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Abstract—This paper presents some of the results from an
international working group on voltage-dip immunity. The
working group has made a number of recommendationdo

reduce the adverse impact of voltage dips.
recommendations to researchers and manufacturers gbower-
electronic equipment are: considering all voltage ip

characteristics early in the design of equipment; ltaracterize
performance of equipment by means of voltage-dip imunity
curves; and made equipment with different immunityavailable.

Index Terms—Power quality, electromagnetic compatibility,
power distribution networks.
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Il. OVERVIEW OF RESULTS FROMC4.110

Specific A A description of voltage dips

A detailed description of the different propertiend
characteristics of voltage dips is included in fihal working-
group report. This description divides the voltagaveform
into pre-dip, during-dip and recovery segments. cipe
emphasis has been placed on the three-phase @raaadtthe
occasional non-rectangular character of voltags.dip

Based on this detailed description a summary ofaget-
dip characteristics has been created that shouldskd by
equipment manufacturers and researchers as a idtetking

OLTAGE dips, also known as voltage sags, are shoftfie development of new equipment.
duration reductions in the magnitude of the voltage For voltage dips in three-phase systems a claasdit is

typically lasting between a few cycles of the powgstem
frequency and a few seconds. The interest in vel@igs is
mainly due to their impact on end-user equipmemdustrial
processes may malfunction or shut down due to tageldip
resulting in significant financial losses.

Voltage dips are due to short-duration increasesument
magnitude, whereas voltage dips due to short ¢gcand
earth faults are of most concern for customers.

International  Joint

installations against voltage dips and also idexttireas were
additional work is required. The work took placetvien
2006 and 2009 and resulted in a technical repgrtHat is
distributed via both CIGRE and UIE.

This paper summarizes the results of the workirmgigrin
Section Il. Some of the results are discussed irerdetails in
Section Ill, IV and V. Section Il presents a dkdtdi
description of voltage dips. Section IV gives recoemdations
for immunity testing of equipment and for the exaha of
information of equipment immunity between the eguémt

manufacturer and buyer. Section V presents equipmen

immunity classes and an equipment immunity label.

recommended based on the number of phase-to-neutral
voltages that show a significant drop in magnitutiee three
types of dips (Type I, Type Il and Type lll, seeblel)
correspond to a significant drop in magnitude foe,otwo or
three phase-to-neutral voltages, respectively.

Working Group (JWG) C4.110
sponsored by CIGRE, CIRED and UIE has addressed
number of aspects of the immunity of equipment ar

TABLE |
THE THREE DIP TYPES INTRODUCED TO REPRESENT MAGNITEBAND PHASE
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The origin of these three types of voltages difs the way
they change when propagating from the fault locatio the
terminals of equipment being impacted is describedhe
working-group report.

B. Equipment and process immunity

An overview is presented in the working-group répafr



the immunity of different types of equipment agaivnsitage
dips. The impact of voltage-dip characteristics gmtude,
duration and others) on equipment immunity is tHated in a
gquantitative way.

installations and for immunity requirements thatpauat all
equipment.

Finally the group proposed a methodology (shownaas
block diagram in Fig. 1) for making investment dgmns in

A useful new concept has been introduced, "procesasyroving process resilience to voltage dips. Ibasically an

immunity time", where a distinction
equipment failure and process failure. This distorc allows
better economic assessment of the impact of digadrstrial
installations.

A methodology has been developed for

is made betweeoptimization process which consists of several egapriefly

discussed below.
1. Establish the equipment or process immunity
threshold/requirement based on process immunitg.tim

analyzing an entire process, and finding a pro@essunity 2. Estimate the annual number of process failures wiitth
time for each individual device or section of thatcess. without mitigating solution.
. o 3. Calculate the annual financial losses resultingmfro

< Ta?‘“”‘? and charaqalzat|on o o ] process failures with and without considered sofuti

Guidelines are given for characterizing dip immynif 4 Egtimate the cost of a mitigation solution takingoi
equrlnent. The immunity ‘?'f equipment should be gmesd account all relevant associated costs dependinghehe
as a Voltage tolerance curve’, which is one simple way for 1o gojution is network level solution, process elev
equipment manufacturers and users of their equipnen solution or improved equipment immunity.
communicate about dip immunity. o Take into consideration other benefits and/or dizokb

Characterization as well as compliance testingiogls- resulting from application of particular solutiore.g.,
phase equipment should include only two dip charétics: additional benefits that may arise from applying a
residual voltage (magnitude) and duration. Based thu particular solution which were not directly refledtin
_pre_sgntly available knowledgef_ there s |nsuff|t_|en improvement of process immunity to voltage dips).
justification ~ to  perform  additional ~ tests  coverings \jake investment decision based on comparison of

characteristics such as phase-angle jump and poimtave.
For characterization testing of three-phase equipnieis

voltage tolerance curves for each of the three stypiedips
(Type 1, Il and 1ll). It may not be practical to amtly
reproduce these dip types during the tests. In nmzases
approximations need to be made to allow the usavaflable
test equipment. It was however not possible forwloeking
group to argue for or against any of the methoastddack of
information.

Compliance testing of three-phase equipment shoy -
u

include tests for Type |, Il and Ill dips. The &#tal data
obtained shows that a significant number of dips afrType
Il (balanced dips). However due to a lack of dabeut the
economic consequences of including Type Il dipstlie
compliance testing, ho recommendations are givgarding
the form in which Type Il dips should be includéd
compliance testing.

D. Economics

The economics of voltage-dip
described in a qualitative way. A distinction isdn between
dip immunity of individual installations, and dipnmunity

requirements that are placed on all equipment tirou

standards. The economics of dip immunity at indiaid
installations are well understood, but for a spedifstallation
the data may not always be available. Typical aaieg
contributing to assessment of financial consequenogé
equipment failure are identified and briefly debed.

So far, the economics of setting global standarols
equipment dip immunity are still not understood.eTlork
done by JWG C4.110 has resulted in a high-levetrijgson
of the economics involved. An important conclusfam this
was that economics play an important role in silgcthe
appropriate voltage-dip immunity, both for indivalu

immunity have bee

financial implications resulting from steps 4, Sdh
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Fig. 1. Investment analysis process

E. Immunity classes and application

A number of voltage dip immunity classes and asgeci
curves have been introduced. These classes witheur

fsimplify communication between equipment manufaartir

and equipment end-users about dip immunity. Théseses
further allow equipment end-users a sufficient lexfechoice
in selecting equipment. Test levels (combinatiohglwration
and voltage magnitude; for each of the three tyfafips) are
proposed for each class.



Finally, a systematic methodology, based on thdtage-
dip immunity label”, has been introduced for sdlagt
electrical equipment to ensure a required level dib
immunity for an industrial process.

I1l. A DESCRIPTION OFVOLTAGE DIPS

Although all voltage dip events are characterizgé Ishort
duration reduction in voltage magnitude, voltagesdiome in
a wide variety of different types, where individudips can
have rather different characteristics. Consequendilys with
different characteristics can impact equipment ieryv
different ways. The two basic characteristics targify the
severity of a voltage dip are itgesidual voltage” and its
“duration”, as defined in IEC 61000-4-30 [2]. The workin
group proposes to go beyond IEC 61000-4-30 in tpexriic
ways:

v The three-phase character of voltage dips should
considered. Therefore, a classification into thgeeeral
types of dips is proposed, based on the numbehade
to-neutral voltages that show a significant drop
magnitude.

The time-dependent behavior of voltage dips shdodd
considered. Therefore, it is proposed to descrips ds

events consisting of a number/series of transition

segments and event segments.

A typical example of a voltage dip measured in i@eh
phase system is shown in Fig. 2. The figure ilatsts the
alternative approach proposed termdip ‘segmentation”. The
method is based on the analysis and separatiordigf avent
into the distinctive parts calledlip segments’, which include
both pre-dip and post-dip parts of a dip-relatedngyvwhile
during-dip part is divided intoduring-event segments’ and
“transition segments’.

the analysis. This should allow better understapdifi all
relevant factors and parameters that may have aadtron
sensitivity of different types of equipment, helpithe end-
users, designers and manufacturers of electriaapetent to
quantify, test and compare performance of theiiiggant in
a consistent, transparent and reproducible mapaeticularly
with respect to prescribed tolerance limits.

Voltage dips come in many different forms, a typica
example was shown above, but many dips differ ftbis. It
is very important to consider this when making equént
immune to voltage dips. A detailed description ledge non-
typical dips is given in the working-group repditere we will
only briefly summarize this.
g‘/ Dips due to motor starting and transformer enengizre

characterized by a sudden drop in voltage followgd

slow recovery. Dips due to transformer energizimg a
associated with a high level of odd and even haitmon
distortion.
The recovery of the voltage after a fault may tedther
long, resulting in an extended
sometimes associated with a high level of odd arehe
harmonic distortion due to transformer energizing.
Multiple transition segments can be due to develppi
faults and due to delayed fault clearing at one sifla
transmission line.
Voltage dips do not occur evenly or randomly spread
throughout the year, but show a clustering in tibwering
periods of adverse weather more dips occur thamglur
normal weather. Multiple dip events may also ocdue
to automatic reclosing actions after a fault.

be

in

v

A. Summary of Voltage-Dip Characteristics

A summary of voltage dip characteristics, which dsn
used as a “check-list” for a quick assessment ofpegent and
process sensitivity to voltage dips during all stagof
equipment and process design, is also given in Itljs
expected that by considering this check-list atehdy stages
of the development and design of equipment, at kase of
the future dip immunity concerns and problems may
avoided; see Table Il, and Appendix A.

TABLE Il
A SUMMARY OF VOLTAGE DIP CHARACTERISTICS

Characteristics of pre-event segments

Actuallexpected values of pre-event: voltage magieis, voltage phas|
angles, harmonics and other waveform distortionftage magnitude/phas|
angle unbalances and frequency variations

@D D

Characteristics of during-event segments
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Dip magnitude, dip duration, dip shape, dip voltagagnitude unbalancs,
dip phase shift (phase-angle jump), dip phase anglbalance, dip
waveform distortion and transients.

Fig. 2. An example of a typical voltage dip - rawdtage plot, with indicated|

Characteristics of transition segments

event and transition segments

The segmentation method was originally developed
automatic analysis of voltage-dip recordings [3lt ltuhas

Dip initiation, point-on-wave of dip initiation, pise shift at the dip
initiation, multistage dip initiation, dip endingpint-on-wave of dip endingj,
fphase shift at the dip ending, multistage dip epdirate-of-change o
voltage, damped oscillations

Characteristics of voltage recovery (post-event) genents

applications beyond that. The dip segmentation atetilows
for an improved assessment of standard and commacsgg

Voltage recovery, post-fault dip (prolonged voltagecovery), post-dip
phase shift, multiple dip events (dip sequencesjposite dip events

dip characteristics, incorporating, at the sameetiseveral
usually neglected characteristics and aspectspoéwnts into

recovery segment



IV. EQUIPMENT TESTING

As was shown in the previous section, describingltage
dip requires more than just residual voltage andatitan. It
has not yet been possible to study the impact bfdig
characteristics on the performance of equipmert,skueral
of the characteristics have been shown to impadgipetent in
a significant way. For a complete assessment of
compatibility between a device and the power systairthe
characteristics mentioned in Section Il shoulditguded in
the testing of new equipment. This is obviously pctical:

compatibility between equipment and the power systéhe
expected number of equipment maloperations per gearto
voltage dips, is a commonly-used measure to quattié
compatibility. Adding additional information abowbltage-
dip immunity is only justified where it allows faa better
estimation of the expected number of equipment
tf@loperations.
Such an assessment was made for phase-angle janmps,

the conclusion was that it was at this moment ostified to
require such information from equipment manufactiré/hat

it would make the testing of equipment unnecessaf ntributed to this conclusion is the lack of damathe actual

expensive. Also are many of the characteristicstimead in
Section Il ill-defined at the moment which makedifficult to
define reproducible tests.

The working group has made a clear distinction betw
“compliance testing” and “characterization testingThe
former is defined in standards, should be of lichiseope, and
should be fully reproducible. The latter is a forof
communication between the equipment manufacturdrthe
customer about the immunity of the equipment agaioage
dips at its terminals. There is less need for stetided tests
and reproducibility; also would it be acceptable tse
simulation results when these are considered serffiy
reliable.

The working group gives the following recommendasio

phase-angle jumps as they occur in reality. Even a
standardized method for calculating the phase-gugie of a
voltage dip is lacking.

A similar conclusion was drawn where it concerrs way
in which the voltage magnitudes and phase anglesldtbe
reproduced for the testing of three-phase equipndening
unbalanced dips. It is recommended to reproducevélators
shown in Table | where possible (for example during
simulations), but alternative methods should beepiad
where this is not practical or too expensive.

V. EQUIPMENTIMMUNITY CLASSES

A. The need for a classification
To facilitate the specification of equipment ande th

to equipment manufacturers concerning  charactesizat yigcssion between end-users and manufacturersydtiéng

testing:

v' The voltage-tolerance curve should be used to pteke
immunity of equipment;

The results of the test should be based on cldanitiens
of two main malfunction criteria:gerforms as intended”
and ‘failsto perform asintended”.

Different curves should be given for Type |, Typeand
Type Il dips. Test vectors for the three dip typm®
discussed in the working-group report.

The dips used for the characterization testing lshbave
zero phase shift for single-phase equipment. Fozeth
phase equipment, the phase shift is defined byteke
vectors.

The dips used for the testing of single-phase eqeiy

v

should start at a voltage zero-crossing with pessiti

gradient. For testing three-phase equipment, aistens
reference voltage should be chosen (typically, pmase-
to-neutral or phase- to-phase voltage) and eacbkhiipld
start at a zero-crossing of the reference voltage.

group has proposed a new immunity classificatiom fo
equipment into five classes, labelled A, B, C1,&0@ D. This
classification is mainly based on a statisticalleation of a
worldwide database build with the voltage-dip obéa from
network operators around the world. This analysiags a
meaningful value to the classification proposed.eTh
classification takes also into consideration engstioltage-dip
immunity standards such as IEC-61000-4-11, IEC 614034
and SEMI F47-0706. Finally, the economics of impngv
equipment immunity were not considered when chapsin
these immunity classes. As shown in Section Il.Bhif paper
each situation is unique and has to be evaluatethdyend-
user. The selection of several classes, insteadn was
strongly influenced by the understanding that tbenemics
of individual customers differ strongly.

To deal with the economic aspects, a complete
methodology for process immunity is proposed in the
working-group report and briefly summarized in Sactil.D.

In the future an evaluation of the immunity classeseeded;

The pre-dip and post-dip voltage waveform should hfore it may be decided that some immunity classesmore
equal to rated voltage magnitude and rated frequengiame or more useful then others.

with low harmonic distortion. Crest factor and tota _
harmonic distortion of pre-dip and post-dip voltagB. The different classes

waveforms during the test should be recorded.

The consideration of the phase-angle jump and d¢eel fior
exact reproduction of the vectors for unbalancegpé€Tl and
Type II) dips was discussed at length within therkimg
group. In order to justify the requirement of addifl tests
and of an exact reproduction of unbalanced voltdigs, a
criterion was introduced by the group. Informatioh the
voltage-dip immunity of equipment is needed to sssthe

Each immunity class has two different immunity asy
one for type | and Il voltage-dip, and another fgpe IlI
voltage-dip. First of all, most voltage dips inveljust one or
two of the three voltage magnitudes in the thregsptsystem.
Such unbalanced voltage dips are, in most cases,skevere
for three phase equipment. Therefore the workingugr
recommends more strict immunity curves for unbatanc
(Type | and Type Il) voltage dips. Secondly, thatistical



analysis performed by the group helped to deterittiatthree
phase voltage dips represent 20% of the voltageadif)/ and
MV networks and 11% of those in LV networks. Thgs i
relevant enough to consider: balanced dips caneojubt
described as a rare phenomenon. Another justificafor
introducing immunity curves for balanced (Type IHjps
comes from their impact on the behavior of the pougint or
the process. These are often the most expensies fasend-
users.

operation within technical specifications.

Self-recovery the equipment performance comes
temporarily outside of its specifications; the guuent
recovers automatically without operator interventio
Assisted-recovery the equipment performance comes
outside of its specifications; operator interventits
needed for the equipment to continue its normal
operation.

v

v

The above reasoning resulted in the working group These criteria express how the equipment is exgetde

proposing the immunity classification shown in RBgand Fig.
4. The classes can be described as follows:

v' Class A : Highest level of equipment immunity

Class B : High level of equipment immunity

Class C1 : Medium level of equipment immunity (&s p
IEC-61000-4-11/34)

Class C2 : Medium level of equipment immunity (&s p
SEMI F47-0706)

Class D : Low level of equipment immunity

v
v
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Fig. 3. Equipment Immunity Classification for urdmated (type | and II)
voltage dips
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Fig. 4. Immunity classification for balanced (tyii¢ voltage dips

C. Voltage-dip Immunity Label :

The voltage-dip immunity label is a combination tbe
proposed immunity classification and the selectgdigment
performance criteria. This gives the opportunity better
specify any individual device or process equipniard cost-
effective way. The three criteria for equipmentfpenance
are:

behave when it faces a voltage dip inside the imtpun
classification area. The evaluation of the prodessunity
time (PIT) will have a direct impact on the selentiof
equipment performance criteria.

For example, if we specify a class C1 drive withf-se
recovery, then we expect the drive to be able tmver by
itself either by catching up after the voltage dipby going
off-line and then back on-line by itself. If theTPIs long
enough then that means, an automatically restaited
sufficient on this equipment when it face a Typeorl Il
voltage-dip of 50% for 100 msec. For process wihyvight
power specifications then the criteria "full opérat is
needed and technical range limits should also i@eléex.:
speed range).

VI. CONCLUSIONS

The potential adverse impact of voltage dips on grew
electronics equipment is beyond doubt. Equipmeterally
impacted includes, among others, computers, consume
electronics, process-logic control, sensors andaysel
adjustable-speed drives, solar panels and windniesb The
working group has made a number of recommendations
various stakeholders to limit the adverse impactvaitage
dips on equipment and on installations. The follayvi
recommendations are given to researchers, devsloged
manufacturers of power-electronic equipment:

v" Voltage dips should be considered very early in the
development of new equipment. This should not be
limited to the tests prescribed in standards, butalft
characteristics of voltage dips. The summary otags-
dip characteristics given by the working group
recommended as a check list.

The performance of equipment should be charactkbye
means of a voltage-tolerance curve for Type |, Tlpe
and Type lll voltage dips.

Equipment with different voltage dip immunity shdule
made available. Possible voltage-dip immunity @ass
have been proposed by the working group.

Further research is needed on the impact of diftede
characteristics on equipment; research is espgciall
encouraged for multiple events.

Equipment manufacturers are encouraged to congritaut
the development of voltage-dip immunity classes.
Important input to the discussion is the cost dssed
with making different types of equipment more imraun
to voltage dips.

is

v' Full operation: the equipment performs at full rated
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TABLE Il
SUMMARY OF VOLTAGE-DIP CHARACTERISTICS AND RECOMMENDATIONS FOR EQUIPME TESTING
VOLTAGE DIP CHARACTERISTIC RECOMMENDATION FOR TESTI NG

Pre-event segment

Characteristics of the pre-event segment Nominkge, with low distortion

During-event segments

Dip magnitude Test variable (vertical axis)

Dip duration Test variable (horizontal axis)

Dip shape Rectangular

Dip voltage magnitude unbalance Test for each case: Type |, Type Il, and Type llI

Dip phase angle unbalance Test for each case: Type |, Type Il, and Type Il

Dip phase shift (phase-angle jump) None for single-phase equipment tests. For thheese)

equipment, test for each case: Type |, Type Il, Byyk 1lI

Dip waveform distortion and transients Test wavefehould have low distortion

Transition segments

Dip initiation Not specified

Point-on-wave of dip initiation Voltage zero-crossing of the reference voltage gskmne of the
phase-neutral or phase-phase voltages as therreégre

Phase shift at the dip initiation None for single-phase equipment tests. For thhese)
equipment, test for each case: Type |, Type Il, Byuk IlI

Multistage dip initiation Not tested

Dip ending Not specified

Point-on-wave of dip ending Not specified: determined by dip duration

Phase shift at the dip ending Not specified: determined by phase shift at difidatioon and dip
duration.

Multistage dip ending Not tested

Rate-of-change of voltage Not tested or specified

Damped oscillations Not tested

Voltage recovery (post-event) segment

Voltage recovery Immediate
Post-fault dip (prolonged voltage recovery) Noteds
Post-dip phase shift None
Multiple dip events (dip sequences) Not tested

Composite dip events Not tested




