. All the older tradition-
al methods of measuring peak, counts
and distributions for PD activity have all
been retained. The new event recognizer
tools essentially sit as an add-on to the
original data.

However, the clarity and discrimina-
tion given by the ne w event recognizer
methods will allo w huge impro vements

in the quality of the PD data recorded.
This especially applies to on-line PD
measurements.

For the case of high v oltage power
cables, a location method based on a
transponder placed at the remote end of
the cable is described, which allo ws
localization of PD events on cables to be
made. This is particularly useful for on-
line PD measurements where it is notori-
ously difficult to interpret w aveforms to
give good location data.

The tools have been developed into
several commercial products, where the
results from the users (not the authors)
have been very encouraging. ET
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ABSTRACT
This paper will briefly describe a

new Intelligent Electronic De vice (IED)
containing integrated control, protection
and communication elements for small
hydro power plant. This joint project
aims to setup tw o small hydro pilot
installations at two Swedish utilities. The
concept requirements and project results
will be discussed along with results from
a Simulink model of the turbine, genera-
tor and station control strategies.

(Editor’s note: all references to Swedish
monetary units - Krona - are abbreviated
as SEK. The exchange rate is appr oxi-
mately seven Krona to 1 US dollar)

I. BACKGROUND AND
REQUIREMENTS

Sweden has 1000 - 1500 small hydro
power stations in operation erected dur-
ing the last century. Due to low electrici-
ty prices and withdrawn subsidies during
the 1990s small hydro suffered from low
profitability. Consequently about 145
power stations were closed do wn or
paused during a 10-year period from
1989 to 1999 [1]. During this period no
or little investment was taking place. This
trend was unwanted, since small hydro is
both an e xcellent distributed renewable
energy source as well as a part of the cul-
tural and industrial heritage. However, in
recent years electricity prices ha ve risen
substantially and electricity certif icates
have been introduced to support hydro
power units belo w 1500kW at an addi-
tional price le vel of circa 250
SEK/MWh. Hence the prof it of, and

interest in running, small hydro has
increased and the interest to reno vate
power stations in operation and starting
up new ones has grown.

Still the relative value of electricity
produced from a 1 MW station is rela-
tively low, e.g. an annual production of
4000MWh a 500 SEK equals to 2 MSEK
or 5000 SEK per day . Therefore prof-
itable operation of a small station
requires a stable system that is
autonomous to a certain e xtent and runs
with few unscheduled maintenance and
support visits. Furthermore, the systems
should have a long life-time with a vail-
ability of spare parts, rather than a tailor-
made system. A change to a standardized
solution that is easy to service is prefer-
able.

Even for small hydro-po wer plants
(< 2 MW) a relati vely large number of
functionalities must be included for ef fi-
cient control and protection as compared
to larger power stations. Functionalities
such as voltage control, generator super-
vision, turbine control, w ater manage-
ment, start/stop, e xcitation equipment
and an interf ace to the operator control
central or access via a remote PC are nec-
essary. Generally the requirements to
control all these functionalities set a
demand for several building blocks to be
included in the hydro-po wer plant con-
trol system. These requirements drive the
complexities and costs almost to the level
of larger hydro-power stations.

Although optimized production is
important, the most vital requirement of
the station is safe water management and
a safe protection system. Moreover, if the

proportion of distributed versus central-
ized generation unit connected to the grid
will grow in the future. Also the role of
the distributed hydro power station as a
source for robust grid operation is lik ely
to be further strengthened,, which will
increase the requirements for protection
and interface with the grid. Additionally
,the storage capacity of small hydro will
be an asset for the grid operator when
balancing other rene wable sources such
as wind which, in turn, will increase the
demand for fle xible operation of the
power station.

I.1 OBJECTIVE OF THIS PROJECT
The objective of this project is to

show how a standardized Intelligent
Electronic Device (IED) can pro vide
autonomous operation and prioritize safe
water management. The IED should be
compact and integrated with the control
of electrical and mechanical elements
including the flow of water, communica-
tion, monitoring and protection system
for small hydro-po wer plants. The IED
including all of the stated functionalities
above are therefore provided in one com-
pact unit that easily may be carried by
just one single person.

I.2 PROJECT SET-UP
The project is realized together with

one equipment supplier, two electric util-
ities and the Swedish Energy Authority
to focus on (1) a solution with the mini-
mum functionalities necessary to operate
the station and (2) the most important re-
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the installed IEDs to provide an optimized electricity produc-
tion by regulating an optimum flow of water through the sys-
tem.

It is anticipated that using modern control and power elec-
tronic equipment will decrease the size of the installation of
the control, protection and communication equipment sub-
stantially.

quirements for reliable and
cost-effective operation with
the highest possible availability.
Prototypes from ABB are
planned to be installed in tw o
hydro-power plants owned by
participant utilities Mälarenergi
AB and Tekniska Verken i
Linköping AB.

I.3 DESCRIPTION OF THE
POWER STATIONS FOR PILOT

INSTALLATION
The final prototype con-

cept will be installed in tw o
power stations. One pilot is
going to be installed at the Surahammar po wer station owned
by Mälarenergi AB. This power station was erected in 1927
and is rated at 1.0MW , cf. the turbine in A. The second pilot
installation is aimed at Slattefors po wer station o wned and
operated by Tekniska Verken i Linköping AB. Slattefors was
erected in 1962 rated at 0.9MW (see B). Both stations have one
Kaplan turbine with a synchronous generator.

II. THE MICROHYDROTM CONCEPTUAL
APPROACH

The approach is to inte grate station monitoring, turbine
and generator control functionality into one commercial high
performance protection and control IED. Voltage and current
signals that are used by the protection unit are also made avail-
able to the control system without additional wiring.
Integration of functionality into one unit is considered as a key
to improve the cost performance.

Communication, on the other hand, is a technology f ield
with fast development. Therefore the communication module
is a separate unit, which can be replaced more often than the
control and protection device. It is suggested to use a commu-
nication block, based on the IEC 61850 standard, with option-
al remote communication techniques to a remote PC or the
operator control room. In the future it is anticipated that sever-
al hydro-power stations in a common watercourse would have
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Figure 1 A and B: (A LEFT) Mälarenergi’s generator at Surahammar power station. (B RIGHT) Tekniska
Verken’s Slattefors power station building.

Figure 2 A and B. (A, LEFT) Example of front panel of existing con-
trol and protection system at Surahammar hydro power station (B,
RIGHT) Example of new station control and protection system.
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II.1 THE FLEXIBLE CONTROL AND
PROTECTION PACKAGE

The configuration flexibility of the
relay terminals enables protection of any
generator and in particular systems
according to the Microhydro concept
where even more functions are required
to be inte grated into one common plat-
form. A Generator Protection Guide
describes the applications of indi vidual
protection functions and ho w they are
implemented in the ABB 500-series of
relay protection terminals [2]. Typical
setting guidelines for each protection
function are included.

The terminals can be ordered for dif-
ferent mounting arrangements (i.e. 19”
rack, flush, semi-flush, w all mounting
etc.). The 500 series terminals use a
microprocessor-based modular platform
hardware. More than 25000 such termi-
nals have been delivered worldwide and
installed in po wer networks with rated
voltage up to and including 750kV . The
main properties of the modular protec-
tion and control terminals are:

• The protection and control terminal
is fully numerical de vice (i.e. based on
micro-processor technology) with lo w
power consumption in the measuring cir-
cuits;

• Great fle xibility which easily
adapts to user’s practice;

• Protection functions to be includ-
ed;

• Number of current and v oltage
inputs required (i.e. 10 or 20 analog
inputs);

• Number of binary optocoupler
inputs required;

• Number of contact outputs needed.
Customer requirements for tripping

and external signaling, as well as needs
for light emitting diodes (LEDs) to local-
ly indicate status of the unit, starting with
protection function and tripping etc. are
easily met. Protection and control func-
tions are a vailable as standard/optional
software modules and presented to the
user as functional blocks. Each indi vid-
ual protective terminal can be pro vided
with built-in, multicolor 18-LED panel
module for visual indicators. Additional
40 seconds, inte grated disturbance and
event recorder can be provided for moni-
toring/recording up to 10 analogue and
48 binary signals per terminal. Alarms

for the follo wing operating conditions
can be provided as voltage free contacts,
local LED indication or remote via com-
munication:

• Generator frequency deviation (fre-
quency outside pre-set band around rated
i.e. ±0,5Hz);

• Generator voltage deviation (volt-
age outside pre-set band around rated i.e.
±5%);

• Generator loaded/not-loaded;
• Generator negative sequence over-

current or over-voltage alarm;
• Generator over-excitation alarm;
• Generator loss-of-field alarm;
• Generator reverse power alarm;
• VT fuse failure alarm;
• Loss of injection v oltage for rotor

earth fault protection.

II.2 PROTECTION METHOD
Generators are designed to run for a

large number of years at a high load f ac-
tor and also to permit certain incidences
of abnormal operating conditions. The
synchronous machine and its auxiliaries
are continuously supervised by monitor-
ing devices to reduce the e xposure to
abnormal operating conditions to an
absolute minimum. Despite monitoring,
electrical and mechanical f aults some-
times occur, and the generators must be
provided with protecti ve relays that

quickly initiate disconnection of the
machine from the system in case of a
fault and when necessary initiate the
complete shutdown of the generator.

No international standard e xist
regarding the needed configuration of the
protective schemes for dif ferent types
and sizes of generators. Manuf acturers
provide recommendations and there are
guides given by v arious organization
Standards. The protective scheme config-
urations may vary from country to coun-
try and also between power companies in
the same country. There are also different
needs to consider depending on the spe-
cific machine construction. For these rea-
sons the generator protective schemes are
flexible.

In the Microhydro concept the gen-
erator and the step-up transformer are
protected by common equipment. There
are also back-up protections for f aults
outside the protected zone. In practice,
there are man y mechanical and thermal
protection devices that help a void dam-
age to the po wer-generating unit. Their
output signals typically come to the pro-
tection panel as potential-free contacts or
mA or voltage signals and incorporated
in the o verall tripping and alarming
scheme via inputs to the terminal.

PROTECTION AND CONTROL
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Figure 3. Typical single line diagram for generator-transformer unit and list of available
protection functions.
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II.4 COMMUNICATION HIERARCHY
The communication box is intended to work as a gateway

between the station netw orks and a WAN to enable secure
remote control. Some extra server functionality must be added
to enable a local graphical HMI using just a standard web
browser as display. The Web browser could be installed in a
permanently mounted touch screen or alternatively on a laptop
that the user has when visiting the station. F or electrical pro-
tection reason this network is based on optical Ethernet to pro-
vide galvanic insulation. The communication solution uses
three networks for three purposes:

i. A station netw ork that can be designed as standard
office network to enable easy connection to miscellaneous
devices, e.g. local HMI panel, web cameras and other types of
Ethernet connected devices. The station network is based on
Ethernet (CAT5 RJ45) and TCP/IP.

ii. WAN based on Ethernet and TCP/IP to enable connec-
tion to an as wide as possible range of communication w ays
between the station and control center. This network is used to
connect the station to remote control center through a public
or private network, e.g. GSM or rented phone lines. This net-
work serves as protection firewall and is VPN built.

iii. IEC61850 network. Real-time network used for con-
nection to and between IEDs to the remote control center or
the local HMI.

II.3 CONTROL AND MONITORING
The functionality required for the control of a small

hydropower station is provided by function blocks as illustrat-
ed in the block scheme in. The scope includes:

• control of the water level – with various modes of oper-
ation;

• normal operation at specified power, water flow, or guide
vane opening;

• logic for the timing of start and stop sequences;
• synchronization including required speed control as well

as the actual closing of the breaker;
• control of a gate, the guide v anes, and the runner blades

by means of binary increase/decrease signals for each actuator
(normally acting on hydraulic valves).

It does not include the direct control of the e xciter, but it
does include provision of the orders to the excitation control to
perform voltage control (during synchronization, until the
breaker is closed) or control of either reacti ve power or power
factor (during normal operation). Concerning the w ater level,
the following modes of operation are provided:

• Continuous le vel control – The level is controlled by
varying the flow through the gate as well as the turbine, b ut
using the gate only when the required flo w is higher than the
turbine can accept at the moment;

• Intermittent operation – When the water level approach-
es the upper and lower limits, the turbine is automatically start-
ed and stopped, respectively;

• Level control to within limits - Normally the turbine runs
at the preferred operating point. When the water level reaches
a limit, le vel control becomes acti ve in order to get it back
inside by means of v arying the turbine flo w and if necessary
also the flow through the bypass gate.

The function blocks have a number of parameter settings
that allow adaptation to the particular po wer station. In addi-
tion to that, one can conf igure the e xact conditions to be
included in the start sequence by adding simple logic function
blocks as required. Apart from automatic start and stop as in
intermittent operation, it is of course possible to manually give
start or stop orders, and to adjust set point v alues and limits
that govern operation.
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Figure 4. Microhydro interfaces
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II.5 EXCITATION
The Microhydro con-

cept should be applicable
independent of the turbine
and generator equipment
used, e.g. both for asynchro-
nous generators without
excitation as well as for syn-
chronous generators with
excitation. Since small hydro
stations have been installed
over a period of more than
100 years, man y various
types of e xcitation equip-
ment exist in the stations
today. Old synchronous gen-
erators usually ha ve a rota-
tion device for excitation dri-
ven by the mains shaft, a
separate turbine or motor .
Brushes and other equip-
ment in these solutions may
demand extensive mainte-
nance and could discontinue
operation. More recent
installations usually ha ve
static power electronic exci-
tation equipment. The rotat-
ing converter has sometimes
been kept and sometimes
been bypassed in recent
overhaul. Brushless systems
are uncommon in small
hydro applications in
Sweden, although these sys-
tems would be welcomed to
limit maintenance.

The vast number of dif-
ferent solutions that e xist
today does not make it possi-
ble to set one standard e xci-
tation solution. The concep-
tual aim is to pro vide one
solution with an inte grated
approach and one solution
with a clean interf ace to the
excitation hard and software.

II.6. MODEL OF THE
STATION AND TURBINE

CONTROL
As a means to verify the

intended control solution
and illustrate its behavior, an

PROTECTION AND CONTROL
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Figure 5. Intermittent operation – turbine at preferred operating level, or closed – the switching gov-
erned by the water level reaching its upper or lower limits

Figure 6. Level control to within limits – turbine at preferred operating level as long as water level is
within limits – combined flow through turbine and bypass gate is varied to control the level when so
required in order to keep it within limits.

Figure 7. Continuous level control – the flow is varied continuously to control the level to within a
small dead zone around the set point, the dead zone enabling the control to come to rest for certain
periods of timeContinued on Page 27
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Our Readers Have Their Say...

Lorraine Ilminen, Supervisor Materials Management
at Virginia Public Utilities, Virginia, Minnesota:

“I recently recei ved one of your magazines and
obtained access to a very competitive vendor for Arc Flash
apparel (EGO1). Thank you.”

Leslie Field, Senior Product Engineer for General
Electric International Relays, Corp. in Anasco, Puerto
Rico:

“I would like more articles on industrial protecti ve
relays (latest trends in protection schemes and de vices),
CTs and Circuit Breakers.”

Gordon Lane, Senior Consultant Engineer with FM
Global:

“Great Magazine! Enjoyed the Electrical Source arti-
cles on Transformer Oil Maintenance and Circuit Break er
Maintenance.”

Dick Essig, Senior Analyst with Globe Research
Associates in Riverside California:

“We enjoy reading the classified advertising section…
need more advertisers there.”

implementation was made in terms of a Simulink model. A
reservoir model was added, and simulations were run accord-
ing to the different modes of operation – continuous level con-
trol, level control to within limits, and intermittent operation.
Some of these simulations are shown below. They show a case
of intermittent operation when the inflow of water to the reser-
voir remains constant.

Figure 6 sho ws a case of le vel control to within limits,
where an artif icial step is disturbing the reserv oir inflow. In
fact, there is first a step up and then a step back down, and dur-
ing this period the inflo w is lar ger than the maximum flo w
through the turbine, so the bypass gate has to be opened as well
in order to keep the water level at the limit.

The continuous level control case (Figure 7), is applied
when there is no reservoir or a very small one. Here, the inflow
gets high enough for a short period of time to require opening
of the bypass gate. The simulation model was also extended to
allow simulation of start and stop of the turbine.

II.7 BENEFITS
With a standardized integrated concept it is foreseen that

significant cost sa vings and benef its can be achie ved. An
attempt to quantify this is given in Figure 8. ET
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Figure 8. Benefits with a standardized integrated concept
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SUMMARY
This article presents some consider-

ations in failure mechanisms of oil-barri-
er transformer insulation and oil-paper
condenser type insulation of instrument
transformers and HV b ushings on the
basis of service e xperience and special
studies.

1.TYPICAL FAILURE MODES OF
EQUIPMENT

Table 1 summarizes some typical
defects and f ailure modes of oil-barrier
insulation of transformer , shunt reactor ,
condenser type bushings and instrument
current transformer that were suggested
on the basis of service experience [1,2,3]
considering a wide range of equipment
design and operation conditions.
However actual failure-modes and failure
cause can be substantially dif ferent for
different insulation design. Analysis of
operation experience with transformer
and other equipment in CIS countries for
the last 10 years has shown the following
picture.

Power Transformers
Insulation problems in volve pre-

dominantly impairment of insulation
condition in service.

Excessive moisture in the cellulose
insulation is inherent basically to the
transformers with open-breathing preser-
vation system or to those which ha ve an
insufficient sealing. Distrib ution of the
moisture in the course of the transformer
life is k ept quite non-uniform. Most of
the water is stored in so-called “cold thin
structures”, namely in the thin press-
board barriers that operate at b ulk oil
temperature.

General “aging” problem is accumu-
lation of conductive and polar particles in
oil and depositing them on the service.

Insulation surface contamination
has been observ ed in the forms of
the adsorption of oil aging products
with cellulose or deposits of con-
ducting particles and insoluble
aging products in areas of high elec-
trical stresses. The surface contami-
nation can cause a distortion of
electrical field and a reduction in
the electrical strength of the insula-
tion system.

Relative failure rate of po wer
transformers 100 MVA and abo ve
in CIS countries is about 1%. The
rate of major f ailures of insulation
is about 0.5%. About 25-30% of
major failures are associated with
breakdown of major and minor
insulation being in service over 20-
25 years due to accumulation of
manifold agents of degradation.

The most lik ely failure modes
are the following:

– occurrence of critical PD in
oil due to penetration of free w ater
through bad sealing that results in
breakdown between coils typically
of HV winding and breakdo wn of
oil gap between HV winding and
tank;

– flashing o ver HV winding
under effect of switching surge and
lighting impulses due to contamina-
tion surface likely with conductive
particles and polar oil aging prod-
ucts;

– progressing creeping dis-
charges between phases and
between winding – to ground. This
type of f ailure mode has been
observed only with some old design
as a result of se vere contamination
of insulation with metal particles
and distortion of insulation struc-
ture due to winding buckling.

TRANSFORMERS

INTERNAL INSULATION FAILURE MECHANISMS
OF HV EQUIPMENT UNDER

SERVICE CONDITIONS
By A.K. LOKHANIN, T.I. MOROZOVA of the All-Russian Electrotechnical Institute; G.Y. SHNEIDER,
Electrozavod Holding Company;  V.V. SOKOLOV, Scientific and Engineering Centre ZTZ-Service
Research Institute and V.M. CHORNOGOTSKY of the Ukrainian Transformer Research Institute

Table 1. Typical defects and failure modes in insu-
lation of oil-immersed transformer equipment.

Continued on Page 29
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losses, followed by thermal run a way and subsequent ionisa-
tion process. Aging of oil, oil/paper b ulk, and in some cases
localized moisture contamination ha ve been observed as the
most probable life-limiting factors.

2. FAILURE MECHANISMS OF OIL-BARRIER INSULATION
2.1 Summary of transformer models investigation

Short-term and long-term tests of aged oil-barrier insula-
tion on the basis of life models studies ha ve revealed the fol-
lowing aging-mode problems:

Reduction of switching surge breakdown voltage due to a
deposit of insoluble aging products in areas of high electrical
stress and stimulation of surface discharge occurrence [4].

The minimum breakdo wn voltage at switching sur ges
may decrease approximately by 15% after aging. Increasing
the concentration of particles in oil (from 50 cm-3 up to 160
cm-3) may decrease switching surge breakdown voltage addi-
tionally by 10%.

Long-term dielectric strength tests re vealed two mecha-
nisms of insulation breakdown:

- “accidental” breakdown was observed during the f irst
period of aging due to the influence of particles and moisture;

- “wearing mode” breakdown due to degradation of mate-
rials appeared at the last stage of the calculated term of aging.
The latter results in decreasing the initial dielectric strength by
30-40%

Probable cause for the reduction of electrical insulation

Shunt Reactors 400-750 kV
The relative rate of major failures is about 1%, and about

40% of forced outages are associated with insulation problems.
The following failure modes were involved:

– flashover along the winding and traces of dischar ges on
the barrier facing to the winding;

– flashover between pair or several coils;
– flashover along the inner surface of low porcelain of the

bushing.
In many cases se vere contamination of insulation with

metallic-dust view particles w as found. Wear of the pumps
bearings, aluminium shield attrition and localized oil heating
were recognized in some cases as sources of particles genera-
tion.

HV Bushings
Bushings cause about 45% of transformers major failures.
Aged mode failure occurs predominantly. About 80% of

failures take place after 10-12 years of service and o ver 30%
after 20-25 years. Core f ailures happen practically only with
unsealed design. Two failure modes ha ve been suggested:
ingress of free water resulting in occurrence of critical ioniza-
tion at the bottom part of the core, and aging of oil paper bulk,
occurrence of excessive dielectric losses, that results in thermal
instability.

Experience has shown a very low rate of core f ailure of
bushing designed with sealed preserv ation system incorporat-
ing overpressure bellows (about 10 cases per about 100 000
bushings population since 1971). Ho wever experience has
shown also that hermetically sealed preserv ation system is
more sensitive to residual contaminants, and occurrence of
aging by-products. Special requirements shall be specif ied
regarding to selection the proper oil, compatibility tests, pro-
cessing procedures.

Unusual failures of condenser core ha ve been observ ed
with circuit breaker’s bushings of free breading design.

The problem is associated with X-w ax formation at lo w
temperature.

The main f ailure mode of hermetically sealed b ushings
involves overflashing along internal lo wer porcelain due to
predominantly oil aging and deposit of semiconducti ve stain
on the porcelain surface.

Current Transformers 220-750 kV
The failure rate of 220-500 kV CTs accounts for more

than 60 % of the total instrument transformers f ailures.
The rate of major failures of insulation is about 0.35%.
Two failure-modes have been typically observed:
1. Ionisation-mode f ailures that occur predominantly in

wintertime. These are referred to as “cold failures.” They typi-
cally happen on the “toroid shape” designs and are caused by
de-impregnation of the condenser core, ingress of air during
storage, and o ver-saturation with air that results in b ubbles
evolution after fast cooling in service.

2. Aging –mode f ailures that ha ve occurred after 15-25
years of service in the summer are referred to as hot f ailures.
Those involved are typically openbreathing CTs and with her-
metically sealed units filled with oil having some elevated (14-
18%) aromatic content, and are caused by increased dielectric
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strength is the formation of aging prod-
ucts, specifically, of anionic surf actants
and bound w ater, which is not deter-
mined by the typical methods.

2.2 Mechanism of the incipient irre-
versible failure in oil-barrier insula-
tion:

The first stage if incipient f ailure is
associated with critical PD occurrence.

Mechanism of PD occurrence and
progressing depends substantially of the
configuration of electrical field. Presence
of significant magnitude of tangential
component of electric f ield intensity is
critical to stimulate surface and creeping
discharges.

Typically the f ailure is initiated by
the breakdown of oil gap, which is regis-
tered as an apparent char ge in excess of
10-8 C that rises rapidly to 10-7-10-6 C.
It progresses in surf ace discharge in oil

across the barrier with PD
magnitude over 10–6 C.

“White marks” appear on
the surface due to forcing oil
and water out of the press-
board pores followed with car-
bonised “black marks” on the
barrier. PDs of 10-7-10-6 C
may cause an irre versible
damage during tens of hours.

Minimum energy required
to cause incipient carbonizing
in the cellulose (heating o ver
300 0C) is estimated as 0.1 J,
which corresponds to se veral
charge pulses of 10-7-10-6 C

Stable discharge in oil
associated with PD po wer is
P>0.4 W.

An average rate of gas
generation under the ef fect of
stable PDs in oil is 50 ?l/J

Further steps progress
either in the breakdown of the
insulation space or in the
occurrence of creeping dis-
charge.
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Table 2. Conditions for creeping discharge occur-
rence (service experience and experiments)
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2.2.1 Creeping discharge
This is, likely, the most

dangerous failure mode that
typically results in cata-
strophic failures at normal
operating conditions. The
phenomenon occurs in the
composite oil-barrier insula-
tion and progresses in sever-
al steps (table2):

- partial breakdo wn of
oil gap;

- surface discharge in oil
across a barrier (an appear-
ance of black carbonised
marks on the barrier);

- microscopic sparking
within the pressboard or
between layers of pressboard
sheets where gas e vacuation
is limited. The presence of
some excessive moisture
stimulates vapour bubbles
forming and de gradation of
material;

- splitting oil molecules
under the effect of sparking.

The formation of hydro-
carbons followed with the
formation of carbonised
traces in the pressboard. This
process is resulted in lo wer-
ing magnitudes of PD appar-
ent charges to 5·10-10-10-9
C however PD energy is still
high enough to destruct cellulose.

Creeping process can continue from
minutes to months or e ven years, until
the treeing conductive path causes shunt-
ing of an essential part of transformer
insulation resulting in a powerful arc.

The cellulose destruction while dis-
charge progressing within the pressboard
is associated with PD q ≈ 10-9 C; PD
power P=0.1-1 W, average rate of gas
generation of 40-50 ?l/J.

Three critical f actors could be
advised to evaluate probability of creep-
ing discharge occurrence:

- Source of initial critical ionisation
of high energy to cause carbonised marks
of the barrier;

- Specific insulation design configu-
ration;

- High enough dielectric stresses.

2.2.2 Surface discharge
Occurrence of surf ace discharge is

associated with increased voltage (transit

overvoltage). Two mechanisms could be
suggested on the basis of studies (table
3):

1) Oil breakdo wn progressing into
insulation destruction;

2) Surface discharge as self-f iring
phenomenon.

A magnitude of tangential compo-
nent of electric field stress that can result
in PD occurrence and forcing oil out of
pressboard (reversible–mode “white
marks») could be suggested as criterion
of dielectric strength across insulation
surface. Investigation of models of
unaged, dry and clean insulation has
shown that surf ace discharge can occur
under action of electric f ield stress 6.5-
12.5 kV/mm on condition if ratio of aver-
age and maximum f ield intensity in oil
gap is 0.4-0.5 or less.

Apparently, contamination of sur-
face with conducti ve particles reduces
the value of critical field intensity.

3.FAILURES OF BUSHINGS CAUSED
BY STAINING OFF THE LOWER

PORCELAIN
3.1 Failure mode induced by peculiar
oil aging and staining of internal
porcelain

Discharges across the inner part of
the transformer end porcelain are out-
come of a typical aging-mode phenome-
non in the b ushing [3]. The failure
process is initiated and de veloping with-
in the oil channel between the core and
lower porcelain.

Electric field intensity in the oil
channel and across the surf aces of core-
end components and inner porcelain is
established both by the b ushing insula-
tion design and by disposition of the
bushing end relati ve to the grounded
parts and the winding.

Formation of semi-conducti ve
residue on the inner surf ace of the lower
porcelain has been follo wed and known
to reduce the dielectric safety mar gin of
the insulation space, causing a flash over
across the inner surface.

The failure process may be intro-
duced as the following:

- degradation of the oil and forma-
tion of oil decay products, particularly
colloids containing atoms of metals; evo-
lution of anionic surf actants and hydrate
(bound) water;

- deposits of semi-conducti ve sedi-
ment on the surfaces under effect of elec-
trical field;

- distortion of electrical field, change
in the distrib ution of the v oltage along
the porcelain; reducing the dielectric
strength of the oil due to transfer of
bound water in dissolved state and parti-
cles [5];
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- surface discharges, gas e volution,
and flashover.

Electrical Effect of Bushing
Installation

Approach the b ushing end to the
grounded components can increase f ield
intensity by 20-25% and essentially dis-
tort the inner field picture.

In some cases (e.g. some design of
shunt reactors) a large stressed volume of
oil is set up, which is very sensitive to oil
contamination. Spare mar gin of dielec-
tric strength of the b ushing integrity
determines by dielectric strength of the
oil channel between the core and porce-
lain.

Reducing dielectric strength of oil
can critically reduce the mar gin and
cause partial discharge activity

Electrical field impacts on chemical
reactions in oil and f avours coagulation
of colloid.

Electrical field across the stained
bushing surface attracts and picks up the
conductive –mode particles out of the
transformer oil.

Thermal Effect of Transformer
Heat, which is radiated from trans-

former tank, determines air temperature
around the air-end of the bushing.

Transformer oil is the main source of
bushing heating.

Another two sources are dielectric
losses in the core and resistance losses in
the central conductor. The latter does not
effect essentially on temperature distrib-
ution if bushings current is less than 50%
of rated.

The basic heat exchange is expected
to be in the oil channel between the core
and porcelain, specif ically close to the
bottom of the mounting tube approxi-
mately on the le vel of top oil of trans-
former, where principal mass e xchange
takes place. Here con vection flow turns
down close to the surface of the core. The
maximal temperature of b ushing oil in
some place can be equal to the top oil
temperature or even above that.

Peculiar process of bushing oil cool-
ing favours formation of colloids.

Effect of oil type and compatibility
of the oil with other materials

Field experience and laboratory tests
of numerous bushing models have shown

that significant impairment of b ushings
condition have been occurred practically
only with acid treated oil containing rel-
atively high aromatic carbon-hydrogen
content (CA=17%), that has sho wn the
following properties: high hygroscopic,
an elevated content of bound w ater; ani-
line point 710C that promotes interaction
with rubber gaskets and especially with
plasticizer, inclination to form polar
aging products and sludge [6].

It was shown also that oil-proof gas-
kets have shown different effect of oil
aging acceleration. Particularly, a gasket
with plasticizer can contribute to oil dete-
rioration and promote the formation of
semi-conductive sediment on the porce-
lain.

3.2 Failure mode induced by staining
the outer surface of bottom porcelain

Experience has shown that dielectric
withstand strength of the oil part of HV
bushing could be very sensitive to conta-
mination of transformer oil with conduc-
tive particles.

There have been several documented
cases associated with a deposit of carbon
on the lower porcelain, which originated
from the localized o verheating of the
core, and with deposits of iron particles
on the porcelain surface, which originat-
ed from pump bearing wear.

Formation of metal-contained col-
loids resulting from aging of oil with rub-
ber and transformer metals has been
observed also as a typical origin of
porcelain contamination

Electrical field around the b ushing
stimulates picking up the particles by the
porcelain (a trap effect).

Uneven distribution of voltage along
the porcelain close to the gasket joint and
presence of electrical field in this area is
a typical phenomenon for condenser type
bushings.

Maximum field intensity is located
just in the vicinity of the gasket joint.

Increasing the f ield intensity may
strengthen “a trap”- ef fect and result in
further extension of the staining area.

The following mechanism of b ush-
ing deterioration could be suggested:
forming of conducti ve-mode residue
because of comple x aging of the trans-
former oil in the presence of a leaching
substance of rubber gask et and trans-
former metals. This is in combination
with dissolved and suspended metals in
the transformer oil could cause adher-
ence under influence of an electrical field
formed by the bushing and the grounded

parts of transformer.
The difference in quality of the oil in

the transformer and that used in the bush-
ings and also some difference in oil tem-
perature could be the main f actors to
explain occurrence of the formation of
the stain on the outer surface only.

A local increase of the electrical
field intensity in the “Bushing-T ank
Wall” space could cause a concentration
of conductive substances in this re gion.
Accordingly, that could e xplain the for-
mation of the semi-conducti ve streaks
along the porcelain.

The following dangerous f actors of
effect of the stain should be considered:

- reduction of the porcelain leakage
path (or insulating distance) and accord-
ingly reduction of the incipient voltage of
surface discharge appearance;

- mitigation of the shielding effect of
the grounded shield (grounding layer)
and accordingly strengthening the elec-
trical field across the surface close to the
grounding sleeve and particularly near to
gasket location;

- strengthening the “trap”-ef fect of
the stained porcelain to attract conduc-
tive-mode particles out of transformer
oil.

Presence of the conducti ve stain on
the porcelain may be introduced as
“extension” of the grounding slee ve,
which results in diminishing the shield-
ing effect of the grounding layer of the
core. This phenomenon may cause sig-
nificant increase maximal field intensity.
Accordingly, it could e xplain substantial
reduction of the dielectric withstand
strength of the b ushing and possible
occurrence of PD in the area close to gas-
ket joint location of the stained bushing.

3.3 Failure of oil-filed paper 
insulation of non-sealed bushings of
HV circuit breaker.

When disassembling a b ushing of
220 kV oil-f illed circuit break er, failed
during operation, mere has been found
plenty of X-w ax. The failure occurred
after operation for three years approxi-
mately. DGA analysis of oil samples
from sister-type bushings (more than 20
pieces) has shown high concentrations of
hydrogen (up to 3.5%), lower but exceed-
ing permissible values of methane (up to
0.5%), ethane (up to 0.2%), carbon
monoxide (about 0.5%). The bushings
were put out of operation, and deli vered
to the manufacturer for investigations.
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occurrence (the sharp edges of electrode), the number of PD
pulses (about 10-14 pulses/minute) and their apparent char ge
(900 - 1300 pC) are the same as at the room temperature (+20
°C).

In the non-sealed v essels, when testing specimens of
paper- oil insulation which were artif icially moistened, at
cooling- warming cycles for oil: +20°C> -20°C> +20°C, the
number of PD pulses increased to 20-25 pulses/minute but me
values of their apparent charges were equal to 100-300 pC. In
these specimens, carbonised traces of PD took place in the
area of uniform field. There were no traces of wax formation.

When testing the specimens, who were naturally moist-
ened, the character of PD was the same as at tests of the spec-
imens moistened artif icially. However when disassembling
them, X-was was detected between layers of paper.

Therefore the supposition that moistening of oil in a non-
sealed equipment follo wed by X-w ax tonnation can be the
cause of PD occurrence in paper -oil insulation in uniform
field, has been confirmed. ET
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The later tests on a part of these b ushings showed an
essential increase in tan ? for the main insulation depending on
voltage, and high level of partial discharges (up to some hun-
dreds pC). When doing so, e ven at low- voltage (10 kV), the
value of tan? exceeded the nameplates values as large as 1.5 -
2 times.

All the bushings considered above, have been filled with
oil of type GK. In b ushings filled with oil of type T-750, hav-
ing a non-sealed construction, with an insulation construction
with is quite identical to that of the bushings considered, at the
same operational electric f ield strength, w ax formation has
never been detected. Therefore the cause of PD occurrence in
the bushings considered shall be searched in dif ference in
properties of oils GK and ?-750. The difference in conse-
quences of PD action on oils GK and ?-750 are caused by the
fact that oil of type GK has the more ability of gas emission (its
relevant factor is greater by 2.5 fold than that of oil T-75O,
therefore creation of conditions for w ax formation process
^formation of gas-oil mixture) is easier in oil GK than in oil T-
750. Since the value of solubility of atmospheric gases for oil
GK is practically equal to that for oil T-750, there are no rea-
sons to suppose that the cause of PD occurrence in the bushing
insulation is bound up with formation of gas b ubbles when
changing the oil temperature.

Experimental investigations of
insulation specimens

The specimens (two little sheets of cable-insulating paper,
each of them is 0.12 mm thick) were the combinations of paper
and oil GK, having the different moisture content:

• ‘dry’ paper (Wp = 0.5% - 1.0%) and ‘dry’ oil (W0 - 5
g/t.-9 g/t);

• ‘dry’ paper and ‘wet’ oil (WQ = 20 g/t - 40 g/t);
• ‘wet’ paper (Wp > 4%) and ‘wet’ oil.
The specimens were tested in sealed and non-sealed v es-

sels.
A part of specimens was at the room temperature (+20°C)

all the time. The other part of them was being cooled to +5°C,
-10°C, -15°C and -20°C. After cooling and e xposure at this
temperature, a voltage was being applied to the specimens, and
they were warming within 1.5 to 2 hours. A voltage was being
applied for 6 to 8 hours e very day. The total time of the v olt-
age action was equal to 50-55 hours. The voltage value corre-
sponded to that for the occurrence of steady PD (50 - 100 pC).
At the voltage application, the apparent charge and the number
of PD pulses were registered.

Some specimens of ‘dry’ paper and ‘dry’ oil were being
naturally moistened within 1,5 month, this increased the mois-
ture content of the oil to 25 g/t. Some other specimens were
made of paper of a f ailed bushing, which contained moisture
(about 20 g/t), wax and oil.

It was revealed that the PD inception v oltage varied little
for all the specimens, and w as equal to 11 - 13 kV . However
PD development character essentially depends on the moisture
content of specimens, temperature conditions and hermetic
sealing of the device.

In the sealed vessel, irrespectively of moisture content of
specimens, at cooling-warming cycles for oil: +20°C, -20°C,
+20°C> the PD de velopment process, the location of their
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I. INTRODUCTION
Switch Mode Po wer Supplies

(SMPS) are being introduced to the elec-
trostatic precipitator mark et at price
points that are very competitive with lin-
ear transformer/rectifier sets and SCR-
based controls that have been used in the
industry for many years. The new switch
mode power supplies ha ve dramatically
different performance and physical char-
acteristics than the linear power supplies
they will be replacing. As applied to the
ESP application, the new power supplies
will have a major impact on man y
aspects of precipitator design, construc-
tion, operation, and maintenance.

Suppliers and users of ESPs need to
become familiar with this ne w power
supply technology, in order to assess the
specific effect that its introduction will
have on their businesses. This paper pro-
vides an overview of the changes that can
be anticipated as SMPS are applied to
ESP applications.

II. DESCRIPTION OF SWITCH MODE
POWER SUPPLIES

A functional block diagram of a typ-
ical switch mode power supply is shown
below:

The AC/DC block tak es the three-
phase input and rectif ies and filters it to
create a fairly smooth DC bus of approx-
imately 650 volts DC. The DC/AC block
consists of an inte grated gate bipolar
transistor (IGBT) full bridge circuit
which converts the DC b us into a high
frequency AC waveform. The Resonant
Tank block, combined with the last
AC/DC block, steps up the high frequen-

cy AC, rectifies it, and thus delivers high
voltage DC to the ESP load. This block,
which is oil-filled, is the high frequenc y
equivalent to a con ventional 60hz. T/R
set.

Difference in Circuit Toplogy Over
Linear Power Supplies

Due to the fact that the step-up trans-
former operates at high frequenc y, it can
be approximately 1/10 the size and
weight of an equi valent 60hz. trans-
former. It will also use signif icantly less
cooling fluid. The circuit design requires
that the AC/DC and DC/AC modules be
located very close to the step-up trans-
former. Therefore it is both practical and
necessary for the switch mode po wer
supply system to consist of one physical-
ly integrated package, unlike current sys-
tems in which the control cabinet and
transformer/rectifier set are separate
units, often located a considerable dis-
tance from each other.

Since the IGBTs can be quickly
turned off on command and do not w ait
for the line current to decay to zero, the
circuit can turn on and off over 250 times
faster than a linear po wer supply. This
will allow new control algorithms with

particular benefits for intermittent ener-
gization.

Because the AC input voltage is rec-
tified, filtered, and then switched v ery
fast (25 kHz) in small pack ets of energy,
the ripple voltage is only 3-5% of the DC
voltage level as compared to 35-45% for
linear 60 hz. power supplies.

The three-phase input results in a
much higher power factor (.94 vs. .63),

and lower power consumed per kilo watt
of power delivered to the precipitator
load.

In summary the major differences in
electrical characteristics for a switch
mode power supply are:

• Small inte grated control and T/R
package

• Faster control response
• Higher average output voltage
• Less power consumed
Each of the impro vements listed

above has a potentially lar ge impact on
ESP construction, operation, and mainte-
nance. The changes in control response
and output v oltage seem lik ely to
enhance the actual collection ef ficiency,
and hence the o verall performance of
many precipitators. F or a detailed com-
parison of switch mode and conventional
60-hertz precipitator po wer supplies,
refer to the table in Appendix A which
compares 19 performance and physical
parameters.

The smaller integrated packages can
change the way ESP power systems are
designed, installed, and serviced. The
following section of this paper e xamines
each of these issues in more detail.

III. ENHANCED COLLECTION
EFFICIENCY DUE TO SWITCH MODE

Power Supplies
There is a growing body of evidence

supporting the f act that the ne w switch
mode power supplies pro vide improved
collection for many precipitator applica-
tions. This seems to be primarily due to
their ability to deli ver a higher a verage
voltage and current to the ESP load,
while operating just belo w the sparking
level and/or the back corona le vel for
higher resistivity ashes. This benefit is
likely for all ashes: lo w, medium and
high resistivity.

An EPRI-funded study did field tests
using a prototype NWL SMPS on a slip-
stream precipitator at Alabama Power-
Plant Miller. The results were v ery
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encouraging in that
depending on the test
conditions approxi-
mately 30% improve-

ment in percentage penetration w as achieved. A conventional
linear T/R set and SCR control was also tested to provide a base
reference level.

The table shown in Appendix B details the test conditions
and results. It may be of interest to note that this study also test-
ed a SMPS combined with a narro w width (1-3 micro-sec)
pulsed power supply. This combined unit pro vided the most
improvement.

This is also detailed in the results table.
Testing conducted at the Lansing Board of Water and Light

Moores Park facility in Lansing, MI is also of interest. This was
a steam generation plant b urning low sulfur (1%) coal.
Powerspan Corp. (formerly Zero Emissions Technology) con-
ducted tests of a three-phase linear po wer supply system, the
output of which is similar to what SMPS units will provide. The
testing showed a higher average power and voltage delivered to
the ESP load, as well as reduced sparking and impro ved col-
lection. The results were documented in a paper presented at
the American Power Conference Proceedings, “Performance
Improvements From the Use of Low Ripple Three Phase Power
Supply for Electrostatic Precipitators.”1

A paper presented at the September 1998 proceedings of
the ICESP, “A Novel and Versatile Switched Mode Po wer
Supply for ESPs, ”2 documented precipitator performance
improvements due to the use of SMPS. The testing was done on
a cement kiln ESP under v arious operating conditions. In the
conclusions the authors stated that “the prototype test has indi-
cated that this SMPS can improve collecting efficiency, both in
cases of low and moderate dust resistivity. The improvement is
higher in case of occurrence of back corona.”

A second paper presented at the same ICESP conference
also discussed ESP performance improvements achieved by the
use of SMPS. This paper, “The HVDC Current Source F or
ESP,”3 concluded that SMPS units pro vided higher a verage
voltage, reduced sparking, and hence improvements to precipi-
tator efficiency.

An early adopter of the f irst NWL-built SMPS units has
shown promising results. PPC installed an SMPS unit as a
replacement for a 60 hz. power supply on a paper mill ESP. The
following is an e xcerpt from the f ield engineer’s report to
NWL:

“The existing power supply was operating in the low 30kv
range and was sparking heavily. When we installed the SMPS
we were able to increase the secondary kv to approximately
40kv — a dramatic improvement. The SMPS now runs current
limited at or near 40kv with a clear stack. ” PPC has installed
SMPS units at other sites, and continues to report improved col-
lection versus 60 hz. units.

The testing done to date on the use of SMPS can not yet be
considered to be conclusive proof of enhanced precipitator col-
lection under all conditions. The industry is still in the early
stage of understanding the total effects of these new power sup-
plies on ESP performance. Ho wever, at this point in time it is
reasonable to assume that for man y applications, performance
improvements can be achieved through the use of SMPS units.
As more units are f ield installed, further data will be accumu-
lated and analyzed. NWL will continue to publish such infor-
mation as it becomes available.

IV. IMPACTS OF A SMALL INTEGRATED PACKAGE
The different physical configuration of an SMPS unit will

have an af fect on at least three major aspects of precipitator
design, construction, and operation:

1. Physical arrangement of ESP rooftops, control houses,
bus ducts, etc.

2. Maintenance and servicing
3. Sourcing of the power supply and other related compo-

nents

Physical Arrangement
A switch mode power supply is the electrical equivalent of

the control cabinet, T/R set, and current limiting reactor used in
a linear 60 hz. ESP po wer supply. The SMPS is contained in
one outdoor enclosure, while the con ventional unit consists of
separate indoor and outdoor enclosures. A quick comparison of
the key physical characteristics for a 1000 mili-amp ESP power
supply shows the following: 

Characteristic SMPS    Linear 60 hz.
Footprint (square feet) 8 18
Weight (lb.) 750 3900
Fluid Volume (gallons) 25 140

The size and weight reductions from using SMPS units
offer new approaches to ESP design. There is no longer a need
for a large climate-controlled space for control cabinets, and the
power and control wiring to the units will be simpler and easi-
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er to install than with conventional power
supplies—resulting in signif icant antici-
pated cost savings for new ESP construc-
tion.

Another major change with SMPS
units is that their size and weight allo w
the possibility of mounting them directly
onto entrance flanges, thus eliminating a
significant amount of duct w ork and
offering another opportunity for cost
reduction on ne w precipitator construc-
tion.

The reduction in fluid v olume may
decrease the need for e xpensive high-
flash-point fluid, or if such fluid is still
desired, there will be a much lo wer cost
premium than for current systems. The
fluid containment issue is now much eas-
ier to manage due to the lar ge volume
reduction.

Maintenance and Service
History has shown that for a number

of reasons the high voltage step-up trans-
former contained within the T/R set is
one of the more likely components to fail
within an ESP power supply system.

When such a failure occurs, the T/R
set must be removed from the ESP for a
time-consuming repair or replacement
process. Furthermore, the T/R set is the
most expensive component within the
system, thus preventing many ESP users
from stocking complete spare units,
thereby creating a difficult problem when
a transformer failure does occur.

The situation is dramatically dif fer-
ent with an SMPS unit. The T/R set com-
ponent of a 1000 ma SMPS unit will
weigh roughly 300 lbs. and cost signif i-
cantly less than a 60 hz. T/R. This makes
it more af fordable for the ESP user to
keep spare T/R sets, as well as making it
much easier to get them on and of f the
ESP.

SMPS T/Rs will also ha ve far less
variation in electrical ratings and physi-
cal arrangements than 60 hz. units. One
key reason for this is that the input to the
T/R comes from the in verter, and is
always the same v oltage and frequency,
and thus a major T/R set rating variable is
eliminated. Less variation in ratings will
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required to adapt to SMPS.
More importantly, the use of SMPS units will mandate

single point of contact for both the purchase and maintenance
of the ESP power supply system, thus of fering obvious bene-
fits to ESP OEMs and users.

CONCLUSIONS
The introduction of switch mode po wer supplies for use

on electrostatic precipitators will have a number of impacts on
the industry:

• Improved collection performance
• New options for locating and installing power supplies
• Different approaches to maintenance and service
• Changes to power supply purchasing strategies
Each of these factors offers potential cost savings for both

new and retrofit installations. Lower power consumption due
to the improved power factor will result in direct cost savings.
The full impact of all the potential sa vings has not yet been
defined.

We are still in the early stages of understanding ho w to
best apply SMPS units to ESP applications.

The systems commercially a vailable today are relati vely
unproven and offer limited power and voltage options. But as
with all new technology, the systems will continue to improve.
Higher power and v oltage ratings and more features and
options will soon be available. There is little doubt that switch

make it practical for the SMPS supplier to maintain an in ven-
tory of replacement T/R sets for quick shipment to a job site.

Furthermore, in emer gency situations, air -freight ship-
ment will no longer be prohibitively expensive due to the rela-
tively light weight of the T/R set. When an ESP user kno ws
that replacement T/Rs are readily and quickly available, it may
then be practical to fore go the expense of carrying spares on
site. In summary, the user no w has several better options for
servicing T/Rs than presently available with linear systems.

SMPS units will also be inherently easier to troubleshoot,
since all measurement points are located in an inte grated unit
and are not split between a control cabinet and T/R set, which
are often located a considerable distance apart.

Overall, there can be a much different approach to servic-
ing and supporting SMPS units on precipitators. This will
result in significant operational benefits for ESP suppliers and
users.

Sourcing of Power Supplies
Current ESP power systems consist of three major com-

ponents:
1. Voltage control and associated communications hard-

ware and software.
2. Control cabinet including SCR, f iring circuit, switch-

gear, metering, etc.
3. T/R set
The engineering and manufacturing expertise required for

each of these components is some what diverse, and few sup-
pliers excel in all three. Therefore, many ESP suppliers ha ve
chosen to acquire these parts from dif ferent vendors.
Furthermore, in order to of fer exclusive content in their prod-
ucts, many ESP OEMs ha ve developed their own proprietary
voltage controls and communications products.

As a result of these factors, ESP suppliers have had to per-
form as the o verall electrical systems inte grator, and resolve
incompatibilities between the v arious vendors’ products. Due
to the maturing of these technologies, ho wever, the systems
integration problems are not as dif ficult as the y were in the
past, but some still e xist today, causing delays and increased
project costs.

The introduction of SMPS to the ESP mark et will change
the options a vailable to ESP suppliers and users for b uying
power supplies and communications softw are. The SMPS
units introduced to the mark et to date are of fered only as a
complete package, including the voltage control.

Those ESP OEMs that no w have their o wn proprietary
voltage control and communications products will soon have a
choice to make. It is technically feasible to modify a 60 hz.
Voltage control to w ork with SMPS units. NWL has already
per formed the ef fort to adapt the NWL 60 hz. control for
SMPS use.

However, there will be a signif icant development effort
required to design an interf ace and ensure compatibility
between an alternate voltage control and the rest of the po wer
supply system.

Due to other industry trends, there seems to be a mo ve by
the major ESP OEMs away from having their own proprietary
voltage control and communications systems. The introduction
of SMPS units may accelerate such mo ves, due to the ef fort
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After deregulation of the electricity
market in the mid 1990s, a number of
companies mushroomed into e xistence
trying their hand at matching b uyers and
suppliers of electricity.

However, by 1999 man y had gone
under, and those fe w that survived have
learned that gathering timely information
is key to not only their success, b ut that
of their customers.

“People want the
best price for electricity,”
says Phil Adams, Chief
Operating Officer of
World Energy. “We are
the product of dere gula-
tion.”

What began origi-
nally as Oceanside in
1996, they metamor-
phosed into World
Energy in 1999, with a
goal of le veraging the
power of the Internet to
streamline and simplify
the complexities of buy-
ing and selling po wer in
deregulated markets.

“We avoid the
uncertainty of the paper
process,” says Mr .
Adams, “by using the
reverse auction platform,
we are able to pro vide
the lowest price disco v-
ery engine for ener gy
procurement.”

One example of the
cost savings that ha ve
been achieved using the World Energy
auction platform is the General Services
Administration’s Energy Center of
Excellence, which sa ved approximately
$24 million o ver a three-year period
when suppliers competed to meet the
center’s energy needs.

“By using the online system, the bid-
ding is quick er and more certain. By
doing a lot of up-front w ork, it is ef fi-
cient, and the polling of the utility data is
formatted in such a w ay so the informa-

tion is readily available.”
In areas where retail competition is

now a reality, consumers have the poten-
tial to save large sums of money in ener-
gy costs through open choice. Lar ge
commercial and industrial companies
and government agencies spend an y-
where from a fe w hundred thousand to
several million dollars each year on ener-

gy, and when
purchased in
such large
quantities, a
small change
in price can
have a tremen-
dous impact
on annual
profit margins,
often making
the difference
between profit
and loss.
A n o t h e r
advantage of
using the
Internet is the
level of
accountability
and trans-
parency for
those using it,
as they are
able to see the
entire process
in action from
start to f inish
as it happens.
“Au toma ted

stop times and time stamps ensure the
integrity of auction e vents and create
audit trails and a self-documenting capa-
bility,” points out Mr. Adams. “The new
thing we are starting to see is that big
companies have to prove they are respon-
sible to their shareholders. With these
features, we can provide that integrity.”

Using World Energy’s exchange,
qualified electricity and gas suppliers
compete against one another to secure
the buyer’s business using a structured

and transparent reverse auction platform.
Throughout the auction, natural mark et-
place competition push prices progres-
sively lower, with winning bidders agree-
ing to pro vide the po wer needed at the
price determined by the auction’s results.

The flexibility of the e xchange is
such that 9, 12 or 18 contracts can be on
auction at any one time, and the y can be
offered collectively or individually.

“For example, we ha ve had
Massachusetts and Texas loads together
and separately, with various term lengths
and bundles,” says Mr. Adams.

World Energy is one of the fe w
nationwide energy procurement compa-
nies, boasting a more than 65 per cent
market share in the United States.
Running almost 800 auctions in the past
18 months, some 11 billion kWh of elec-
tricity and 34 billion cubic feet of natural
gas have been procured for some of
North America’s largest and most sophis-
ticated commercial, industrial and go v-
ernment customers, lik e Costco, F ord
Motor Company and the United Nations.

The typical customer sa vings in the
5-30 per cent range.

“We don’t have a crystal ball, but we
can tell the customer when the prices are
below the industry’ s benchmark,” says
Mr. Adams. “If our client has a contract
that expires in May and the price is
favourable in October, we will encourage
them to rene w immediately. It is all a
matter of anticipating the trends.”

With the ever increasing price of oil,
the cost of ener gy has come to the fore-
front of everyone’s minds.

“It looks like $70 and over for a bar-
rel of oil - that’s a 61 per cent increase, ”
says Mr. Adams. “That has got e very-
one’s attention, and the restaurants,
hotels and big box retailers are all notic-
ing that their electricity bills ha ve gone
up 40 per cent.

“People are just beginning to under-
stand that deregulation is good, and the y
want the best price. The real nuance is
how to do it? That’s where we come in.”

ET

INDUSTRY NEWS

A SUCCESS STORY FROM DEREGULATION:
WORLD ENERGY
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“Automated stop times
and time stamps ensure
the integrity of auction
events and create audit
trails and a self-docu-
menting capability,”
points out Mr. Adams.
“The new thing we are
starting to see is that
big companies have to
prove they are respon-
sible to their sharehold-
ers. With these fea-
tures, we can provide
that integrity.”
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mode power supply technology will
eventually become the standard solution
for ESP power supplies.

Participants at all le vels of the ESP
market—new system suppliers, reb uild
and repair firms, consultants, and users—
should begin the process of understand-
ing the impact these ne w power supplies
will have on their businesses. ET
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Protecting existing and new commu-
nications links between control centers,
substations, and generating plants from
cyber attacks is crucial to maintaining
service.

Instrumentation and control systems
operate and monitor critical infrastruc-
ture components. Today there are real
threats of malicious physical and c yber
attacks on these systems, making their
protection and security more important
than ever. 

An attacker, for example, can secret-
ly monitor sensitive information on data
links, or send messages to operate equip-
ment or change settings. Attackers could
steal data that would identify biggest cus-
tomers, usage patterns, deli vered power
quality, and production rates, or to iden-
tify physical targets. Worse yet, imagine
the problems they could cause by com-
manding breakers to open or close,
machines to stop or start, and gates or
valves to open or close. 

The Federal Ener gy Regulatory
Commission and electric utilities are
concerned about attacks on the systems
that monitor and control the electrical
power grid. Schweitzer Engineering
Laboratories SEL-3021 Serial
Encrypting Transceiver is one such
device that protects critical infrastructure
from attack, using encryption and session
authentication, and locking out unautho-
rized control. 

The transceiver has lo w latency,
making it ideal for systems that require

time-critical communication, such as
SCADA, metering, and protection. This
“bump-in-the-wire” solution allows easy
installation in existing links.

The SEL-3021 is designed to meet
Federal Information Processing Standard
(FIPS) 140-2 security requirements,
meeting or surpassing utility and indus-
trial environmental requirements. In fact,
the United Telecom Council selected the
SEL-3021 as the UTC Telecom 2004
Product of the Year. ET

INDUSTRY NEWS
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AGAINST CYBER ATTACKS

Transceivers like these keep intruders locked out of a secure system.
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NERC is moving quickly to transi-
tion to become the Electric Reliability
Organization (ERO) envisioned by The
Energy Policy Act of 2005, culminating
nearly 10 years of work toward this goal.
Many tasks, such as the formation of an
independent board and inclusi ve stake-
holder representation, have already been
accomplished.

NERC plans to f ile comments in
response to the notice of proposed rule-
making (NOPR) the Federal Ener gy
Regulatory Commission (FERC) issued
on September 1, which proposes criteria
for the establishment of the ERO and the
procedures under which it will operate
(Docket No. RM05-30). Comments are
due 30 days after the NOPR is published
in The Federal Register. 

As soon as FERC establishes the
final requirements of the ER O, NERC
will file an application to become the
ERO. Under the le gislation, FERC must
finalize a rulemaking by early February ,
within 180 days of the date the president
signed the bill into law. 

In preparing its application to
become the ER O, NERC must address
several key issues, such as membership,
funding, governance, functions and
responsibilities, relationships with
Canadian regulatory authorities, and the
role of the NERC regions. NERC is seek-
ing the active involvement and support of
stakeholders, and is w orking with a
stakeholder group called the Post-
Legislation Steering Committee (PLSC)
to assist in coordinating the transition. 

The PLSC has been in e xistence for
two years in anticipation of le gislation
and is being reacti vated to continue the
work now that legislation has become a
reality. 

ABB establishes Katrina hotline
The ABB North America Hurricane

Katrina Task Force announced today that
ABB has established a special toll-free
phone number exclusively for customers
dealing with the storm’s aftermath.

ABB customers should call 1-877-

511-4222. ABB Help Desk emplo yees
are available from 8:00 a.m. to 6:00 p.m.
EDT to direct customers to the appropri-
ate ABB function or contact for assis-
tance. After-hour calls will be handled
by an outside service, which will use the
same contact sheet and call procedures
as the Help Desk employees.

ABB customers in Me xico, or any-
where outside the United States, dealing
with the storm’s fallout can call 1-440-
585-8810 and receive the same support.

Quesnelle appoint to OEB
Ken Quesnelle has become a full-

time member of the Ontario Ener gy
Board.

"Ken's extensive insight and experi-

ence in the electricity distrib ution sector
will be of great v alue to the OEB," says
Board Chair, Howard I. Wetston.

Mr. Quesnelle most recently serv ed
as Vice-President of Woodstock Hydro
Services and is the past-chair of the
Electricity Distributors Association
(EDA). He has also serv ed as Vice-
President of Info Energy, member of the
Industry Advisory Council to the
Electrical Safety Authority and as a
member of man y electricity industry
restructuring task forces.

Mr. Quesnelle has serv ed on the
EDA's Western District Board of
Directors since 1995, f illing the role of
Chair since 2001. His appointment is for
a two-year term.
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INTRODUCTION
Power cable diagnostics are the

most advanced ‘tool’ in the ‘toolbox’ of
shielded power cable tests. One of the
most common questions regarding cable
testing tools is ho w the test will predict
the remaining life of the cable. To be
clear, a test that will predict remaining
cable life does not e xist. However, there
are cable tests which can help fulfill test-
ing requirements, dramatically impro ve
reliability, and save the cable owner sig-
nificant cable replacement costs.

Although standards ha ve offered
guidance, cable o wners and test
providers are lar gely on their o wn to
determine the best cable test tool for the
application. One of the foremost imped-
iments to the decision making process is
the lack of clear , credible information.
This short paper attempts to pro vide
objective guidance on ho w to best use
the power cable testing toolbox.

The paper then gi ves recommenda-
tions on which test is the most ef fective
for different applications and supports
this assertion with case studies.

THE TOOLBOX(4)
There are 3 major cate gories of

cable tests: high potential withstand,
general condition assessment, and partial
discharge (PD). 

Each of these tests serves a different
application. By comparing the strengths
and weaknesses of each type of test in
practical field application, decision mak-
ers can quickly determine the test
method best suited for their application.
In the following section this paper lists
the positive and ne gative attributes for
each of the three cate gories in light of
recently published IEEE standards and
exclusive large scale f ield studies and
comparison tests. 

Although these tests are fundamen-
tally different and cannot be readily
compared, some clear distinctions can be
made on the basis of practical field appli-
cation. A table summarizing the compar-
ison can be found at the end of the fol-
lowing attribute lists.

High Potential Withstand (HIPOT)
The HIPOT withstand test is the

simplest tool in the toolbox. The HIPOT
withstand test can be divided by voltage
source into three cate gories: Direct
Voltage (DC), Very Low Frequency
(VLF), and Power Frequency. There are
positive and ne gative attributes which
pertain to all three types of voltage.

HIPOT (IN GENERAL)
Pros:

• requires simple and relati vely
inexpensive equipment

• uses very simple procedures
• does not require a trained analyst

to interpret results
Cons:

• does not monitor the ef fect of the
test on the cable during the voltage appli-
cation

• relies on ‘pass or fail’, thus expos-
ing it to the ‘destructive test’ label

• is blind to certain types of defects
• weakens all defects simultaneous-

ly, but fails only one at a time
• can initiate test/f ail/repair/test

cycles which are costly and onerous

DC HIPOT
Pros:

• has a long history of use
• uses the most portable, with the

lowest power requirements
• is a good HIPO T for conducti ve

type defects (water in laminar cables)
Cons:

• has been demonstrated to induce
space charge which aggravates defects in
aged extruded cable long after the test’ s
conclusion

• is blind to high impedance defects
such as voids and cuts

• does not replicate service condi-
tions and cannot be compared to f actory
tests

VLF HIPOT
Pros:

• is a portable source with relatively
low power requirement

• is a good HIPO T for conducti ve
type defect and high impedance defects
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• does not induce as much space char ge as DC which
lessens the aggravation of defects in aged extruded cable

• causes some defects to grow rapidly resulting in short-
er test time
Cons:

• has been demonstrated to aggra vate defects in aged
cable without failing

• does not replicate service conditions and cannot be
directly compared to factory tests

• is not recommended for aged cable with multiple
defects

• does not replicate normal stress distrib ution in insula-
tion with wet regions

POWER FREQUENCY HIPOT
Pros:

• is good for conductive and high impedance defects
• does not induce space char ge which minimizes the

aggravation of defects in aged extruded cable
• replicates steady state service conditions and f actory

HIPOT tests
Cons:

• uses the largest source, is the most e xpensive, and has
the highest power requirement of all the HIPOT tests

• grows certain defects slower than VLF HIPOT test
General Condition Assessment (GCA)
General Condition Assessment is a term which includes

a long list of cable diagnostic test methods and technologies,
all of which determine the overall health of the cable insula-
tion.

These tests are one of the more sophisticated diagnostic
tools in the cable testing toolbox. To name a few of these test-
ing techniques, the following list is provided:

• Dissipation Factor/Tangent Delta/Power Factor
o 50/60 Hz
o 0.1Hz (VLF)
• Dielectric Spectroscopy (Time and Frequency Domain)
• Depolarization -Return Voltage (Recovery Voltage)
• Depolarization -Relaxation Current (Isothermal

Relaxation Current)
• Leakage Current
• Total Harmonic Distortion
Each of the technologies has its own advantages and dis-

advantages which are beyond the scope of this paper . There
are, however, generalizations which can be made so reason-
able comparison to other cable testing techniques can be
made.

GCA DIAGNOSTIC TESTS
Pros:

• are considered to be nondestructive because most tests
are conducted at modest v oltage levels with a short dwell
time

• monitor the overall condition of the cable insulation
• are effective in detecting and assessing conduction type

defects
• provide information in the form of three cate gories-

critically aged, moderately aged and like new
Cons:
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• are not comparable to f actory test
standards

• require a trained analyst to inter-
pret measurement

• require equipment that is costly
when compared to HIPOT equipment

PARTIAL DISCHARGE DIAGNOSTIC TESTS
PD diagnostics are the most ef fec-

tive tool but also the most sophisticated
tool in the cable testing toolbox. There
are 3 types of PD diagnostics: on-line
PD testing, on-line PD monitoring, and
off-line PD testing. Continuous on-line
PD monitoring technology for cables,
although promising, requires further
development to mak e it attracti ve. For
this reason, this paper focuses on on-line
and off-line PD testing. PD diagnostics
are the only cable tests which can locate
defects in shielded power cable.

PD Diagnostic Test (in general)
Pros:

• is a nondestructive test
• is the only testing technology

which can detect and locate high imped-
ance defects such as void, cuts, electri-
cal trees, and tracking

• can be performed on-line in limit-
ed applications

• is ef fective at locating defects in
mixed dielectric systems
Cons:

• is limited to cables with a continu-
ous metallic shield (time or frequenc y
domain tests)

• requires a trained analyst to inter-
pret measurements

• cannot detect or locate conduction
type defects

• becomes comple x, onerous, and
loses accuracy in branched netw ork
applications

ON-LINE PD DIAGNOSTIC TEST
Pros:

• can be performed without switch-
ing the circuit out of service

• can detect and locate some acces-
sory defects and a few cable defects

• does not require an e xternal volt-
age source
Cons:

• will only detect 3% or less of cable
insulation defects in extruded cable

• is not a calibrated test; therefore,
the test results are not objective

• cannot be compared to f actory
tests or IEEE standards

• has not been determined to be
effective by statistically signif icant data
correlating results to actual cable system
defects or failures

69% accurate in large scale studies
• have results which are highly tem-

perature dependent in extruded cables
• are blind to high impedance

defects such as cuts, v oids, and partial
discharge with less than 10,000pC

• cannot detect singular defects in
extruded insulation and require hundreds
of large water trees to be present to cause
the smallest indication

• are not an ef fective test for mixed
dielectric or newly installed cable

• require that prior signature files of
various cable types be recorded and
compared

• have a poor economic trade-of f in
that there is no defect location (a cable
found to be ‘bad’ needs to be entirely
replaced)

• have only been shown to be 50 to
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• requires access to the cable e very
few hundred feet depending on the cable
construction

• requires that manholes be pumped
to access cable

• is only of fered as a service and
equipment cannot be purchased

• do not pro vide an onsite report of
the test results

• cannot be applied to long directly
buried cables

OFF-LINE PD DIAGNOSTIC TEST
Pros:

• replicates calibrated f actory base-
line tests and can be readily compared

• replicates steady state and transient
operating conditions

• can indirectly locate lar ge water
trees associated with electrical trees

• locates all defect sites in one test
from one end of the cable

• is pro ven to be highly accurate
with statistically signif icant correlation
studies (85-95%)

• detects and locates defects in the
cable system during voltage application

• is ef fective with mix ed dielectric
cables

• can test up to 1 to 3 miles of cable
depending on the cable construction

• is backed by IEEE 400 as the most
effective test

• offers equipment that can be pur-
chased and used by utility personnel

• provides onsite report of the test
results
Cons:

• requires that the cable be switched
out of service for test to be performed

• requires equipment that is e xpen-
sive when compared to HIPO T equip-
ment

Table –Summary of Comparisons
Key

GCA =General Condition Assessment
PD = Partial Discharge

HIPOT= High Potential Withstand
VLF = Very Low Frequency voltage source

(0.1Hz)
PWRFRQ = Power Frequency (20-80Hz)

Which is the right test? - An example
Which test is the ‘right test’ com-

pletely depends on the application at
hand. Take an example from the medical
world. One could use a blood pressure
test to assess the cardiovascular health of
a patient or use a specialized stress test
with an Electrocardiogram (EKG). Both

tests will provide information about the
patient’s cardiovascular health but either
test could be the wrong test in dif ferent
applications. The stress test, as it is com-
monly known, will provide a much bet-
ter understanding of the cardio vascular
system’s health and expected future per-
formance than the blood pressure test.
However, the stress test requires the pur-
chase of specialized equipment and the
training of a skilled technician. If the
measurement is out of the norm, the

blood pressure test clearly indicates a
disposition to cardio vascular problems,
yet the simple test lacks the ability to be
as predictive as the stress test. Although
the blood pressure test has its limitations,
it is a useful test because it uses widely
available inexpensive equipment and
does not require a highly skilled techni-
cian. The moral of this e xample is that
the selection of the right ‘tool’ from the
cable testing ‘toolbox’ depends on the:
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• expectation of the test results
• operator’s skill level
• availability of equipment
The table abo ve uses these three

attributes to compare all the tests in the
cable testing toolbox.

Discussion of Comparisons
Each of the tests in the cable testing

toolbox has strengths and weaknesses.
Each test must be selected according to
the application. The following para-
graphs are some typical scenarios which
utilities and test providers face while try-
ing to select the right test.

If a utility or a test pro vider is look-
ing for a direct replacement for the DC
HIPOT withstand test that their line crew
can operate without signif icant training,
the VLF HIPOT is a good choice.
However, the user of such equipment
should not e xpect to perform predicti ve
diagnostics with an instrument which is
designed to perform a simple ‘go, no go’

test.
If a utility or a test pro vider would

like to detect conductive type defects and
predict future performance in paper oil
insulated cable, a GCA type test w ould
be appropriate.

However, if the cable has a lack of
oil, an of f-line PD test w ould be more
appropriate. Both paper oil and e xtruded
insulation cables that tests ‘good’ with a
GCA test can still f ail due to a high
impedance defect such as a crack, v oid,
or electrical tree associated with PD. In
this case, an appropriate, all compassing
test would be a combination of the GCA
and off-line PD diagnostics.

CASE STUDIES
Case 1: VLF HIPOT Withstand Test
on Aged XPLE Cable

THE WRONG TOOL FOR THE JOB
According to the IEEE 400.2 stan-

dard “Guide for Field Testing of Shielded
Power Cable Systems Using Very Low
Frequency (VLF)” Table 2: Usefulness of
VLF testing methods for selected cable
and/or insulation conditions, the VLF
HIPOT withstand test should not be used

on aged e xtruded cable systems with
multiple defects. This of course presents
a problem to the cable o wner. Who
knows which aged cables ha ve multiple
defects? The following case study
demonstrates why the VLF HIPOT with-
stand test is a poor choice for testing
aged extruded cable systems.

In February of 2004 a utility had
some doubt whether a simple VLF
HIPOT withstand test would be an effec-
tive test for sorting out ‘good’ and ‘bad’
aged extruded cables. The utility request-
ed a 60Hz, off-line PD diagnostic test to
be performed on a 3 phase, 1400ft long,
25kV, XPLE cable. This test is a superior
base-line test for comparisons because it
is directly comparable to a cable f actory
test. According to the PD test results,
multiple defects in the cable insulation
were present in the cable. The cable was
condemned for replacement on the basis
of the utility’ s criteria. There were too
many defects to repair , and it w ould be
more economical to replace the cable.
The utility requested a VLF HIPOT with-
stand test to be performed on the cable. If
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MTE Series A dV/dT filters are
designed to protect AC motors from
the destructive effects of peak
voltages facilitated by long cable runs
between the inverter and motor.
Depending on the turn-on
time (risetime) of the
power semiconductors
used in the inverter, and
the size of the motor;
cable lengths as short as eight feet

can result in motor peak voltages that exceed the rating of
the motor’s insulation system. 

The MTE dV/dT filter is guaranteed to meet its maximum
peak motor voltage specification (150% of bus voltage)
with up to 1,000 feet of cable between the filter and the
motor. It is also rated for a maximum dV/dT of 200 volts
per microsecond. 

New MTE Series A sine-wave filters provide a sine-wave
output voltage when driven from PWM inverters with
switching frequencies from 2 kHz to 8 kHz. For drive
applications, these filters eliminate the problem of motor
insulation failures and reduce electromagnetic interference

by eliminating the high dV/dT
associated with inverter output
waveforms in applications where the
distance between the motor and
inverter is up to 15,000 feet.

For alternative energy
applications, such as wind
driven generators, where 
an inverter is used to 

return power to the utility distribution
system through a step-up transformer,
these filters meet the requirements of IEEE-519 and permit 
the use of standard transformers.

Harmonic voltage distortion feeding a transformer at full
load and at 60Hz is 5% maximum. Harmonic voltage
distortion feeding a motor at full load and at 60Hz is 
5% typical. 

The Sine wave filter is available in 440 – 480 VAC and 550
– 600 VAC for motors from 1.5 to 600 HP (440 VAC) and
1.5 to 700 HP (550 VAC). For details and our performance
GUARANTEE call:

Stop destructive PWM voltage spikes in motors 
with MTE dV/dT and Sine Wave Filters

CABLE RUNS TO
1,000 Ft.

Series A
dV/dT Filters

CABLE RUNS TO
15,000 Ft.

Series A
Sine Wave Filters

800-455-4683

www.mtecorp.com
www.globalspec.com
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any of the condemned phases survi ved,
the PD test w ould be repeated on those
phases to provide comparison data. The
VLF test was performed according to the
IEEE 400.2 guidelines for a 25kV class
cable, 23kVrms with 0.1Hz VLF for 30
minutes. According to the standard, if the
cable fails within the 30 minutes HIPO T
test the cable is ‘bad’ and if it survi ves
the cable is ‘good. ’ If the cable f ails the
standard recommends the repair be made
and the 30 minute test repeated. Each
phase was VLF HIPOT withstand tested
independently. The results were:

• A phase survived 31 minutes.
• B phase failed after 20 minutes.
• C phase f ailed after a prolonged

dwell time of 37 minutes. (The operator
of the test lost track of time and forgot to
stop the HIPOT at 30 minutes.)

In this case study , B phase w as the
only phase that w as found to be ‘bad’
according to the IEEE standards. A phase
passed and C phase would have passed if

the test did not accidentally run past the
30 minute time limit.

Immediately after the VLF HIPOT
withstand test w as concluded, the PD
diagnostic test w as repeated. The only

cable which could be retested w as A
phase, since the other tw o phases failed
during the test. A phase w as known to
have 3 cable PD (defect) sites (see Figure

Continued on Page 48
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Figure 1
A Phase Off-line 60Hz Partial Discharge Test Results Before and After VLF HIPOT
Withstand Test
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2 for an example) from the previous test (top graph of Figure
1). In addition to these 3 sites, the second PD test sho wed 7
new sites after the 30 minute VLF HIPOT test (lower graph of
Figure 1). The three original PD sites, circled, appeared at
lower test voltage after the VLF HIPOT. This is indicative that
the defects have worsened without failing. Both PD tests were
highly sensitive despite high levels of ambient noise and were
calibrated to be accurate to 10 picoCoulombs (pC) according
to IEC and AEIC calibration standards.

This case study demonstrates ho w using the wrong tool

for the job can mak e a poor situation w orse, unbeknownst to
the test operator . In this case, according to the IEEE 400.2
standard, the operator w ould have to go through the c ycle of
test, fault locate, repair , and retest se veral times before the
cable could be declared defect free. This is a time consuming,
expensive and onerous proposition on aged cables with multi-
ple defects. The VLF HIPOT withstand might be a great
replacement for the DC HIPO T withstand test, which can be
operated by line crews, but, users of this test should not expect
to diagnose aged extruded cables and predict their future per-
formance.

Case 2: On-line PD Diagnostic Test Applied to Aged
Extruded Cable.

THE WRONG TOOL FOR THE JOB
In January of 2005, a utility w as interested in comparing

Off-line PD Diagnostics with On-line PD Diagnostics. The on-
line test had the ob vious advantage of not ha ving to take the
line out of service. The utility first requested a 60Hz, Off-line
PD Diagnostic test performed on a 1200ft long, 15kV class,
extruded cable. The test w as calibrated to 5pC sensiti vity
according to AEIC and IEC standards. The results of the test
showed that there were se veral defects in the cable insulation
and one defect in a joint. The defect in the joint w as found to
have PD at only 80% of the operating v oltage stress le vel.
After the off-line PD test, the cable was put back in service.

The On-line PD Diagnostic test technician applied the
sensors at the terminations of the cable. Using custom
designed sensors, a spectrum analyzer, and a special noise f il-
tering process the mobile on-line testing unit w as not able to
detect even the largest levels of PD in the cable. A report stat-
ed that the cable was free from defect and should be left in ser-
vice.

This case study demonstrates how using the wrong ‘tool’
can give an inaccurate reading on a potentially imminent f ail-
ure. Although the on-line PD Diagnostic test is v ery conve-
nient, it has a number of limitations. These limitations are list-
ed in the comparison section (abo ve) of this paper . This case
study suggests that the on-line test did not ha ve enough sensi-
tivity to detect the defects in this cable. Since on-line tests are
not calibrated in the f ield, as the of f-line tests are, the y are
inherently susceptible to missing defects. Some of the serious
cable insulation defects found by the of f-line test w as not
detected by the on-line test because the PD sites were not
active at the operating voltage stress level. According to Figure
4, 3% or less of all defects in e xtruded cable associated with
PD are active at operating v oltage. One plausible reason that
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Figure 2
Typical Defect (PD Site) from the Utility’s Cable System

Figure 3
Typical Defect (PD Site) from the Utility’s Cable System
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geted for cable replacement, the f ailure rate of the cables w as
steadily rising at an a verage rate of 4% per year . By incorpo-
rating off-line PD testing to their replacement program the
utility has been able to maintain the same cable replacement
budget but dramatically improve the reliability of their w orst
performing cables. 

Since the utility has tak en action on the basis of the of f-
line PD cable diagnostics, the utility has not only reversed the
increasing failure rate trend, the f ailure rates ha ve dropped

online test do not typically detect defects in e xtruded cable
insulation is that insulation defects typically last only minutes
to hours under continuous PD conditions. This means the win-
dow of opportunity for observing these defects with PD at
operation voltage is very short and not likely to be active dur-
ing the few minutes of test duration.

The graph in Figure 4 is deri ved from 1,555 miles of
extruded cable and 960 PD sites located in the cable e xtruded
cable insulation.

On-line PD Diagnostic tests are useful if there is no w ay
to take the cable system out of service. They are useful at
detecting some cable accessory (joints and terminations)
defects; especially in short cables where the PD signals are not
greatly attenuated. As the case study implies an On-line PD
Diagnostic test should not be e xpected to perform a compre-
hensive test on a cable system.

Case 3: 60Hz PD Diagnostic Test Applied to Aged XPLE
Cable

THE RIGHT TOOL FOR THE JOB
IEEE 400 standard “Guide for Field Testing and

Evaluation of the Insulation of Shielded Po wer Cable
Systems” states the most effective test is the off-line PD diag-
nostic test which replicated factory test conditions. Section 7.4
states that “if the cable system can be tested in the field to show
that its partial discharge level is comparable with that obtained
in the factory tests on the cable and accessories, it is the most
convincing evidence that the cable system is in e xcellent con-
dition.” The following case study demonstrates ho w off-line
PD diagnostic testing is the right tool for testing an aged XLPE
cable system.

During the period from January 2001 to December 2004,
a large utility in southern United States used 60Hz, Off-line PD
diagnostic testing to direct their cable replacement program.
This program uses the results of the tests to determine whether
to repair, replace, or defer action on the utility’s directly buried
feeder cable. The worst performing cables were 430 miles of
directly buried cable ranging in age from 20 to 35 years old.
Prior to utilizing cable diagnostics, the utility w as using the
common practice of replacing these cables on the basis of fail-
ure history and vintage. Although millions of dollars were bud-
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Figure 4(5)
Cumulative Probability of pC Magnitude vs. PD Inception Voltage

Figure 5
Number of Failures vs. Year
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The Department of Ener gy recently
announced the first two projects selected
under the Department’ s new Fuel Cell
Coal-Based Systems program. The pro-
jects will be conducted by tw o research
teams — one led by General Electric
Hybrid Power Generations Systems and
the other by Siemens Westinghouse
Power Corporation — and they share the
same goal: to de velop the fuel cell tech-
nology required for central po wer sta-
tions to produce af fordable, efficient,
environmentally friendly electricity from
coal.

The new program leverages knowl-
edge gained in DOE’s Solid State Energy
Conversion Alliance (SECA), extending
coal-based solid oxide fuel cell technolo-
gy to large central power generation sta-
tions.

The benefits of de veloping coal-
based fuel cell systems are signif icant.
Coal is a cost-ef fective energy source
and, with approximately 250 years of
reserves, it is America’s most ab undant
fossil fuel. Our impro ved ability to use
this domestic energy supply reduces our
dependence on foreign mark ets and
increases our ener gy security. In addi-
tion, fuel cells are one of the most attrac-
tive power generating technologies for
the future. Fuel cell systems do not rely
upon combustion; consequently, they
produce nearly none of the air pollutants
associated with conventional power sys-
tems.

Given these adv antages, advances
made under the Fuel Cell Coal-Based
Systems program are expected to become
key enabling technologies for
FutureGen, a DOE demonstration of
advanced power systems that emit near -
zero emissions, ha ve double-today’s
electric generating efficiency, co-produce
hydrogen, and capture and sequester car-
bon dioxide.

The two teams will research, de vel-
op, and demonstrate fuel cell technolo-
gies that can support po wer generation
systems larger than 100 me gawatts
capacity. Key system requirements to be

achieved include:
- At least 50 per cent

overall efficiency in con vert-
ing the ener gy contained in
coal to grid electrical power.

- Capture of 90 percent or
more of the system’ s carbon
dioxide emissions.

- Cost of $400 per kilo-
watt, exclusive of the coal
gasification unit and carbon
dioxide separation subsys-
tems.

Projects will be conduct-
ed in three phases. During
Phase I, the teams will focus
on the design, cost analysis,
fabrication, and testing of
large-scale fuel cell stacks
fueled by coal synthesis gas.
Central to the Phase I ef fort
will be the resolution of tech-
nical barriers with respect to
the manufacture and perfor-
mance of lar ger-sized fuel
cells.

Phases II and III will
focus on the f abrication of
aggregate fuel cell systems
and will culminate in proof-
of-concept systems to be field
tested for a minimum of 25,000 hours.
These systems will be sited at existing or
planned coal gasification units, potential-
ly at DOE’s FutureGen facility.

The Office of F ossil Energy’s
National Energy Technology Laboratory
will manage the Fuel Cell Coal-Based
Systems program and projects. The new
projects are described below:

• Solid Oxide Fuel Cell Coal Based
Power Systems — General Electric
Hybrid Power Generation Systems will
partner with GE Ener gy, GE Global
Research, the Pacific Northwest National
Laboratory, and the Uni versity of South
Carolina to develop an integrated gasifi-
cation fuel cell system that mer ges GE’s
SECA-based solid oxide fuel cell, gas
turbine, and coal gasif ication technolo-
gies. The system design incorporates a

fuel cell/turbine hybrid as the main
power generation unit. (DOE Phase I
award: $7.5 million; Phase I duration: 36
months).

• Coal Gas Fueled Solid Oxide Fuel
Cell/Gas Turbine Hybrid Power System
with CO2 Separation — Siemens
Westinghouse Power Corporation is part-
nering with ConocoPhillips and Air
Products and Chemicals Inc. to de velop
large-scale fuel cell systems based on
their in-house gas turbine and SECA-
modified tubular solid oxide fuel cell
technology. ConocoPhillips will pro vide
gasifier expertise, while the baseline
design will incorporate an ion transport
membrane (ITM) oxygen separation unit
from Air Products. (DOE Phase I a ward:
$7.5 million; Phase I duration: 36
months).

INDUSTRY NEWS

COAL-BASED FUEL CELLS: A GIANT LEAP FOR
FUEL CELL TECHNOLOGY

By David Anna, DOE National Energy Technology

A diagram of Siemens-Westinghouse 25 KW tubular
solid oxide fuel cell.
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PRODUCTS AND SERVICES SHOWCASE

FLIR SYSTEMS
HawkIR Sight
Glass Infrared
Windows
FLIR Systems Ltd.
offers a complete
line of HawkIR Sight
Glass Infrared
Windows for High
and Medium Voltage

applications. The Infrared Sightglass
is ULC approved for retrofit on enclo-
sures. The IP65 viewing window
allows for safe and quick infrared
scanning on indoor an outdoor MCC’s
and Electrical cabinets.The gasketed
Sightglass lens comes in sizes 1” to
4” and provides safety locks. 

For further details contact
FLIR Systems Ltd. 
1-800-613-0507 X30 
IRCanada@flir.com

For information on 
Canadian 2004 Infrared Training
Center courses visit:
www.infraredtraining.com 

INFRARED IMAGING 
SOLUTIONS INC.

Canadian company that provides pre-
dictive maintenance services to the util-
ity, industrial and commercial markets
throughout the Americas and the Middle
East. InfraRed Imaging Solutions Inc.
performs all inspections using certified
thermographers and state of the art
technology.This coupled with complete-
ly unbiases reporting that can be tai-
lored to meet your specific needs. 24
hours emergency service.

For additional information, contact:

Tel: 416-529-4733

FLEX-CORE
Current

Transformers,
Transducer &
Accessories

Catalog 2011-170 page catalog fea-
turing split-core and solid-core current
transformers, potential transformers,
electrical transducers for AC and DC
applications, signal conditioners, ana-
log and digital panel and switchboard
meters, current relays/switches,
shunts, shunt switches, shorting termi-
nal blocks, multi-function power meters
and accessories.

For more information contact:
Flex-Core
6625 McVey Blvd
Columbus, OH 43235
Tel: (614) 889-6152  
Fax: (614) 876-8538  
Email: flexcore@msn.com
www.flex-core.com
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ACCESS CONTROL SALES
3-Phase Monitors Catalogue

Time Mark Corporation’s expanded
version of the PM-310 specialty cata-
logue contains information on the com-
pany’s popular line of phase loss mon-
itors. The 24 page book contains
descriptions, photos, dimensional
drawings, specifications and typical
application diagrams for each device.
Also included is a cross reference
chart of available models, and answers
to commonly asked questions.
For more information, contact:
Access Control Sales Ltd.
Tel: (905) 564-1472
Fax: (905) 564-3349
Email: sales@accesscontrolsales.com
www.accesscontrolsales.com
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Surplus New - Never Used
ERMCO Polemount Transformers 
25 kVA, 12,470Y – 480Y 
GE Pad Mount Transformers 
300 kVA, 12,470Y - 208Y
ABB Bushings
2900 Amp, 15 KV

Global Power Supply has a wide array of
excess equipment available for sale, includ-
ing motors, pumps, process controls,
protective relays, switchgear, trans-
formers, turbines... and other infra-
structure equipment. We purchase
equipment and we find buyers for your
equipment. We have numerous require-
ments from utilities and industrial plants
for maintenance parts and expan-
sion projects.

www.globalpwr.net
805-683-3828 Ext. 310

IEEE C62.11 Tested

PDV-100 OPTIMA 
Distribution Class 

Polymer Surge Arrester

•  Improved Isolator Reliability Down to 1 AMP
•  ANSI Heavy-Duty Rated
•  New Universal Temporary Overvoltage
•  Field-tested Sealing System

POWER SYSTEMS,INC.

For more information contact:
Hubbell Canada LP

Tel: 905-839-1138
Fax: 905-831-6353

Email: InfoHPS@Hubbellonline.com
Or visit our website

http://www.HubbellPowerSystems.ca

Test CT’s and PT’s
High performance at low cost. Model CT/PT is easy to
use  and super fast. Just connect and enter or retrieve
the stored program. RCF and Phase will appear like
magic. Prints certificates and multi-point reports.

Special Features:
• low cost
• high accuracy
• high speed, easy to use
• high power, to 8000A
• multi-point testing
• meets ANSI and IEC
• prints reports and certificates
• all solid state

OPTIMIZED DEVICES, INC.
220 Marble Ave. Pleasantville, New York 10570

Phone: 914 760 6100   Fax: 914 769 6102   
Email: sales@optdev.com

PRODUCTS AND SERVICES SHOWCASE

G.T. WOOD COMPANY LIMITED
High Voltage Electrical Contractor

- High Voltage Preventative  
Maintenance

- Transformer and Switchgear Repair
- Infra Red Thermography

Inspections
- Engineering Design Studies
- Substation Design and Build
- Harmonic Analysis/Power Factor 

Correction
- Cable Locates and Repairs
- Sales of New and Pre-owned 

Equipment
- Supply of Temporary Substations
- PCB Management
24 HOUR EMERGENCY SERVICE

For additional information contact:
Toll free:1-800-305-2036
Tel: (905) 272-1696
Fax: (905) 272-1425
Email:sales@gtwood.com

PHOENIX MANUFACTURING LTD.
Insulating Boots For Indoor And

Outdoor Applications
Phoenix manufactures a comprehen-

sive range of reusable, flexible, form fit-
ting insulating boots for indoor and out-
door applications for service voltages
up to 38 KV. Specialists in the ‘Fluidised
bed’ process to fully or partially encap-
sulate copper and aluminium busbars,
connections and components with high
grade dielectric strength epoxy and
vinyl insulation in the voltage range 600
volts to 38 KV.
For more information contact:
Phoenix Manufacturing Ltd.
141 Fulton St.
Milton, Ontario L9T 2J8
Tel: (905) 878-2818 
Fax: (905) 878-0051
Email: sales@phnxmfg.com
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NEHRWESS, INC.
For all your conduit
standoff and meter

mounting needs

1408 E. State Rd. 250
Brownstown, IN 47220

Tel: 812-358-4593 Fax: 812-358-4594
Email: nehrwess@core.com

Hurst Communications
Rectangle
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from 132 in 2001 to 30 in 2004 (a 77%
reduction in failures). Figure 5 shows the
dramatic change in f ailure rate after of f-
line PD diagnostic tests were used to
direct the cable replacement program.

This successful reduction in f ailure
rate was enabled by using the right tool
for the application. The utility also
reports that during this 3 year period
there have been no f ailures in cables
which had defects located, were repaired,
and put back in service. With a 5 year
deferment on the cost of replacement
capital alone, the cost benefit of this pro-
ject is up to 4 times the initial cable test-
ing and cable repair e xpense. Whether
this case study is viewed from the aspect
of reliability or economics, the 60Hz,
Off-line PD Diagnostics test is clearly the
right tool for the job.

CONCLUSION
Throughout this paper the tools from

the ‘toolbox’ of shielded po wer cable
tests have been compared using IEEE
standards and e xclusive field case stud-
ies. These studies are a sample of the case

studies that are a vailable but were not
included in this paper for the sak e of
brevity. The IEEE standards quoted and
the field studies presented pro vide evi-
dence that making an informed decision
is imperative to achie ving the e xpected
reliability results with cable testing.

Throughout this paper the Of f-line
PD Diagnostic test is sho wn to be the
most effective test in the field and highly
recommended by IEEE specif ications.
The VLF HIPOT withstand test, although
a good replacement for the DC HIPO T
and is simple to use, needs to be used
with caution because its limitations could
be detrimental to the reliability of f ield
aged cable. While the on-line PD diag-
nostic test is con venient, the test is only
recommended if a cable cannot be tak en
out of service, and cable o wner can
accept the risk of the test missing cable
insulation defects. When the right test is
used in the correct application and the
expectations are inline with reality , the
results are predictable.

BIBLIOGRAPHY
1. IEEE 400, Guide for Field Testing

and Evaluation of the Insulation of
Shielded Power Cable Systems,

Copyright 2001, IEEE.
2. IEEE 400.2, Guide for Field

Testing of Shielded Po wer Cable
Systems Using Very Low Frequency
(VLF), Copyright 2004, IEEE.

3. Mashikian, M., et al, “Medium
Voltage Cable Testing by P artial
Discharge Location.” Jicable 99, B6.3.

4. Lanz, Ben. “Cable Test
Comparisons 2004” December 10, 2004
http://www.imcorptech.com/images/Test
Comparisons.

5. Mashikian, M “Pre ventive
Maintenance Testing of Shielded Po wer
Cable Systems” IEEE Transactions on
Industry Applications, Vol. 38, NO.3,
May/June 2002.

Benjamin Lanz r eceived a BS in
Electrical Engineering fr om the
University of Connecticut in 1999. Since
1997 he has work ed with IMCORP in
Storrs, Connecticut and now holds the
position of Senior Application Engineer.
He supported the de velopment of the
IMCORP Cable Dia gnostic Technology
and has extensive field testing experience
in North America and Europe. 

DIAGNOSTICS
From page 49

ET_7_05  9/16/05  4:06 PM  Page 54

http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm
http://www.electricityforum.com/t&d/company.htm


Transformer 
problems?

This is where your Calisto   
should have been.

Don’t be left picking up the pieces. Catastrophic transformer failures can easily be prevented
with the Calisto on-line, dissolved hydrogen and water monitor.

Calisto monitors hydrogen production and detects transformer faults at their earliest stages
thereby reducing the number of unforeseen outages and preventing catastrophic failures. 

• Designed to withstand the harshest environments

• Precise monitor readings are as reliable as lab results

• Increases the life expectancy of your transformer by monitoring the moisture 
content in the transformer oil

• Download specifications and software at www.morganschaffer.com

Calisto prevents catastrophic failures 
– one transformer at a time.

5110 de Courtrai Avenue
Montreal, Quebec
Canada  H3W 1A7

Tel.: +514.739.1967
Fax: +514.739.0434
E-mail: sales@morganschaffer.com

Transformers - The Inside View VISIT OUR WEBSITE AT: www.morganschaffer.com

ET_7_05  9/16/05  4:06 PM  Page 55



Go infrared...
without going in the red! 

ThermaCAM®

EX320
ThermaCAM®

E25

TM

The Global Leader in Infrared Cameras

1 800 613 0507 
www.flir.ca

The NEW ThermaCAM® EX320 provides the same superior resolution as 

professional infrared cameras costing $50,000 or more with zoom and 

professional measurement tools and report capabilities. The ThermaCAM® E25

is the most affordable and feature-rich thermography camera in the world.

CONTACT FLIR SYSTEMS FOR A FREE DEMO.

Filter capacitors 
scanned and 

avoided an 
estimated

$500,000 outage.

Facility 
transformer
captured,
$200,000 
cost averted.

ThermaCAM® E25
$12,995

New High
Resolution

ThermaCAM®

EX320

CDN

Servicing Canada for 45 years 

ET_7_05  9/16/05  4:06 PM  Page 56



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile ()
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




