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ABSTRACT

Voltage dip sensitivity of variable speed drives (VSDs) plays a major role in dip
compatibility design. Collaboration between WITS, Eskom and EPR! resuited in
the development of a dip testing facility at WITS. This report presents 3 test
procedure for dip testing of VSDs at WITS. To accurately test for, and compare
equipment sensitivity, there has to be a consistent process — develop criteria,
specifications, and reporting formats ali contribute to consistent testing and
relevant result compansons. it is conciuded thai testing requires proper
characterisation of voltage dips anc knowledge of their effect on equipment to
design a test procedure. Another conclusion is that 1o oplimise the testing
process, one has to consider the variety of impacts of dips on different
equipment. it is recommended that the test process be further optimised and
applications be sought for the test program.
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1 INTRODUCTION

1.1 Problem Statement

The cost to industry of voitage dips. due to loss of production, is estimated at
R1.2 bulion [1]. This loss of production can be attributed to the tripping of
equipment due to the voitage dips. Solutions can only be devised if the behaviour
of equipment during voltage dips is known. Therefore, it is essential to have data
available on equipment sensitivity to dips. The testing of equipment to
accurnulate data cannot be done on an ad hoc basis. To accurate test and
compare equipment sensitivity, there has to be a consistent process — develop
criteria, observe protocol and deveiop methodology.

Hypothesis:
To optimise the dip testing process, one has to consider the varety of impacts of
dips on different equipment.

1.2  Background

Voitage dips are a common cause of plant disruption and are the resuit of a fauit
at one point on the electricity supply network causing the voltage at ancther point
to reduce. The type of voitage dip depends on the type of fault {e.g. singie line to
ground fault, three phase fault, etc). During the voitage dip, a change in
magnitude and phase of the voltage waveform ¢f one or more input supply iines
can occur. These voitage dips can interfere with the operation of equipment
connected to the mains supply.

To investigate the effect of voltage dips on industrial equipment a voltage dip test
facility was set up at the University of the Witwatersrand in conjunction with
Eskom, the South African national supply utility. The voltage dip test facility {and
onwards called the PQ test lab) was deveioped to be completely flexible so that
soltage dips with adjustable dip macnitude and phase shift during the dip can be
generated independently for each of the supply phases. Together with the other
voitage dip parameters that can be specified, this flexibility allows virtually any
complex voitage dip to be generated.



The initial goal of the PQ test iab was to test for the susceptibility of variable
speed drives {VSDs) to voltage dips. Future design of the PQ test lab will
facilitate the testing of other equipment and for other power quality disturbances,
as these wili aiso have an impact un industry processes.

VSDs are used in many industrial applications but, being electronically based,
can be susceptible to power disturbances. Voltage dip testing was performed on
commercial VSDs to determine the response of the drives during voitage dip
conditions. Results from these tests can be used by the utility (Eskom), and by
customers to determine the effect of voltage dips on plant, and by drive
manufacturers to improve the voltage dip performance of their product. More
importantly, the required dip performance of drives can be included in the
spectfication of new plant and in the retrofitting of existing equipment.

The testing of variable speed drives has been undertaken by EPRI-PEAC and
Clemson University in the US before the testing program at the University of the
Witwatersrand started. There, lesting had been more broadly covered in a test
protocol SC-610 [6]. This forms part of the system compatibility research
conducted at PEAC. Not only does this testing program extend beyond voitage
dips in immunity testing, but other aspects of the variable speed drive
performance are aiso addressed.

in South Africa. it has been decided that a focus on voitage dip immunity testing
s a first priority in developing a broader test program for VSDs. This should be
seen in the light of voltage dips being the most pressing power guality problem in
South Africa and the sponsorship by the Power Quality Research Portfolio {of
the test facility). The objectives of this report are to describe the development of
dip testing requirements, protocol and methodology in South Africa.



1.3  Report Structure

The report starts by establishing the need in industry to consider dip
compatibility design, and consequently the need for dip testing.

Chapter two discusses this in two parts. Firstly the philosophy for dip
compatibility design is explored and then testing experience in the USA is
discussed as anr exampie of intemational initiatives.

Chapter three discusses the first of two important aspects of voitage dips ~ that
of the electrical environment where they originate and a means to describe these
phenomena in a way that is applicable to their impact on plant equipment.
Chapter four continues this theme, extending it to the impact of voltage dips on
equipment, especially variable speed drives.

Chapter five formalises a dip testing protocol, drawing from international
experience, guidelines, standards and the activities of working groups in the
results, the test environment, equipment specifications and reporting formats are
discussed in detail.

Chapter six continues by firstly discussing the voltage dip test facility in South
the development of the undertying methodologies and step-by-step processes
that are appiied to conduct dip testing.

Finally, chapter seven explores the hypothesis appiied to variable speed drives,
i.e. that the resulis of the testing program have made available data that reveals
the impact of a variety of dip parameters on the different variable speed drives -
PWM, CS! and DC drives. This has consolidated the economic viability of the
test program, requiring that not all parameters are equally important to all the
drive types.




2 DIP COMPATIBILITY DESIGN — ESTABLISHING A NEED FOR
VOLTAGE DIP TESTING

it 1s important to be abie to quantify the sensitivitv of plant equipment to dips in
order to predict plant losses, desensidise such equipment and improve plant
performance. To understand the need for testing woridwide, one needs 1o
investigate the need for dip compatibility Jdesign and the testing faciliies that
support these designs.

21 Dip Compatibility and Industry Concerns

Systerm compatibility in the electricity supply industry (ES!) is the study of
matching clectrical equipment to the electrical supply. Dip compatibility covers
one ares where supply disturbances <aifed voitage ¢ s impact on equipment
performance in the electrical environment. A dip compatibility study e ally aims
to quantify the susceptibility of equipment to dips and o increase their immunity
o these disturbances. Tackling supply disturbances directly 2t the utility level
{supply side} is usually more expensive than identifying existing sensitive plant
{behind-the-meter) and implementing remedial measures, or specifying new
equipment with adeguate immunity.

BEHIND-THE-METER {R's} SUPPLY NETWORK
*"ﬁm,‘ Network reconfiguration
; : B Earthirg solutions
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Figure 2.1 Relative costs of behind-the-meter and ulility network solutions [1]




The components of the decision process are summarised in Figure 2.2 below.
The fault performance of the network in the zone of sensitivity and an
improvement in dip immunity levels will reduce the number of process
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Figure 2.2 An illustration of the zone of sensitivity in which voltage dips will affect

The design philosophy applied 1o dip compatibility in a piant will depend on the
frequency of events as well as on the sensitivity of the plant process to dips. A
guide on design considerations and strategies can be found in {1}

These philosophies can be categorised according to the design goal as follows:
o Compiete immunity (full protection) of the plant *

e Compatibility design aimed at meeting pre-determined compatibiiity limits
« Compatibiiity design based on techno-economic opltimisation

19




Difterent philosophies can also be applied at different sub-processes within a

plant or to the plant as a whole These philosophies can De categonised as

fohows:

 Criticai processes (for example, from a safety point of view)

« important processes (for exampiz, resulting in operational damage or loss of
production}

o Other processes that can be momentarily interrupted without significant
impact on the plant.

2.1.1 Complete immunity

Compilete immunity could be typically reqrired by environmental, safety or
security considerations. There could be a number of reasons as to why these
requirements shouid be met that have nothing to do with the plant process or
€CONOMIC iSSUEes.

2.1.2 Meeting compatibility levels

Setting compatibility levels may be a result of agreements between 3 utllity and
its customers. The guantification of such levels may be different from utility to
utifity or may have an influence nationwide or intemationally. Figure 2.3 shows
compatibility concepts as specified in the NRS 048-1:1996 [19]. This is based
closely on the IEC electromagnetic compatibility design philosophy for steady-
state parameters such as harmonics and flicker.

Figure 2 4 shows the Computer Business Equipment Manufacturers Association
{CBEMA) curve 12]. These two methods of quantifying compatibility levels are
used in South Africa and the USA respectively.
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Figure 2.4 The CBEMA curve [6] was initially developed for computer
equipment. It has since been developed for all categones of equipment
with boundary ievels as shown




The philosophy of meeting compatibility levels is characionsed by

* Agreements 10 meet design and performance targets set by utilities, plant
operators and equipment supphiers. For example, the SEMI standerds {1]
were developed bv utiity representatives (PEAC, SRP and TU Electric),
semiconductor manufacturers (AMD. 1B, intel, Rockweli, Motorola,
National, 71 and SEMA TECH) and equipment suppliers (Applied materials,
LAM Research, SCP Globai, SVGL and FSi}

s A strong emphasis on plam and equipment design specifications and testing

s A clear definition of utility vs. industrial responsibilities in improving
performance and immunity

This method avoids detailed cost assessments initially, but further optimisaty -
may be required as experirnce is gained with the utility and plant compatibility

2.1.3 Techno-economic optimisahon

Techno-economic assessments require the existence of prior information
{measured or predicted) of the utility performance and information on the
sensitivity of the plant process fc dips. The goal is to implement th2 mos! cost-
effective solution (Figure 2 5).
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Figure 2.5 The optimisation of cost of solution for a techno-economic evaluabion




There are many reference documents to describe utility performance and the

voitage dip environment. Some of these will be discussed in chapter 3and 5
respectively. The IEEE provides a dip environment chart (Figure 2 6) on typical

dip environment for designers and users to design plant compatibility. The

information used is based on 2 measurement exercise called the Distribution

Power Quaiity (DPQ) Project conducted in the earty 1990's in the USA [11].
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Figure 2.6 The [EEE dip environment chart {2]

Together, the IEEE dip environment chart and the CBEMA curve provide a frame

of reference for techno-economic evaluations.

in summary, “his philosophy is L acterised by an emphasis on:

s Accurate measures of cost of losses

e Specific dip performance at the point of supply
 Determining actual plant sensitivities

+ Selecting a wide range of solutions

+ investigations that compare the cost of behind-the-meter solutions with

supply-side solutions




2.2  Testing Facilities in the United States

The National Motors and Drive Steering Committee (NMDSC) Meeting is held twice
a year in the USA. End-user and manufacturer issues are discussed at these
meelings. In the April 1999 meeting, a special presentation was made regarding the
availability of testing faciities for variable speed drives in general. It was noted that
there are five such laboratories in the USA [3]

«  Oregon State University /Ma'or and Drive Resource Facility), Corvaliis, Oregon

e Advanced Energy (IEL), North Carolina

» Quebec Hydro Electric Utility (LTEE), Quebec, Canada

s  Power Electronics Appiication Center (PEAC), EPRV University of Tennessee,
Knoxvifle, Tennessee

e  ORNL Electric Machinery Center, Oak Ridge, Tennessee

Of these, Oregon State University aiid PEAC (in colaboration with Clemson
University in South Carolina), may do dip testing as ‘well. The need for independent
greatest need for these facilities, as they say that their customers insist on
independent testing. The potential users of these facilities were identified as:

« Govemment Agencies (Department of Energy)
+ international Organisations {IEC)

s Agencies (UL, CSA)

s Universities (OSU)

s  Motor Manufacturers (US Motors)

»  Users (Ei DuPont)

e  Onginal Equipment Manufacturers (Goulds Pump)
« Societies/ institutions/ Associations (IEEE)

e  Unilities (Duke Power)

« inventors (Thomas Edison)

e Research Groups (EPR!)

. tor Repair Shops (EASA)



The requirements for these facilities to be successful were identified as:
«  Accreditation

e Accuracy

»  Recognition

* Sponsors

s Funding

e University Affiliat

e Industrial Acceptance

e  Program Capability Awareness
¢ Industry Technical Support

e  Success Stories

A representative from the department of energy aiso had a representative at the

24 EPRIPEAC Experience and Testing Programs

The “Power Electronics Application Center” (PEAC), has been instrumental in the
development of dip compatibility programs as a set ¢! tasks under the
sponsorship of what is called the System Compatibility Project. PEAC has done a
number of tests on variable speed drives that do not only included dip
compatibility tests, but also other tests. For this a test protocol was developed,
called SCB10 [6], of which one section is devoted to dip immunity testing. Some
of the tests performed according to SC-610, are:

« Energy Efficiency and Performance Tests to characterise the electrical
efficiency of- the VSD itself and the overall energy performance of the VSD-
motor set up.

o  Emission Tests to characterise harmonics caused by the VSD at its supply
terminals.

e Immunity Tests to characterise the VSDs response o power system
disturbances like harmonics, dips and over-voitages.




s SC Systems Levei Tests 1o investigate the system compatibility of the VSD
and better understand its side effects and improve its immunity.

System compatibility critena, their assessment and applicability had been
developed in consultation with an industry advisory group. SC-610 is intended to
be compatible with other industry standards, in particular the safety requirements
promuigated by Underwriter Laboratories (UL), the institute of Electrical and
Electronics Engineers (IEEE), and the American Nationa! Standards institute
(ANSI).

PEAC has extensive laboratory facilitics, including the dip testing
facility and EMI-testing facilities amongst others. The dip testing
program in South Africa is based on the program at PEAC and so the
two programs are similar.

PEAC focuses on testing small (+/- 5HP) PWM drives and their test-
bed has been designed to this end. A 150HP CS! drive has been tested
at Clemson University. At present, a DC drive is under test. At Eskom,
a 15kW PWM drive and a 120kW CSi drive have been tested as part of
the iocal test program and the testing of a DC drive is in progress.

The dip testing facility has a different structure to that of the facility at
the University of the Witwatersrand. On the load side, the PEAC test-
bed is more advanced, with a programmabie load fitted to the system.
This facility is capable of setting adjustabie inertia and turque-speed
parameters. The University of the Witwatersrand test-bed has a simple
resistive load bank connected to a DC generator. On the supply side,
the University of the Witwatersrand test-bed is more advanced with a
fully programmabie amplifier supply with variable parameters (pre-dip
voltage, phase shift, duration, depth, efc.). The PEAC test-bed has a
simpie vanac-controlied utility-line supply. A diagram of the test set-up
is shown in Figure 2.7
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Figure 2.7 The PEAC test-bed has a highiy developed programmabie
load, but a simple switch supply arrangement [6].

Utilities, manufacturers and customers have jointly sponsored much of the testing
at PEAC. The test facility is refined to a high degree and the test units have their
own special racks and housings. Testing is done more on a commercial basis
than for research purposes.

The most important testing development at PEAC has been the testing of 17 SHp
PWM drives under the “Task 1" umbrelia of the System Compatibility Project at
the end of 1994. Traditional voltage dip iesting of three-phase VSDs dictaies that
all three phases of a dip are dipped at once. This is a balanced dip condition and
is the type of testing specified in IEC-1000-4-11 [7] A variable dip is cor:sidered
optional in the testing guidelines of this standard. However, field studies and
large-scale measurement projects have shown that most dips are unbalanced
one- and two-phase dips. One of the goals of the “Task 17 exercise was 10

in South Africa, it has been decided that a focus on voltage dip immunity testing
is a first priority in developing a broader test program for VSDs. This should be
seen in the light of voitage dips being the most pressing power quality problern in
South Africa and the sponsorship by the Power Quality Research Portfolic (of the
test facility).
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As 3 resuit of collaboration between EPRI-PEAC and Eskom, it was decided to
combine efforts in this area of dip compatibility testing. In terms of the SC-610
test protocol, this inciudes sections in the document on dip testing of VSDs.
Although some of the sections of SC-610 have been changed, these changes
have never been formalised and the SC-610 document remains unchallenged for
dip testing at PEAC.

The collaboration between PEAC and Eskom aims to arrive at a more
internationally applicabie protocol fcr voitage dip testing. During a recent visit to
the US, some US drive manufacturers expressed an interest in dip testing for the
benefit of their European customers. A standard protocot for test results
worldwide would benefit comparing results from different facilities ail over the
woitd. it was proposed that PEAC and Eskom work together to establich a
standard test-protocol for drive dip/sag-testing. This will help in the transfer of
results between the two parties.

Three US drives were sent to South Africa via EPRI-PEAC for the purposes of
duplicating under 50Hz conditions, results of testing performed previously by
PEAC {27], under 60Hz conditions. The 50Hz test results from South Africa was
done in 2 draft format based on work on the new protocol. This would make
comparisons with the 60Hz test results easier. The testing in South Africa has
been completed at the end of 1999, but the comparison with EPRI results is still
under way.
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3 DESCRIBING VOLTAGE DIPS IN THE ELECTRICAL ENVIRONMENT

3.1 Characterisation of Voltage Dips

Yo describe voltage dips, the dehnition of a voltage dip should provide a
convenient starting point.

3.1.1 Voltage dip definitions

The voitage dips of Europe and South Africa are also known as voltage sags,
notably in the USA. Although the two names refer to the same event, the
definitions are different. This is best illustrated by dip magnitude and sag
rmagnitude as shown in Figure 3.1. From a South African perspective, voitage dip
and voitage dip magnitude will be used in this document, unless otherwise stated.

Nominal Supply Voltage

Figure 3.1 The difference between sag magnitude and dip magnitude
The definitions below are not formal definitions, but extracts from standards.
According to IEEE 1159.2-1996 draft, the definition of a voltage sag is:

* A decrease from 0.1 to 0.9 pu in rms voltage at the power frequency for 0.5
cycies to 1 minute (3600 cycles).




IEC1000-4-11-1994 says that a voltage dip is:

“A sudden reductior of the voltage at a point in the electrical system, followed by
voltage recovery after a short period of time, from haif a cycie to a few seconds.”
{Modified from IEV 161-00-10)

An adaptation from NRS-{48 part i-1996, which is a South African regulatory
standard, states:

“A sudden reduction in the r.m.s. voitage, for a period between 20ms and 3 s, of
any or all of the phase voltages of a singie-phase or a polyphase supply. The
duration of a voitage dip is the time measured from the moment the r m.s. voltage
drops below 0.9 per unit of declared voltage to when the voltage rises above 0.9
per unit of declared voliage.” Here the declared voitage is defined as “The
voitage declared by the utility as the voltage at the point of supply.” This is
#lustrated in Figure 3.2, taken from the NRS-048 part 11-1906.

Doclered votage
RMS. volage
Dip !
threshold

N S—

SRR T,

Durstics: jres}

Figure 3.2 Measured voltage dip parameters [20]

Another definition from the British Standard BS EN 50160-1995, says:

“A sudden reduction of the supply voltage 1o a value between 90% and 1% of the
declared voltage U, followed by a voltage recovery after a short period of time.
Conventiorally the duration of a voltage dip is between 10ms and 1 minute. The
depth of a voitage dip is defined as the difference between the minimum rms
voltage during the dip and the declared voltage. Voltage changes that do not
reduce the supply voltage 1o less than 90% of the deciared voltage Uc are not
considered to be voltage dips™
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in this British standard, the declared supply voltage U is normally the nominal
voitage Uy of the system_ If by agreement between the supplier and the customer
a volitage different from the nominat voltage is applied to the terminal, then this
voltage is the declared supply voltage Uc. The nominal voitage is the voltage by
which a system is designated or identified and to which certain operating
charactenistics are referred. Supply voltage is the rms value of the voltage at a
given time at the supply-terminals, measured over a given interval

Most of the definitions take on a similar focus as those shown above. These
traditional views of voltage dips take only the magnitude of an rms voltage in a
given time window into account This type of description is not adequate to
explain ali of its effects on equipment.

Characterisation in terms of magnitude and duration provides basic information
for the quantification of voltage dips. Using this understanding, we could
express voitage dips in terms of rms values as in Figure 3.1 and 3.2. However,
we could also express voltage dips in of phasor diagrams. Traditionally, using
phasor diagrams, we could state that there are three basic voltage dip types:
three-phase dips, single-phase dips and phase-to-phase voitage dips as shown
in Figure 3.3 These representations would correspond 1o three-phase faults,
represeidation aiso lends itself to using other descriptors for voitage dips, e.g.
phase angle. This representation also makes the visualisation in terms of star
and deita voltages possible. i makes sense to first evaluate these possibilities.

W B v.. W B v,

{a) Three-phase dip {b) Singie-phase dip {c)Phase-to-phase dip

Figure 3.3 The three basic voltage dip types
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3.12 Phase and line voltage magnitude changzs

As can be seen in Figure 3.3, when the phase voltage waveforms change during
a voltage dip, the line voltage waveforms can be affected differently. if the
equipment is della-connected {such as the three-phase power supplies and AC
motor drive} and the line voltage waveforms are used as a reference, the dips
can be differentiy categorised. References [2,3] describe the types of voitage dips
experienced by star and deita connerted loads depending on the fauilt
cetegorisation. This leads to the dir types illustrated in Figure 3.4 A delta
connected AC drive will evr-.ence only A,C and D type dips.

Type A Type B:
Three-phase fault (star- | Single-phase fauit
or defta-connected {star-connected load
load} N only)

Type C: Type O
Single-phase fault Phase-Phase fault
{deita-connected ioad) | (deita-connected lcad
Phase-Phase foult only)

Figure 3.4 Vector diagrams illustrating four types of voltage
dips in terms of ine and phase voltages

Anocther consideration for equipment is that voltage dips may have their ongin
elsewhere in 3 power network, and experience transformations before present at
equipment. These will be discussed in chapter 3.3.




3.2 Descripiors of Voitage Disturbances

Having said that magnitude and duration are not adequate o describe voltage
dips, the IEEE 1150 2 task force drafting the new IEEE 1159 2 standard [8] nas
set out 1o fist 2 set of descriptors to more accurately describe voltage dips. The
goal is 1o be able to extract . formation from 3 waveform and use this information
to accurately reconstruct this waveform. This can be done for any periodic
wavelorm using Founier analysis. It is difficult io develop a single transform to
describe a voitage dip, which is not periodic in nature. Other appreaches,
including examining infhuzences of such disturbances on equipment, are being

Voltage disturbances are deviations from the nominai balanced ac sinusoid. The
nominai power system voltage is composed of three phases, each of which has
essentially the same amplitude, the same frequency, and a 120 degree phase
displacement. ideally, the voltage is a sinusoid with no distortion, i.e. there are
no harmonics preseni.  The three voltages can nomnally be expressed as line-to-
neutral values as follows:

v (1) =V_sin(ar)V
v, (1)=¥_sin{ar -120°)V
v )=V simex +120°) V

where V.. is the peak ampiitude of the voltage waveform in volts and wis the
radian frequency in rad’'s. The relationship between the mns value and the peak
amplitude is V2 © V., = V2 V.., and the relationship between the radian
frequency in rad’s and the frequency in cycles’s (Hz}is: @ = 2»f where fis the
frequency in Hz

Variations from the voltage wavelorm can be categorised by the dewviation from
the ideal. Therefore, the descriptors wi: focus on the ampilitude, waveshape,
phase angie, and frequency, as weill as how much the waveform deviates from
the ideal waveform. Each disturbance has a starting and an ending point.
Usually these are quite distinct and will be called the initiation and recovery
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points. Since the sinusoids are periodic, we can describe the initiation and
recovely points in terms of where they fall (in angle) on the waveform.

The descriptors used to identify specific characteristics of each voltage waveform
during a disturbance are the following:

* RMS magnitude
Duration
* Point-in-wave of initiation
s Point-in-wave of recovery
e Phase shift
e Rate of change of phase shift
+ Harmonic rms distortion {defined in section 3.2 .4}
= Missing voltage

The relationship among the three phases is vitally important to many types of
industrial equipment. Many devices operate on the difference between two of the
phase voltages, therefore phase shift among the phases may be of significance.
The descriptors for the three phase situation will be analysed by the following:

« RMS Magnitude Unbalance ratio
« Difference Voitage
s Phase Angle Relationship

With this information, insight into specific voltage disturbanc waveforms can be
gained. By compiling this information from many waveforms into a common data
set, statistical information about the voltage waveforms can be generated.
Furthermore, engineers will be abie 1o determine why equipment at a specific
location is mal-operating and how equipment can be better designed, installed,
and tuned to deatl with the normal power system disturbances. The new
parameters will help engineers more fully understand the nature of the voliage
disturbance. ldeally, a set of characteristics would enable one to recreate the
continuous-time voltage waveform in much the same way that a Fourier analysis
can be used.



321 RMS voltage magnitude and duration

The mns voitage magnitude is fundamentally understood by all electrical
engineers. This vaiue is the effective value of the ac waveform; the rms value is
the value that a dc source would have which dissipates the same electrical power
as the ac waveform in a resistive load. The rms value assumes periodicity.
Since the nominal ac waveform is periodic in one 360° cycle, a one-cycle based
rms calculations is used.

Conventionally, the voltage dip and its duration are based upon the rms value. A
voltage dip is reported as the lowest rms vaiue attained during the event and the
duration is the time interval from when it dropped below 0.9 pu and when it
recovered to above 0.9 pu.

Figure 3.5 shows the piot of 3 “clean” sinusoidal dip from IEEE 1159.2-1996 and
the accor.parnying rms value using a2 one-cycle “window.” The window is the
period over which the rms value is calculated, usually one cycie.

Notice that although the actual waveforra dropped rather abruptly, the rms value
smoothly transitions to its final depth. The rms v2lue essentially averages the
magnitude over the period {(window width}, and sharp transitions are averaged
away. Since the duration information is taken from the rms vaiue, up to a one-
cycie error can occur in the duration due to the “averaging” effect of the window.
Therefore, the interval during which the waveform’s rms value is less than 90% is
longer than the real duration of the dip seen by inspection. The dip is siow to
begin and slow to recover due to this windcw.
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Figure 3.5 A ciean sinusoidal dip and its rms value, presented using a
one-cycle moving window. The depth is 0.5 pu and the duration is 5
cycles [8].

Using rms values, we can get the following information from 2 waveform:

Start time: The time between the last positive-going zero crossing of the
waveform before the dip start and when the rms value falis below 0.95pu.
End time: same as above except when the voltage recovers to within
0.96pu (for a continuous 1/2 cycle). The end time is computed at the
beginning of the interval in which the voltage recovers to within 0.96pu.
RMS dip duration: The difference betwesn the start and end times.
Maximum rms Vzlue: highest rms value of the waveform in a sample set.
Minimum mms value: lowest rms value of the waveform in the samgple set.
Average rms value: average of the rms value between the dip start and end
times.
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322 Point-in-wave dip initiation

The point-in-wave of initiation and recovery is an instantaneous phenomenon that
the rms analysis does not yield. Analysis of a2 many plant trips has shown that
devices sometimes mal-operate on shallow dips, but not on deeper dips.

Electrical contactors are examples of devices that are extremely sensitive to
point-in-wave of initiation and recovery of voltage dips. Contactors are essentially
relays and are widely used in industry 1o control electrical devices. The force
created by the simple electromagnet will vary significantly for the same level of
rms voltage dip depending on the point-in-wave that the dip is initiated. in fact,
dips that are caused by a slow reduction in voltage can be deeper than dips that
occur at a critical phase angle on the waveform before the contactor disengages
or mal-operates. The dropout point may vary from 85% to 55%, depending on
how many degrees after a zero crossing, the event initiates. The boundary of
operation and mal-operation (magnetic dropout/contactor chatlers vs. electrical
dropout/open circuit) for a typical industrial contactor is shown in Figure 3.6, The
piot shows the rms voltage depth versus the point-in-wave of initiation of the
voltage dip. There is a 30V difference in rms value of the dip that will make the
contactor mal-operate, depending on the point-in wave.

80 —
75 N .4

LN e -
o L ,
&5 .9 ; Magnetic
60 Hot - Electric
55 - i
- T T

a 2 4 8 8 10
Point in Wave for Dip (ms) after Zero

Figure 3.6 Boundary of operation for a typical industnial cordactor: ms
voltage magnitude of the dip versus point-in-wave of initiation of the ¢,
Voltages during the dip below the boundary will ~ause the contactor to
mal-opesate magnetically and electrically {8].
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Pont-in-wave of recovery is also important. Contactors have been observed to
misoperate upon recovery of the voltage. Although it is not clear why this should
occur (phase shift occurring during the dip might play a role), it is clear that point-
in-wave of recovery shouid also te a parameter to extract from the waveform.
Other actively controiled devices that rely on timing information from the
waveforms are also affected by the point-in-wave of initiation and recovery.
These devices include dc motor drives, which employ thyristors connected to the
ac line

The difference between the point-in-wave of recovery and initiation is the actual
duration of the event. If the point-in-wave of the initiation and recovery can be
precisely determined, then the duration of the event can be determined precisely
as weill. When compared to the duration given by rms analysis, the duration is
usually slightly less, but more accurate and meaningful

A trained human observer could look at a disturbance and tell when it begins and
ends. The rms moving window cannot give accurate point-in-wave of dip
initiation information. There is another method, called the waveform envelope
based method, which could provide a more accurate means of cetermining the
waveform duration. The values recorded using this method are alled apparent
values. This technique uses two envelopes, which surround the pre-event (ideai)
voitage waveform by + 5% and + 1G%. The algorithm proceeds as foliows:
«  When the disturbance waveform deviates from the ideal by 10% (i.e., falis
outside of the 10% envelope), the event is “detected.”
 The aigorithm “backs-up” to see where the waveform fell outside of the 5%
envelope for the last time, and that is used as the beginning (start) of the
event. This helps pick-up on the initiation of the event more accurately
without reporting minor variations in voltages that were not of significance.
*»  When the disturbed waveform retumns inside the 10% band for at least 1/2
cycle, the dip is deemed recovered.
¢ The initial point at which the 1/2 cycle of recovery occurs is the point of
recovery. {The 10% band was chosen since most dips do not recover to
within 5% in the data set intervais.)
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using the waveform envelope method, the following information can be extracted
from the dip waveform:

Apparent dip start The point at which the voltage falls outside of the 5%
envelope as described previously.

Apparent dip end. The point at which the voltage retums 1o the 10%
envelope as described previously.

Point-of-initiation: The angie at which the “apparent dip start” occurs using
the las! positive-going zero crossing as the reference angle.
Point-of-recovery: The angle at which the “apparent dip end” occurs using
the last positive-going zero crossing as the reference angle.

Apparent dip duration: The difference of apparent dip end and apparent dip
start.

Difference in duration: The difference in the dip duration given by the
apparent method and the rms method (in seconds).

3.2.3 Phase shift and rate of change of phase shift

Normally the phase ang’es between the three-phase voltage waveforms are
fixed. To single-phase electrical equipment, the phase angle shift {or phase
“jump”) of the voltage seen by this equipment is important  The jump will
normally occur twice during the event. once at the initiation and once at the
recovery. To three-phase equipment, the phase angle relationship among the

phases themseives is at least as important as the phase angle jump. Since most

three-phase equipment uses a rectifier of some sort delta-connected to the ac
line, the rectifier operates based on the instantaneous line voltages.

if the phase angle of one of the phase-neutral voltages shifts relative to another

phase-neutral voitage, the phase angie relationship between the line voltages will

be disturbed. Thus the phase angle relationship will be affected even if the
phase angle of the dipped phase does not change. if the phase angie of the
dipped phase-neutral voltage does shift, the phase relationship among the line
voitages wili possibly be more affected.
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Figure 3.7 shows the phasor diagram of a dip on the phase-neutral vollage Vs,
The rectifiers used in ac motor drives and other power supplies respond to the
line voltages: Vu, Vic, and V., They are connected phase-to-pnase and do not
have a neutral connection. Tiie dip on phase B has resulted in 2 phase shift in
the line voltages V, and V., while V,, is unaffected. The amplitudes of both V.
and V. are reduced, although not as much as the amplitude of V.. A rectifier
would experience increased oufput voltage ripple but the peak oufput voltage
would remain the same, since the amplitude of line voltage V. is not affected by
the dip on phase B.

Figure 3.7 A single-phase 25% dip on phase B without phase shift
resulting in a phase shift and dip for line voltages Vg, and V. but no
change for line voltage V., [8]

# the dip on phase B also rasulted in 2 phase shift on the phase-neutral voltage
Ve, then L line voltages would behave differently. For example, a phase-
shifted dip on phase B is shown in Figure 3. 8. Now the V,,, voltage experiences
an increase in rms voltage, while the voltage V.. experiences 3 dip. The V,,
voltage is unaffected. The voltage increase on V,, will resudt in an overvoitage on
the output of the rectifier and the ripple will increase significantly.




Figure 3.8 A 75%, 50° phase-sh#ft during a voitage dip on phase B results
in 3 voltage increase and phase shift on voltage V, 3nd a dip and phase
shift on voltage V. [B]

Due to the one-cycle window in which the rms value is caiculated, the rms vaiue
of the phase-neutral voltages is not affected by the phase shift. This is obvious

from the phasor diagram in Figure 3.7 & nce the V,,’s phasor vector is the same
as in Figure 3.8. The only affect the phase shift has is a small oscillation in the

rms voltage during the initiation ramp down and recovery ramp up. Conventional
ms analysis would not help to identify equipment mal-operation in a plant v 1o
phase angle shifts.

it is difficult to determine how much phase angle jump can be expected.
Regenerative and other active devices connected to the lines, coupling from
other phases due to transformers and rotating machinery, add to this difficulty.
By characterising the waveforms with phase shift information, it will be possible to
obtain statistics about the amount of phase angle shift typically seen on the
system, as weill as to enable future studies at specific locations for determining
specific needs.

Inspection of many voltage dip waveforms shows that many times the phase
angies do not instantly jump from one value to another at the initiation of the dip,
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nor are phase angles stationary during the events. Many types of equipment
monitor one or more of the voltage waveforms for timing or protective information.
Nommally a phase-iocked loop {PLL) or other similar device is incorporated o
track the phase angle.

The PLL is sensitive to phase angie. There is 3 bandwidth in which it is able
track and a rate at which it can respond to a change in input  Changing phase

angies can be difficult to track, even ff the waveform is perfectly sinusoidal. The
rate of change of phase angle, calied “siew rate”, is perhaps the most important
parameter for determining the capability to track changes.

PLL circuits have two primary functions that compete duning phase-shifted
voltage disturbances. The PLL wants to remain exactly synchronised with the
power system and has a high time-constant (Minertia™) so that fluctuations in the
system do not cause its output to respond. But since the devices it controls, such
as thyristors in a dc motor drive, experience the voitage waveforms on an
instantaneous basis, the PLL shoulkd move quickly to remain synchronised to the
voltages during the dip. This keeps the thynistors firing properly. With too little
inertia the PLL is unstabie, while with 100 much inertia the drive will misbehave
due to te inability to track accurately during a disturbance. Designers of these
drives dd not know what the real systermn behaviour during a disturbance is, s0 an
educated guess is made when designing the circuits. The results from
characterising disturbances for rate of change information will provide valuabie
results *o improve the design of these circuils

Using the waveform envelope method {see section 3.2 2) for phase angle

information, the following information can be extracted from the dip waveform:

e Phase shift phase angle between the ideal waveform and the disturbed
waveform. This can be calculated using the zero crossing technique or the
discrete Fourier Transform (DFT).

» Phase shift at dip stant {4¢} This is computed in two different ways. One is
using zero crossings and the other is using the DFT. When using zero
crossings, the phase shift is computed at the first zero crossing after the
“disturbed dip start.” When using the DFT method, the vaiue is computed 2
cycle after the dip start.



Maximum phase shift The maximum phase angle shift recorded between

the “apparent dip start” and the “actual dip end” times.

+  Minimum phase shift: The minimum phase angle shift recorded between the
“apparent dip start” and the "actual dip end” times

s Average phase shift The average pnase angle shift recorded between the
“apparent dip start” and the “actual dip end” times.

«  Maximum + dg¢/d! (rate of change or “slew rate” of phase angiey This is the

rate of change of the phase angle during the interval. The initial change at

the “dip start” and the final change at recovery are not incluced in the

calculation since sharp discontinuity, which accompanies the beginning and

end of the event, will cause a very high and meaningiess value.

3.24 Distortion of dipped waveforms

Many voitage waveforms durning dips a+e distorted. Since retification relies on
the difference between two voitages being higher than the load voitage, the
currents fo flow only near the voltage paaks, and hence currents that are nnn-
sinusoidal. Smoocther cu. ent flow and lower output voltage ripple would occur i

Quantifying the distortion of a waveform is normally done using a computation of
the total harmonic distortion (THD). THD is not adequate for quantifying
distorticn during a dip because the hammonic components are scaled using the
fundamental component. During a voitage dip, the nominal voitage is dipped and
the apparent distortion will be ampiified by the smaller than normal fundamental
component. it is more ppropriate to scale the harmonic components by the
nominal. f we use the per-unit system and make the nominal voltage equal to
1.0pu, then the root of the sum of all squares of the harmonic pu amplitude will be
equal to the THD scaled by the nominal voltage. This value is called the
“harmonic rms” value (hrms) and is used to compute the relative distortion of the
sitage waveforms during a dip. The formula for hrms is given beiow:

hrms = V- - ViV, . (EqY)
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325 Missing voltage concepts

Many power electronic-based devices are sensitive 1o the energy transfer during
a voltage disturbance. For example, ac power supphes and motor drives that use
sensitive. During a voitage dip, the reduction in voitage causes the capacitor 1o
discharge and fransfer is stored enargy to the ioad, ultimately resulting in an
undervoitage trip.

Devices are available to actively compensate for voltage disturbances on an
devices inject or subtract voltage as required to compensate for the disturbance.
For exampie, during a voitage dip, the series compensation device injects voitage
in an additive fashion fo the ac voltage in an attempt to produce a perfect nominal
sine wave at the output of the device. The magnitude of the required injection is
wave. This difference is called the “missing voitage” [8, 241

The missing voltage is not the difference in rs values; instead, it is the

An exampie is shown in Figure 3.9. This figure shows the ideal nominal voltage
voltage is the voltage required fo boos: the dipped voltage back to the ideal.
Notice that this vatuz vanes with time.

The next graph in Tigure 3 10 shows the same rms dip, cut with 3 phase shift.
Notice nuw that the missing voltage is higher since the required injection voltage
is higher. Compare thiz ' the phasor representation of phase B in Figure 38 1o
sec why the required injction is higher than 50%. Although Figure 38 is for a
25% dip, it is clear trat the phasor addition, required to compensate for the
magnitude and the angle is more than 50%. Conventional rms analysis woulkd
suggest that 50% injection capability is adequate.
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Figure 3.9 A 50% voltage dip without phase shift and the missing voitage [8]
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Energy transfer is also important. The ability of the series compensation device
to correct a voltage disturbance is also related to the energy that is required
during the event. The required energy is related to the power consumed by the
ioad and the duration of the dip. Missing voltage analvsis can give information
required to determine the duration of the voltage injection, and hence the energy
required. By property matching the peak voltage injection amplitude, the duration
of these amplitudes, and the load’s energy requirements, series-injection devices
can be properly sized.

The missing voltage and its analyses are determined as follows:

The actua: waveform is subtracted from the nominal waveform.

The resuit :s rectified (o give all positive numbers.

The voltage is subdivided into 5% bands.

The missing voltage is the peak value that falls into one of the bands at 3
specific instant of time.

The missing voltag= is reported in two ways:

o The amount of time (total number of sample poirts) that the missing
voltage falls into a particular band {e.g., 30% to 35%) is tabuiated onto a
bar graph.

o The cumulative time that the missing voltage is greater than or equal to
a particular value (i.e., > 30%) is shown on the same bar graph. This
report will be particularly useful in determining how a series voltage
compensation device will perform.

326 Three-phase voltage symmetry

Many industrial devices have three-phase inputs and are very sensitive to vcitage
balance and symmetry. A relatively small amount of voltage unbalance can
result in a large current unbalance as shown in Figure 3.11 for a three-phase ac
motor drive. A severe careat unbalance during a voitage dip can result in
semiconductor damage and fuse blowing due to overcurments.
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Figure 3.11 Line currents of a Shp three-phase ac motor drive with a 3%
voltage magnitude unbaiance [8}

An unbalance ratio can be used to determine the relative batance of voltage
magnitude among the phases. Nominally, the unbalance ratio should be zero,
hut any magnitude unbalance will result in a positive number. The unbalance
ratio is defined as the difference in the rms values between the highest and
lowest phases, divided by the average of the nms values of the three phases.

V.~V _
Unbalance Ratio = — %%~ (Eq.2)
V,+V,+V.)/3

This ratio is plotted on a continuous time basis using 2 moving window. The
maximum unbalance during the interval is reported.
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3.3 The Propagation of Voitage Dips through the Power Network

Yoltage ¢ips could have their origins outside of a ~stomer’s premises: on the
distribution network or on the transmission net ‘ever, the ongin of the dip
could also be inside the customer’s premises. The ...:pose of this section is not
to investigate the external factors that initiated a dip, but to link voltage dips
directly 10 the faults that caused them and to evaiuate their propagation through
the network until they ultimately affect the equipment.

3.3.1 The propagation of voltage dips in general

Utility network faults may be of a singie-phase, phase-to-phase, phase-to-phase-
to-ground, or three-phase nature. The iocation of the fault in the network will
determine the magnitude of the voltage dip seen at the customer busbar. Figure
3.12 shows common fault locations on the utility network which give rise to
voltage dips. For a given fault location, factors which nfluence the depth of the
voitage dip at the point of supply are the type of fautt, the frult impedance, the
efiect of local generation, i0ad dynamics, the operating state of the supply
network (generation levels and network configuration) and the type of earthing
employed {4].

@ 2
[ SUBSTATION SUBSTATION
sensilive ? % ? 5
customer % “y transient transiet
@ SLG fault z SLG fault
§ !
o i
sansitive
customer

Figure 3.12 Typical fault locations, which give rise to voltage dips at the
customer point of coupling {4}

The National GOS measurement campaign has now been running since 1994,
Dip data was retrieved for the iast 4 years. This shows single-line-to-ground
{SLG) faults are most common and this cofresponds to single-phase dips as
shown in Figure 3.13 and in Table 3.1.
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Table 3.1 Oip characteristics in South Africa, arranged in terms of voitage level

Figure 3.13 Dip types in South Africa [4]

and phase involvement [4}

Dip Type % of Total | Typical Duration (ms) Typical Depth (%)
No of Dips

All 275kV Dips 50 - 100 15-40

Three Phase 6 30-200 & 15-408&
400 75 - 80

Phase to0 Phase 15 100 i5t0 45

| Single Phase 79 100 1510 30

All 132kV Dips 100 1510 40

Three Phase 11 10010 200& 700 & 1.5sec | 151050 & 100

Phase to Phase 18 100 to 150 15 t0 60

| Single Phase 73 100 15 t0 40

All 88kV Dips 100 15t0 30

Three Phase 13 100 & 600 & 1.5sec 15to 20 & 100

Phase to Phase | 21 100 15 t0 30

Singie Phase 85 100 1510 30

All MV Dips 100 to 1.5sec 1510 30 & 100

Three Phase 18 100 to 300 & 1.5sec 1510 20 & 100

Phase to Phase 35 100 1510 30

| Single Phase 47 100 to 1.5sec 15 to 30
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The following table shows the line voltage magnitudes on the secondary side of a
transformer in the case of a 70% SLG fault on the primary side (phase A} [9]
The primary network is assumed to be solidly earthed. This s usually the case
when the primary winding is rated at 88kV and above.

Table 3.2 Line voltage magnitudes for a SLG fauit on phase A [1,4]

Transformer connection | Line voltages on the transformer secondarv

vab Vbe Vca
Yy 0.58 10 058
DD 0.58 10 0.58
YD 0.33 088 g.88
XY 0.88 0.88 033

From the tabie it is clear tha! ior a solid SLG fault the resulting fine voltage will be
the smaliest for Y/D or D/Y connections.

The duration of a voltage dip is determined by the speed of operation of network
protection devices and the type of protection empioyed. Also important is whether
the primary protection operates or the back-up protectior.. This has a significant
impact on the duration of dips. Reclosing can cause multiple voltage dips with
varying durations. Factors such as load dynamics and fault impedance further
influence the duration of the dip e.g. re-accelerating plant actually puliing the
voltage down after 2 dip and extending its duration. An example of equipment
affecting the recovering dip is an induction motor.

Tabie 3.2 can also be extended to ‘*he voitage dip types shown in Figure 3.4,
which include hpes of three-phase dips.

Table 3.3 The transformation of three-phase dips [22,23]

Transformer connection | Line voltaces on the transformer secondary
A B C D
YoiYn A B Cc iD
Yy/Dd/Dz A D c D
YiDy/Yz A C D C
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3.32 Unbalances and propagation of voltage dips' phase angle jumg

The occurrence of phase angle jump deserves speciai attention, as this will affect
the performance of certair equipment types. IEC 61000-4-11 describes a testing
protocoi for single-phase equipment. The equipment shall be tested for one or
more combinations of magnitude and duration chosen from the fcilowing list: 0,
40 and 70% magnitude; 0.5, 1, 5, 10, 25 and 50 cycle duration [32]. The standard
could be applied to three-phase equipment by assuming all three-phase voltages
to be equal. This is a gross oversimplification however, as three-phase faults are
rare. The majority of faults in power systems are single-phase or phase-to-phase
faults. Therefore the majority of voitage dips are associated with different
voltages in different phases.

Next to the drop in s voltage, the majornity of voltage dips are associated with a
change in the voitage phase angle. This so-calied phase-angle jump manifests
itself as a change in the instant of voltage zero crossing before and after the start
of the dip. The origin of the phase-angle jump is understood from the voltage
divider model for a voliage dlip, shown in Figure 3 14.

v
lpu o Zf

O

Figure 3.14 Voitage divider model for dip magnitude and phase-angle
jump [22,23}

When the X/F ratios of the source and the feeder impedances are different, the
voltage at the PCC not only drops in magnitusde but aiso experiences a phase-
angle jump. The maximum phase-angle jump is equal to the impedance angle.
The impedance angle ranges from close t¢ zero for transmission system faults, to
-60° for faults on distribution cables [22,23]. The relation betwe .n riagnitude and
phase-angle jump for an impedance angle of -60° is shown in Figure 3.15.

St
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Figure 3.15 Relation between magnitude and phase-angle jump for
voitage dips due to three-phase faults (22 23]

The above calculation uses a single-phase mode! and is thus sirictly speaking
only valid for three-phase faults. To obtain the range of magnitudes and phiise-
angle jumps at the terminals of single-phase equipment, requires a
comprehensive analysis, which is described in [32] The resuits of the analysis
are shown in Figure 3 16, where an impedance angle of -60° has been assumed.
Magnitude and phase-angie jump have been caiculated for single-phase, phase-
to-phase and three-phase faults. The figure should be a basis for testing single-

y 5 8
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Figure 3.46 Range oi magnitude and phase-angle jumg for sinple-phase
equipment [32]




The occurrence of phase angle jump significantly influences the view on voltage
dip testing. It is already accepted that the first stage of voltage dip testing
consists of testing against dips of differert duration and magnitude. This is similar
o the testing protocol described in IEC 61000-4-11. For equipment sensitive 1o
phase-angle jumps, and for systems where large charactenistic phase-angie
umps are io be expected, the effect of the characteristic phase-angle jump
shouid be studied. It is recommended *~ perform tests for 3 number of impedance
angles (see aboveY. 0°, -30° and -60° [32}.

Figure 3 17 shows the phase angle jump for 2 phase-phase type C voltage Cip.

Figure 3.17 A vector diagrams illustrating a typical phase angie jurmp
for a type C voltage dip
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3.4  Voltage Dip Characterisation on the South African Network

The South African national QoS database measurement program has been
running since 1994 and has collected four years of data so far. Dips have been
classified in terms of 2 Y. X3, T.Z dip window, shown in Figure 3.18, as used by
the National Power Quality Regulatory Standard NRS-048 part Il [20]. Although
this type of categonisation is in terms of magnitude and duration, phase angle
information is also recorded in the measurement program

Dip durstion {ms}

Figure 3.18 NRS-048 Dip classification window [20].

The following criteria were used in sefting up the dip window:

» Dips are not classified as single phase, two phase or three p..ase dips. The
minimum voltage magnitude of any of the three phases and longest dip
duration on any of the three phases {the worst case} is used 1o charactense
the voltage dip.

+ Dip magnritvdes below 0.2pu are not regulated by the National Electricity
Reguiator.

+ The 0.6pu dip magnitude has been identified as the level above which all
unprotected contactors drop out




« Dip magnitudes less than 0. 1pu fall outside the definition of dips prescribed in
the standard.

» Duration limits have been established at 15Cms because this represents zone
1 protection and at 600ms because this represents zone 2 protection in terms
of the network distance protection schemes.

« The maximum dip limit of 3 seconds is based on the operating time for auto-
reclosure of the system protection.

e A duration of less than 20ms reoresents less than one cycle on a3 50Hz
systerm.

Faults causing dips can either e singie-phase-to-ground, phase-to-phase or
three-phase events. Ideally each phase shouid be treated separately. This
however makes quick interpretation Jifficult Each area on the scatier plot is
indicative of the effect dips have on customer plant The following could be
indicative of the types of dip events for each area:

X Voltage dips produced by electrically remote faults which generally
do not impact on customer piant operations

S Voltage dips produced by electrically remote faults with a dalay in
network recovery

T Voltage dips produced by electrically close fauits

Z Major system disturbance with delayed network recovery

A measurement conducted at the HV level for a transmission fault will typically
falt n. region X on the scatter piot i.e. remote faults cleared in primar; protection
clearaince tvmes For a fault closer 1o the point of measurement the plotted events
will typically move vpwar.ds on the scatter piot and into region T. As the point of
meacurement moves o the LV circuits the same piotted events tend to move
Jownwards on the sratier plot (T to X elc.) as rotating plant and star delta
transformation reducs the perceived magnitude. Due to th.e inrush however, the
dips are extended in duration and a movement of ploded LV events to region S
on the window will typicaily be seen for HV faults. it is therefore important io




mvestigate both HV and LV to understand the sources . nd impact of dips on an
instaliation

The NRS-048 part 2 serves as a guideline, reguiating the electricity supplier for
ail but Y-type dips. The limits for assessment are shown in Table 3 4, but these
are continually developing in negotiations between the utdity, regulator and

customers and as more information becomes available from the QoS database.

Table 3.4 Limits to a number of voltage dips per year for eac™ category of dip

window {20]
__ 1 2 g 3 I 4 s I s
Number of voltage dips per year
Network voitage range Oip window categnry
{sse Note} s T X ¥ z
6.6 KV to < 44 kV k"] 36 106 150 2
6,6 kV to < 44 kV Rural 69 54 215 314 48
>44KkV 1o < 132 ¥V 2 25 80 120 %
220 kV to < 765 kV 1" 6 4 ] 5
NOTE — The network voltage is not necessarily the voltage at which the customer takes
i supply. It is the voage of the network that feeds the point of common coupling. |

Recently, studies have been done to characterise the voltage dip performance of
the South African network in terms of Lie categories set out in the NRS-048 part
i, as well as in terms of geographical location [5]. An exampie of the results of
this study are shown in Table 3.5 and illustrated in Figure 3.19.

Table 3.5 An example of dip-type distribution on the South African network [5]

Gauteng 12-16 36 30-40 4
Kwa-ZulwNatal | 4-16 613 8085 15
W.Cape 02 1-3 17-19 1-3
_E Cape 5 3 70 2
Free State & N. | 512 6-18 30-50 2-10
Cape

Mpumaianga 10-18 610 4055 57
N & W 11-17 58 50-80 36




Figure 3.19 Average S, T.X & Z dips per annum in South Africa

1t was established that the number of dips measured at sites within regions vary
drastically, hence it is difficult to specify the number of dips expected per dip
class per region. With the available data, absolute differentiation of the number of
dips experienced per region is not possibie. However, it is possibie to compare
region to region, e.g. the Western Cape has approximately half the X class dips
of Gauteng {5].

341 Frequency of occurrence of dips

From a lightning exposure perspective the greater the length of overhead lines in
a system the greater the exposure 1o dips. This means that system
reinforcement which is usually beneficial from harmonic, fault level and security of
supply considerations (availability) worsens the number of dips experienced.
System reinforcement aiso increases the risk of pnmary equipment failure due to

342 Pnase shift during dips
Line to line faults, relatively common on Eskom’s 275kV networks due to the line
configuration and induced flashovers, cause a significant instantaneous phase

shift in the normally balanced 120” spaced voltage phasorr. Phase shifts of up to
30° have been measured.
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35 New Voitage Dip Types under Consideration

Figure 3.20 A voltage dip showing phase angle vanation dunng the
cnurse of the dip (from the Natonai QOS database!

K



An evaluation of phase angle information on the South African national QoS
database reveals many of the phase angie jump phenomena described in section
3.3.2. This is diustrated by Figure 3.20, which is a phasor diagram of a voltage
dip exhibiting this behaviour.

1t was shown in section 3.3.1 that voltage dips are propagated from their source
to other parts of a network through transformers. Most of the voitage dips
recorded by the database wili be single-phase dips because they are measured
on the tfransmission network and distribution network down to 88kV. The impact
of voltage dips on equipment happens at a low voltage level, typically less than
1kV. The transformation process cannot be ignored, espacially with unbalanced
voitage dips.

Voilage dips at a low voltage level were monitored at specific installation site in
Kwazul-Natatl. These dips were evaluated in terms of their phase angle
magnitude. 100 of these dips were recorded The data for this evaluation is in
Appendix B. The voitage waveform was recorded before, during and after the dip
occurred. The maximum shift in phase angle on each phase was recorded. it was
also noted how the dipped voltage shifted in phase from the position of the pre-
dip voitage. The resuit of the analysis is shown in Tabie 3.6

The dip type classifications were named class one to class seven. Discussions
about the results of the evaluation are ongoing, but it was agreed that the phase
angie variation as described by a class two dip, is common. This is supported by
the discussions of phase angle jump in section 3.3.2. Phasor diagrams of a class
two dip is shown together with the faults that may cause such a dip, n table 37

Phase-phase faults (PP) commonly have phase shifls associated with it. if the
fault was bolted at the point of onigin, impedance further up the network will
influence the fault to an extent where the affected phases pull together and
decrease in magnitude. Inductance in-line contribiites o phase shift.
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Table 3.6 Re. uits of an analysis of voltage dips monitored at a selected LV site

| Class1

No phase vanabion

Phase-io-phasge dip

Depth vanation only

Red, white or biue phase could be referenced
Biue-white (BN, red-biue (RB) or red-white
{RW) phases could be dipped

R

ph Ay

i Class 2
| = Phase-lo-phase dip
=  Red whie or blue phase ooudd be referenced

*  Phase vanation (8) & depth vanation on blue-
whiie (BW ), red-tiue (RB), red-white (RW)
phases could be dipped

*  Phase shifl symmetric w rt referenced phase

R

VS -y

Class 3

Phase-to-phase dip

Red, white or blue phase couid be referernced
Phase vanation (8} & depth vanation on blue-
white (BW ), red-biue (RB), red-white (RW)
phases could be dipped

Phase shift syrmmelric w r t referenced phase

| Class 4

e Phasa-lo-phase dip

* Red white or blue phase could be referenced

*  Phase vanatior (8} & depth variation on blue-
white (BN ), red-blue (RB), red-white (RW}
phases could be dipped

*  Phase shift of magniéude (8) for both dipped

phases
* Dipped phases shift ciockwise from their original
positions

R

Class 5

Phas -io-phase dip

Red, while or blue phase could be referenced
Ohase variabion (8 & depth vanation on blue-
white (BW), red-biue {RB), red-while (RW)
phases could be dipped

Phase shift of magnitude {8) for both dipped

phases
orgina positions R

Class 8

¢  Three-phase dip

*  Phase varalion {8} & depth variation

- ;wmdﬁﬁm“m@mﬁe“@!ﬁ
in angle (8}, dockwise from ther oniginal
postions

R
A
-8,

8‘ . ‘w
B‘, ‘“
Class 7.
*  Three-phase dip
s Phase variation (8] & depth variation
* Dipped phases displaced in magnitud - and shift in angle (8),
anti-clockwise from their onginal positions
B‘




Table 3.7 Phase shift variations occurring during a phase-phase voltage dip that
was caused by a phase-phase fault. A phase-phase-ground fault is shown for
COmparson.

in conclusion to the evaluation, it was decided that when phase angle variations
were going 1o be tested for, this type of dip be used for angles up o 30°. Angles
up to 30° on the South African network are common based on recordings taken
during investigations.

Phase shift of the phase waveforms during a voltage dip is under investigation at
Eskom. Voltage dip measurements from various sites in Soulh Africa on the
Eskom network are being used to compile data for evaluation of voitage dip
types. The dip classes derived from the limited monitoring of LV dips will serve as
a reference for the way in which these derivations can take place. Future work on
the intemational front will be monitored.
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4 THE IMPACT OF VOLTAGE DIPS ON PLANT EQUIPMENT

4.1 Equipment Sensitivity to Voltage Dips

Different types of equipment respond differently to voltage dips. Resistive loads

such as mcandescent lamps simply dim or bnghten but continue to function.

Some industrial processes can be particularly susceptible to dips because the

equipment is interconnected and a trip of any component in the process can

cause the whole plant to shut down Exampies of these industries include

plastics, petrocherm: ais, textiles, paper, semiconductor, and rubber. important

loads that can be impacted include:

« Motors, heating elements, and other 3-phase ioads connected directly to the
LV bus.

+ Variable speed drives and other power electronic devices that use 3-phase
power, connected directly to the LV bus, or through an isolation transformer.

« Lighting often utilizes single-phase connections from phase-to-neutrat.

o Control devices such as computers, contactors, and programmabie logic
controliers are often supplied through a single-phase control transformer.

The voltages experienced during a voltage dip will depend on the equipment
connection. Chapter 3 showed that the individual phase  tages and phase-to-
phase voltages are quite different during a SLGF condition on the transformer
primary. Some singie-phase loads will be unaffected and other single-phase
ioads may drop out, even though their sensitivilies to voltage dips moy be
identical. Voltage unbalance is also a concem for motor neating. However, the
rurations of the unbalanced voitages during fault conditions are so short that
motor heating is not a significant concem. Vanable speed diives, however, may
have controls that trip very quickly during unbalanced conditions.

Different categories of equipment and even different brands of equipment within 2
category (e g. two different models of variabie speed drives) have significantly
different sensitivities to voltage dips [31]. This makes # difficult ¢~ develop a
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The ciosest document 10 3 standard is the CBEMA curve of chapter 2 shown
again in Figure 4 1, which was developed by the Computer Business
Manufacturers Associstion {2, 31] This applies primarily to data processing
equipment. The curve shows that the load sensitivity is very dependent on the
duration of the dip. Allowabie dips range from 0% voltage for 1/2 cycle to B7%
voitage for 30 cycles.

CEEMA
-s;% I % E f !
N i i Al
1 [
— A i
. wm - :
P— [ " i g %% E g‘
) ™ n ; - %i
' o+ H
?‘a T ~' % :: ”‘i
! | ey mmaa—— i
. E g »e i
am s © P cw U wel ™
Tawe in Oyuins (90 ) b
ANRSI/TEEE — 5w 4461987
Typice Design Goals of
Pewer-Conscions Computer Mamafachxers

Figure 4.1 The CBEMA operating voitage envelope [31]

While the CBEMA limits suggest a "standard™ sensitivity 1o voitage dips, actual
plant aquipment has a variety of operational characteristcs during vumage dips

4.1.1 inductior motors

induction motor torque is proportional to the square of #s voltage. The full load
torque is usuaiiy designed to be about half of the maximum torque. This means
that # the voltage drops to about 70%, the maximum torque will be equal to the
full load torque. in other words, if the induction motor was driving a full load
before a dip more than 70% occurs, the dip will cause it to stall, since the
machine torgue is now less than the load torque. During a voltage dip, the
induction motor has to draw more current in order 1o supply the same oad as
the motor. To prevent overheating, large motors are equipped with undervoltage
and overcurrent proiection. The typical setting is o ->wveen 70-90% of rated
voitage and for 1-3 seconds.
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412 Motor contoctors and electromechancai retays

Apart from motors, other electromechanical devices include relays, contactors
and solenoids Contactors tend to drop out f the voitage dips to below 50-60% for
one or ~vu cvoies One manufacturer has prowded data that mdicates thew ine of
motor contactors will drop out at 50% voltage # the condition 1asts for longer than
one cycle This data should be expected to vary among manufacturers, and some
contactors can Jrop out at 70% nommal voltage or hugher [31]. Usually a contactor
needs about 80% rated voliage to operate A contactor may be fitted with auto-
reciose feature when the voltage recovers. In the case of a large motor load
aquipped with automatic contactors, 2 new voitage dp may occur when they are
started simultaneousty of soon after each other As a consequernce, the motors
may stali again. Therefore, delays between the starting of large motor must be
ntroduced so that the simultaneous restart of large motor icads does not produce
another signfficant dip

4 1.3 High-inensity discharge (HID} lamps
Mercury lamps are extinguished at around 80% normal voltage and require time

to re-strike {31} A voltage dip that extinguishes HID fighting is often mistaken as
a longer outage by plant personnel.

4 14 Line commutated rectifiers

|
)i
/
O

-

Figure 4.2 A simpified diagram of a line commutated rectifier topology



Tre DC wvoltage is controlled by varying the delay in finng angle of switching
devices such a8 transistors (MOSFET or IGBT) or thyristors {refer 1o Figure 4 2).
Each switch is turned on after 3 particular delay after #t becomos forward biase¢
as the voltage changes its phase The common practice is 10 use a phase-locked
io0p 1o synchronise the finng pulses of the switching devices with the supply
voltage. A voitage dip is caused by 3 sudden introduction of reactive impedance
such as the occurrence of line faults. Therefore, voltage dips are usually
accompanied Dy a sudden rhange n phase angie The phase locked loop needs
time to adjust to the sudden change of phase and misfinng resuits. Furthermore,
voltage dips are usually caused by unualanced faults, such as singie line 1o earth
faults, and therefore cause phase imbaiance, i e the phase differences are no
longer 120° apart. The ermror in firing is compounded by phase imbalance (see
chapter 3}. Incorrect firing of thyristors may lead to damage to the rectifier and
therefore some converters are equipped with protection that trips in case the

415 Uncontrolied retifier

AC/DC Converter
T Y
| i

Figure 4.3 A simpiified diagram of an uncontrolied rectifier topoiogy

Uncontrolied rectifiers {refer tn Figure 4.3) do not have the finng problems
associated with line commutated rectifiers. in the rectifier-inverter arrangement of
2 variable speed drive, 2 DC bus capacitor is installed between them for input
filtering 10 the inverter. If during a dip the capacitor discharges such that the DC
bus voltage is significantly lowered, during voltage recovery 1o normal, the
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the power switching devices of the rectifier For protection, a DC bus
vwiervoilage relay is usually used

416 Vanabie sneed drives

Some drives are designed to ' de through voltage dips. The nde through ime can
be anywhere from .05 sec t 0.5 sec, ohviously depending " the manufacturer
and modei. Some models of 0w manufacturer monitor the AC line and tnip after a
voitage dip 1o 90% of normal vouage is delected for 50 ms. Manufacturing
industries mainly employ two types of drive - namely the induction motor drive
{AC drive) and the DC drive. An AC drive empioying a voltage source inverter
uses an uncontrolied rectifier to produce the DC voitage, which then supplies the
PWM (or stepped) inverter. As an altemative, the rectifi- can be line
commutated. A typical DC drive uses 3 phase-controlied rectifier. As can be
deduced, the voltage dip tolerances of these drives are very much influenced by

4 1.7 Energy storage

Rotating machines have a kinetic enefgy storage capability given by la’, where |
is the moment of incrtia and « is the radial velocity. The kinefic energy stored
enables thi: machine 10 remain unaffected by fast transier .t events.
Capacitance stores energy according top the equation %2CV°, where C is the
capacitance in Farads and V is the capaditor voltage. In 2 simple passive RC
circuit, where the 10ad is connected paraliel 10 the capacitor, the voitage across
the load changes according 1o the equation V™™= V™ + (V™. ™) *R¢

This can be interpreted as the capacitor holding the voltage to the oid vak e and
having 3 hold-up period as a functon of e time consiant RC. increasing C
therefore increases the hold-up penod.

418 Programmable logic controllers (PLC's}

Ths is an important category of equipment for industrial processes because the
entire process is often under the control of these devices. The sensitivity to




voitage dips varies greatly but portions of an overall PLC system have been
found to be very sensitive. The remote VO units, for instance, have been found o
trip for voltages as high as 90% for a few cycies [28].

As can be seen from Figure 4 4, the AC bridge of the supply is an uncontrolied
rectifier. Since the load most probably may not cause an overcurrent after a dip
such as in a VSD the power supply is quite robust. The voltage hold up during the
dip is very much influenced by the size of the DC canacitor.

3}
i

3
|
5 3 ‘,ﬁ

BLL Powes
Supply

Figure 4.4 A simpiified diagram of a PLC, PC and proximity switch power
supply 31}

in a PLC, a line dip or interruption may cause a Normaily Closed (NC) switch,
which is not actuated, to change to its OFF state. An actuated nomally open
{NO) switch may likewisa change to its OFF state duri g a voltage dip.

The proximity switch (figure 4.4} has a good voitage dip tolerance. The
magnituoe and duration of the dip affect the input state. In a proximity switch, a
Normaily Ciosed (NC) proximity switch may change to its OFF state. Conversely
a normally open {NO) proximily switch may ‘ikewise, change te its OFF state.

A voitage dip may aiso cause an error in digital logic. A proper co-ordination
should be designed such that no inadvertent machine operation ocrurs during
fine disturbances.
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4 1.9 Summary of equipment dip sensitivities

The dip sensitivity range for some types of aquipment is shown in Figure 4.5 and
presented in Tabie 4.1 with the durations of fault induced voltage dips alsu
indicated. The wide range of dip sensitivities underlines the importance of
working with a manufacturer 10 make sure the equipment can work in the
environment where #t will be used and to develop specifications based on realistic
power sysiem conditions [31]. It is important t0 recognise that the entire process
in an industriai plant can depend on the sensitivity of a single piece of equipment.
The overall process involves controls, drives, motor contactors, robotics, etc. that
are ak integrai to the piant operation. This can aiso make it difficult to identify the
sensitive piece of equipment after the entire process shuts down.

L I

A T
VOLTAGE | } ~ - StorvRD,
rE

=

G99

.ITT‘!T""Y"!I!I!

3 1 zx »
TIME [CYCLER

Figure 4.5 A range of equipment sensitivity to voltage dips [31]

Table 4.1 A summary of plant equipment sensitivities [31]

Equipment Type Min. Voitage [%] | Max. Duration [ms]
"Variable speed motar v.ah electronics 85 10 n
Electromagnetic relays and contactors 50-80 15-40

Ferruresonant transformer fed sensitive load | 50 05

PLC VO device 9 20

Process controfier 70 8

Off-the-shelf personal computer 15070 80-160
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4.2  Th=: Variable Speed Drive and its Environment

Proper evaluation of the variable speed drive inciudes discussing its environment
in the plant. The discussion starts with voltage dip sensitivity and moves on to
discussing drive types and functionality.

421 Dip sensitivity applied to variable speed drives

The equipment sensitivity presente 3 in a2 CBEMA curve, uses dip depth
{expressed as % of nominal volfage) versus duration (expressed in cycles or
seconds). This was extended by proposals of the National Equipment
Manufacturers Association {(NEMA) subcommitiee seven {o divide drive
sensitivity info regions [27] {shown in Figure 4 6}
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‘Weoltage Dip Lurabon (cycies)

Figure 4.6 A range of equipment sensitivity to voltage dips
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These regions can be described as foliows:

¢ A No degradation of performance

» B degraded performance, but drive still has control of the motor current

e C: drive shutdown with possible restart, but drive has no control of the motor
current

Three sub-areas are identified for region C:

« C1: synchrenous restert (an inverter can start up the motor at the same
speed)

s C2: Non-synchronous restart (an inverter restart may perturb the desired
motor speed profile)

« C3: No restart {(must be manually started)

422 Funclions of variable speed drives

in a general sense, we can say that a motor drive is an apparatus that: a)
transmits motion, or b} supplies the motive force tc a motor in such awayasto
control its speed. These controis may be as simple as a variable pulley or as
complex as a microprocessor-based VSD. The most common variable speed
drive methods are the following [6]

o Mechanical drives

e  Hydraulic drives

e  Direct current drives

e Eddy-current drives

e Mutlti-speed and pole-amplitude modulated motors

s Electronic variable speed drives

From these six types, the Iast one is becoming increasingly a preferred method
thanks 1o the advances in semiconductor technology and is the focus of
" ons.

So, in summary, it can be said that the function of a vanable speed drive is to

controf the speed of a molor by varying the magnitude of one | its controliable
variables such as voltage, cumrent, or frequency.
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423 Types of vanable speed dnves

The method used to vary the speed will largely depend on the type of load the
drive is going to have. Since these isads have some sort of motor, either AC or
DC, # is reasonabie to make a dnve classification based on the type of motor
Severai drive classifications have been proposed in the past, some based on the
type of the semiconductors (Figure 4.7}, others based on the control strategy
used in the drive. There are many other classifications e g., stand-aione drives,
regenerative drives, coordinated dnves, and Programmabie-Logic-Controller
(PLC) controlied drives, eic

SN —— S Corpulins st
GVC e Qg Tt 238 Dogetmans
L !

Figure 4.7 Semiconductor based drive classification [6,
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Motor drives can be classified, based on the type of motors. mainly in two
categories: DC Drives and AC Drives.

DC drives:

DC drives can be divided into those using phase-commutated converters and
those with chopper control. The phase commutated drives are further divided into
single and three-phase drives, as well as into those that provide motoring only
and those £zt can regenerate back into the AC supply during motor braking. in
this mode the motor 2cts as a generator {with negative induced voilage) and the
converter acts as an inverter, so that mechanical energy stored in the inertia is
converted to electrical energy and pumped back to the AC source.

This regenerative mode of operation becomes important when the system
application requires of the drive o accelerate and deceierate frequently.
Regenerative UC drives are aisc known as two-quadrant drives because the
reversal of the motor voltange produces a reversal of the power fiow. A second
bridge converter can be connected in anti-parailel 5o that the dual converter can
control the machine in all four quadrants {(motoring and regenerating in both the
forward and re serse directions).

Although DC motors require simple power converters and are easy o oontrol,
their construction is more compiex and thus more expensive than that of a
comparable induction motor due to the commutator on the rotor. The commutator
also limits the motor maximum speed and restricts the environment in which DC
drives can be applied.

AC drives:

AC drives, characterised by AC currents in the stator, can be divided according to
motor or converter type. Motor type classification is more common and
essentially consists of two groups: synchronous drives, where the rotor moves in
synchronism with the stator field and induction {asynchronous} drives where
there is a slip between the rotor and the stator field.

The syncnronous motor group is growing, due to a continuous addition of new
motors, most of which are still in the experimental stage. in addition 10 a division




of single-phase (of small ratings for low-power applications) and three-phase
motors, the synchronous group can be further subdivided. in VSD appiications,
alt members of the synchronous group nommally need to have some means {such
as rotor position feedback, for exampie) for synchronising the rotor with the
inverter fundamental output frequency, that is, with the stator fieid This s a
seripus application disadvantage, which expiains the overwhelming ndustry
preference for induction moiors.

The other category of AC drives is the induchon motor drive. Although mnduction
motors represent today over 99% of all AC motors, which draw power from AC
lines, their further division is simple — into single- and three-phase motors. Since
induction motors tend to dominate the market. manufacturers have come up with
a great variety of drives 1o satisfy the industnal 3as well as the residential
consumers. Thus, for induction motors and synchronous dnves as weill, VSDs for
AC motors can be further divided into the following main types.

Voitage source inverter (VS!) drives: These drives have a contrciled (thyristor)
rectifier which regulates the DC voltage, and a capacitor as the DC iink which
provides a constant DC voltage to the inverter sectiun, hence its name, Volitage
Source inverter.

Current source inverter (CSl) drives: These VSDs aiso have a controlied
(thyrisior) rectifier and are charactensed by a targe nductance in the DC link,
which provides a constant DC current to the inverter, hence its name Current
Source inverter.

Puise-width-moduiated (PWM) dnives: Puise width modulation is a technique that
can be used to controf the output voltage and/or frequency of the drive. Thus, in
addition to the original control methods used in the VS! and CSI drives, both of
these dnives can be found with this type of speed control. Most PWM-VSI dnves
are found in ranges below 100kW . Furthermore, thanks to new advances in
power electronics, which has aliowed for the development of a great variety of
VSDs, each one of them further divides into more types.
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VSDs consist mainly of six parts (Figure 4 8y

Rectifier or converter circuit,

DC fink with a filter,

Inverter circuit,

Controi signails from the operator (from two or more kpobs or an alpha-
numeric membrane pad}, or from the plant controller {as anaiogue input from
a potentiometer setting or as digital reference via a serial interface).
Feedback control signais from the motor, which may come from signal
transducers attached or connected to the motor.

Vit cmentr} RECTIFIER OC LINK INVERTER pememep Poyt

CONTROL PROCESSING CIRCUITRY

Figure 4.8 Simpiified block diagram of an AC variable speed drive [6]

Circuit configurations: VSDs differ in the method of DC to AC power inversion
and in control technigues. The main methods used to date are the following: the
VS, the CSi, and the PWM. A simplified block diagram for these three main
types of VSDs is showr: in Figure 4.9,

Features: The features of the main VSDs of figure 4. 10 are many, however, for
an exampie of some of them see Table 4.2, which shows a3 compilation of several
key VSD features.
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Figure 4.8 Basic circuit configurations of the main VSDs [6]

Table 4.2 Some Features of the induction Motor VSDs (ip — low power
applications; hp — high power applications} {6}

FEATURE VSt CSst VWM
Rectifier device SCRs hp: SCRs ip: diodes, hp: SCRs
DC link device LC fiter L fiter LC fiter
Irverter device ip": ransistors, hp: SCRs fp: transistors,
np* GTOs, SCRs np: GTOs, SCRs
Tomue control Voltage & Current, Currert, Voltage, &
Frequency Voitage & Freq. | Freq.
# of Motors Many Singie Many
Motor impedance | Independent of t is matched independent of
Power Factor Low 0.90s Low 0.90s High 0.90s
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Benefits: The main benefit from VSDs is their energy performance. In some
cases, VSDs can reduce energy requirements by 30-50%, while minimising wear
and tear. This feature alone makes them very attractive to consumers. EPRI [6]
lists five other benefits:

o improves System efficiency

e  Improves equipment refiability

+ Enhances product quality and reduces product waste

s  Reduces the noise level

e Saves space

Applications: There are four dominant areas where VSDs are being used pumps,
compressors, fans and blowers, and air conditioning units. Furthermore, the use
of drives in fans can aiso be divided into two primary areas: commercial and
industrial. Commerciaily, they can be found, for exampie, in vanable air volume
For a summary of the relationship between load types and their apgplications,
Tabie 4 3 illustrates several exampies.

Table 4.3 Load types and applications {6}

Load Types Applications
1. Constant T, 1. General machinery, hoists, conveyors, printing
Hp varies as the speed. press, etc., represent 90% of applications.
2. Coastant hp, 2. Meta! cutling tools operating over wide speed
T varies inversely as range. Extruders, mixers, machines where
speed. operation at iow speed may be continuous.
3 Hp varies as (speec)’, | 3. Positive displacement pumps, some mixers,
T wvanes as speed. some extruders.

4. Hp varies as {speedy, 4. All centrifugal pumps, some fans and biowers.
T varies as (speed)’. Note® biower and fan power may vary as the 5th
power of speed.

5 High-inertia loads. 5. Machinery using flywheels to supply most of
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4.3 The impact of Voitage Dips on Variable Speed Drives

General discussions about the sensitivity of VSDs to voitage dips in previous
8 ttions are adequate as an overview, but more discussion is needed to describe

431 The impact of voliage dips on CSi drives

sensitive to dips of 10% (30% for more robust drives ) magnitude [1].

A current source inverter is one in which the load current cannot change rapidly .
This is achieved through the incorporation of a series inductor us the DC link.
Varying the input AC voltage to the inductan.2 controls the icad current change.
CSl inverters are rugged and, due to sizing of the DC link inductance, ~an limit
the short circuit currents thereby obvialing the need for fuses o protect inverter
components.

A simpiified circuit using SCR's is shown in Figure 4 0 beiow.
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Figure 4.10 Simpiified circut diagram of a CS! variabile speed drive



The output voitage waveform. generated by the back emf of the motor, contains
spikes caused by SCR commutation. To change the frequency of the motor, the
conduction time of each SCR is altered as shown in Figure 4.11 beiow.

Motor Line % Neutrsl Current

D = N
‘ii/g

Micine Linse VoRegs

VaN

~_

Figure 4.11 The output waveforms of a CS! vanabie speed drive

Balanced voltage dips are of lesser concem 10 £S! drives as there is no DC bus
voltage to support. However, unbalanced voltage dips such as single-phase dips,
phase-to- phase dips and dips with sudden phase angie changes (phase angle
jump) may cause problems for the drive’s line commutated front-end. Firing angle
disruptions au.  nisfires may result — so called commutation failure. This is more

CSi daves may suffer from commutation failure if

o Thereis a sudden drop in magnitude of the input line voltage

«» There is a sudden change in the phase angle of the supply voitages during a
voltage dip

 The input line voltage is distorted by transformer energisation and capacitor

if no commutation failure occurs, CSi drives are more robust because of their DC
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432 The impact of voltage dips on DC drives

Historically DC machines have been used in VSD applications whereby the
torque is controlled via the anmature current and the speed via the field cumrent.
Efficiency, brush and commutator wear, have been the major reasons for
movemeni away from them.

DC drives may trip for single-phase, phase-phase and three-phase voltage dips
of greater than 10% magnitude [29]. Voltage sensing for under-voltage protection
is usually cn the AC supply, but may be on the DC bus as well. The sensitivity is
3 function of drive speed and rated icad when the dip event occurs. Generally
higher speed and larger load results in smaller adjustrment margins for firing
angle. Therefore the drive decelerates. On the other hand, lesser speed and joad
results in greater margins, more room for adjustment by the controller and hence
a lesser effect on the speed of the drive.

Another situation may occur where the thyristor firing pulses are blocked during
the dip. If the drive is not tripped or shut down, the motor speed reduces
significantly. This rate of deceleration is a function of the loading and the motor
inertia. When the voitaye recovers and the drive re-accelerates, a large current is
drawn from the supply that may cause a seconday voltage dip. This is especially
true if the AC systemn is weak and the motor requires a high acceleration torque.
The amount of current dravm by the drive will depend on the drive’s control gains
and algorithms used for re-acceleration. The secondary dip may cause instability
of the drive and of other loads in close proximity.

As with CS! drives, unbalanced voltage dips such as single-phase dips, phase-to-
phase dips and dips with sudden phase angle changes (phase angle jump) may
cause problems for the drive’s line commutated front-end. Firing angle
disruptions and misfires may result - so calied commutation fadure. A targe motor
armature current will flow given the low AC supply impedanca, resulting in a large
braking torque and severe mechanical stress te the coupling.




DC drives may suffer from two types of commutation failure:

»  Armature fault current flows through the thynistor front-end and the AC
supply (see Figure 4 12},

»  Armature fault current fiows through the thyristor front-end (Figure 4.13).
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Figure 4.12 Commutation failure — DC current thwough AC supply
transformer {1, 29]
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Figure 4.13 Commutation failure — DC current through thyristor stack {1, 29]
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433 The impact of voltage dips on PAM drives

A voltage source inverter (VSH) is one in which the dc input voltage is essentially
constant and independent of the ioad current drawn. They are characterised by
the use of capacitors in the dc link. Voltage source inverters require built in fuse
protection for the inverter 10 protect against intemal and iine faults. PWM drives
are a type of VS| drive. VSI drives can also have a stepped inverter circuit (e.g.
six pulse as shown in Figure 4.14). The silicon-controlied rectifiers (SCR) are
switched in sequence 1o produce a six-step, three-phase voitage wave for the
motor. By altering the conduction times of each SCR, a variable frequency output
is produced in order to maintain the constant voits-per-hertz to the motor as
voitage is altered. The output waveforms are shown.
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Figure 4.14 A six step VS! VSD and its output waveforms
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The PWM technique can be appiied to both CS1 and VS! inverters. By varying
both the number of pulses and their width during each half-cycle, precise motor
speed control carnt be achieved. Figure 4 15 below shows the output waveform of
a VS drive. This type of PWM drive wili be the focus of discussion.

Valmge

AT

Figure 4.15 The oulput waveforms of a PWM VS drive

Where high-speed responses without speed oscillations are required, vector
controt is used. This involves a complex machine response model and integrated
control. if regeneration back onto the power system is required, for purposes of
braking or energy efficiency reasons, the CSi with SCR front end is well suited.
With PWM and VS! inverters, an additional front end as shown in Figure 4.16
below is needed.
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Figure 4.16 A simpiified circuit diagram of a3 four-quadrant drive




For AC line faults or phase skhifts, short circuits between phases in the converter
can occur {simuitaneous SCR conduction). The dc link capacitor is then shorted
through the SCR’s with consequent damage uniess fuses are incorporated.

PWM drives are the most common type of drive topology found, especially in
smaller drives, in industry. PWM drives mantain a constant DC bus voltage and
has a capacitor fitted to aid this. A voitage dip does not allow the converter to
maintain the constant voitage. PWM dnives have undervoitage protection on the
DC bus. For most drives, this trip point is set between 50% and 85% [28]. Higher
load power levels will have shorter RC time constants and the DC bus will
discharge more rapidly. Drive manufacturers fimit the DC bus capacitance to
reduce costs and packaging requirements. While under load, the DC bus voltage
will track the source voltage because the DC bus capacitance is imited.

load has discharged the capacitors down to the source voitage level. The rate of
discharge is therefore a function of the load power and the DC bus capacitance.
The DC undervoltage trip point determines how the drive reacls to a dip. The
longer the discharge on the DC bus, the longer the motor and load will continue
to operate. Thus, from a manutacturers point of view, the duration of the dip is not
as important as the remaining source voltage. No matter how long the dip lasts,
the DC bus will continue to charge to the peak of the remaining source voitage.

A pre-charge circuit is used to charge up the filter capacitors during power up.
Whatever specific technique is used, the aim is always 10 charge the capacitors
from OV 1o the full DC voltage, while limiting the current. After this process is
compiete, the pre-charge circuit is disabled. This unplies that a voltage dip can
result in 2 high re-charging current when the voltage is restored to normal if the
pre-charge circuit remains disabled during the dip.

Three-phase dips are of most concem for PWM drives, however single-phasing
causes more ripple on the DC bus, causing motor current fluctuations and
instability. The line currents will also increase on the two healthy phases,

res lting in possible fuse operation.
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During deep voltage dips, the drive’s DC bus voltage will drop significantly When
the voltage recovers abruptly, it is associawed with a large inrush current. The
peak of this current can be three or more time the peak full load current, but is
limited by the source anpedance. Small drives are very susceptible to damage
due to high inrush currant. The drive, drive controis and the process may survive,
but the input protection fuses may blow. Sometimes only one of the three input
fuses will blow. This results in a single-phasing condition, causing overcurrents to
exist when the drive is significantly ioaded. Two phases must carry the burden of
charging the DC bus. Serious rectifier damage will occur when sustained
overcumrents are drawn by the DC bus capacitor.

For most PWM drives, the DC bus undervoltage trip point would not be reached
for a single-phase dip, even when the phase-neutral voltage goes down to 0V,
The DC bus voltage remains above the undervoltage trip point when one phase-
phase voitage remains at 100%. Most likely, if 2 PWM drive trips during a single-
phase dip, it is because of another reason, such as the drive interface and its
circuits. This is discussed in the next section.

More voltage dip sensitivity testing have been o 2 for PWM drives than for other

drive types. Results from these tests show %t

+ Drive loading at the time the dip has a significant effect on the ride-through
capability of the drive.

+ The drives of different manufacturers have significantly different ride-

+« Three-phase dips a12 significantly more severe than single-phase or phase-
phase dips.




434 The impact of voitage dips on the drive interface [28]

Drive cordrol transformer:

Early versions of AC drives derived control power directly from the AC line
(Figure 4.17 _ This resultad in logic circuit disruption during voitage dips.
Sometimes the DC bus undervoitage sensing circuitry would be supplied in this
way, which meant that a shut down command was the result of a low transformer
secondary voliage and not a low OC bws voltage. A single-phase dip that wouid
otherwise not have affected the drive could now cause an unnecessary trip. in
newer drive designs, the control power is derived from the DC bus using a
switch-mode power supply. The advantage is that the DC bus capacitor voltage
cannot change instantaneously. The DC-to-DC converter may itself have some
capacitance at its output, providing more dip ride-through support.

Controt Power and Voltage

Figure 4.17 A simplified circuit diagram of a drive control transformer scheme

From the figure, the following can be said:

« A dip on phases A and B will reduce the secondary transformer voitage.
s A phase-phase dip wouid depend on the combination of phases. Phases A
and B would be the worst case. Other combinations have a lesser effect.

* A three-phase dip would be the same as the worst case, no matter which

phases it was powered from.

Dip mitigation can be done by conditioning of the input voitage, either with a

constant voltage transformer or 3 UPS . Other issues should be considered,
however, such as timing circuits and control inrush current.
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Dnive interface circuits:

Many drive installations require the presence of a line-side contactor. The
problem with these contactors is that the contactor may be more sensitive to
voltage dips than the drive itself. For exampile, a contactor, upstream from a VSD
may drop out for 3 single-phase dip that a drive could have survived. This causes
a three-phase interruption 10 the dnve. if the contactor drops out at say 65% of
nominal and the drive trips at 45%, the ride-through of the entire system is
analysed. if a DC undervoitage was the cause, the presence of a line side
contactor shouid be investigaterd. Single-phase conditioning of the contactor may
be the answer. However, the issue is thai the contactor increases the sensitivity
of the systemn. it would be easiest to consider not using such a control scheme.

Start/stop circuits are aiso additional sources of sensitivity. Modem VSDs are
controlled in a variety of ways, from reiays to PLCs, using different logic
schemes. One should be aware of the control scheme and whether latched

interface circuits using PLCs:

PLCs are often used to provide the signais for drive controis. The outputs from

PLCs can either be discrete {e.g. relays, tnacs) or analogue (e g. speed, torque).

A few basic rules shouid be observed when dealing with voitac e dips:

¢  When the PLC power supply voitage falis beiow 2 trip threshold, the PLC
shuts down. The PLC outputs will be shut off or opened.

* A voltage dip may cause the PLC to sense a change in input states and
mistakenly change the state of the outputs.

s f the power for analogue signals is dedived from the PLC power supply, the
outputs may change during a dip resulting in the incorrect feedback signals.

« Usually, the power for discrete outputs is derived from an axtemai power
supply, which may be affected by the voltage dip. This couid change the
apparent state of the outputs.

e The inpuVoutput (O) racks local to the PLC are usually powered from the
PLCs power supply. Remote VO racks are powered from their own power
supply. This power supply can be a weak iink and allow corruption of the
PLC output signals.
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435 The influence of programming features on voitage dip ride-through

Solving VSD voliage dip trip-related problems requires a system-wide approach.
All aspects of drive interface susceptibility should be ruled out of proper power
conditioning shouid be applied before focusing on the VSD dip ride-through.
Assuming ali necessary stens hao been taken to immunise the edemal circuits.,
the drive progim.anming features will d termine the ride-through performance of
drive applications. Some of the ma n programming features used by drive
manufacturers of PWM AC drives o minimise voltage dip impact, are discussed.

Undervoltage trip point:

The manufacturer will set minimur. operationa! requirements for the DC bus

voltage before deriding on on ur.dervoltage trip point. When the voitage reaches

that point, the programming priontises prevention of damage to the drive, motor
and process. The following may be reasons for a DC bus undervoltage trip point:

e Many manufacturers use a switch-mode power supply 1o provide power to
the iogic control circuits. This voitage must be adequate for the normai
control operations eise the power supply must cease its operation.

e  The drive must never be cut off from its control equipment. Some industrial
processes must restart immediately after a dip to prevent compromising
worker safety. An undervoitage trip pont is set well above the minimum
operating voltage of the power supply, preventing loss of control power.

+ The drive must discontinue operation of the motor and load to reduce
current inrush dunng dip recovery. A pre charge circuit may be used to limit
this current. input line reactors may aiso be used to limit the current.

Automatic reset and restart:

Automatic reset features allow drives to automatically reset intemnal fault
conditions generated by software protection. Aithough protection features are
designed to protect the drive, motor and load, they also prevent the drive from
continuing operating. Some AC drives permit the user to disabile specific fault
congditions o prevent the drive from tripping and shutting down the process. itis
advisable to contact the drive manufacturing before this is done. The drive may
attempt to restart the motor when fault conditions have ended. This aliows the
user to set the number of times the drive atterpts to restart.

87




Non-synchroncus restart:

Processes that do not require speed and torque regulation will benefit from a
motor and i0ad. which are allowed 10 coast The output torque of the motor drops
to zero and the speed reduces. The system decelerates as a function of the
system inertia and ioad forque. Systems with higher inertia will take longer to spin
drive is programmed to start the motor at a pre-programmed ctarting frequency or
at the last pre-dip frequency. The motor accelerates at a ser /amp-up rate. if the
drive resumes operation of the motor starting at a3 frequency that is significantly
different to that of the mvor, large torque and speed tfransients can be induced
on the motor and ivad. This is more so ¥ the system has 3 high inertia.

Non-synchronous time-de‘ay re starn:

Some applications require a sig “ificant speed reduction or a complete system
reset before it can be restarted. This includes high inertia loads such as
synchronous time-delav restart is used 1o restart these applications after a pre-
programmed tin.> interval

Processes that can tolerate significant speed and torque deviations are suitable
for this strategy. When the DC bus voltage recovers 10 its trip point, the drive
performs a flying resiart to determine the actual speed (frequency) of the motor
and accelerates the system back to its ongina! operating point. The speea
change depends on the duration of the dip, the system inertia and the load
torque. This appg cach never actively allows the system o come to a halt although
this may still happen. If the system stop., the situation is the same as fora
normal synchronous restart The aigorithms used by different manufacturers are
differer.t, some being more accurate than uthers. Therefore, process engineers
restart options.
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Synchronous ride-through for single drive applications:

There are distinct differences between synchronous and non-synchronous nde-
through. In this strategy, the drive never loses control of the motor and load A
method called kinetic buffening is used to hoid the DC bus woltage above the
undervoitage trip point regardiess of the dip depth  Kinetic buffering uses the
system inertia to boost the voltage of the DC bus The drive therefore uses the
motor as a generator

The drive dynamically brakes the motor by adjusting its output frequency to be
less than that of the motor. The dilference in frequency determines the magnitude
of the appilied braking force. Higher braking forces result in higher DC bus
voitages. Systems with high inertia will expenence less speed cnange because
they have more stored energy. Since the drive operates the motor as a generator
and absorbs energy from the load, the energy drawn from the DC bus is
significantly reduced. The switch-mode power supply is the largest remaining
load to discharge the DC bus. Thus, the braking force required to keep the DC
tus above the undervoltage trio point is small. The load consumes most of the
stored mechanical energy to sustain its rotation

When the DC bus voltage recovers to the undervoltag~ trip point, the drive
accelerates the motor and load back to their original operating point based on a
pre-programmed ramp-up rate. Processes that require continuous control over
motor and load or have significant inertia will benefit from this strategy. Because
the DC bus voltage level is maintained at a higher level, inrush currents will be
less and rectifiers and fuses less likely to be damaged. Again, not all
manufacturers have the same aigonthms, as with flying restart aigorithms.

Synchronous nide-through for common DC bus applications:

Some industrial production lines use VSDs at several positions throughout the
process Thece dnive are often connected to a common DC bus where a large
rectifier and capacitor bank serve many dnves. Processes that are extremely
vuinerabie to speed and torque changes between positions as found in the pulp,
paper and textile industries, benefit from this strategy. Any significant speed and
torque changes from one position to the next can result in breakage or stretching
~f the product.
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Since all the drives detect the same DC bus voltage, they will respond at the
same time. These drives are usually programmed to foliow pre-programmed
deceieration and acceleration rates when the DC bus voitage drops and
recovers. Process speed and torque changes, but there will only be small
differences in positions. it its less likely for the product 1o be damaged and the
Process can continue to operate without production delays.

Summary:

The acceleration rate {ramp-up), deceleration rate {(ramp-down), current limit, and
torque limit are all very important programming features to consider when
applying ride-through features. Incorrect settings are dangerous for ali
equipment, product and operators involved. Most of these features revolve
around the undervoltage trip setting of the DC bus voitage. Recently \C drive
manufacturers provided software revisions for their products, making it possible
to change this setting. Drives and processes will be able to ride-through longer
and deeper voltage dips. However, the dangers associated with changing this
setting as discussed in this section, shouid be kept i mind. There may be other
drive programming features that become available from time to time. Without a
full understanding of these, it is always recommended 1o verify them with
manufacturers.

4.36 AC drive voltage dip ride-through altematives

Programming features are not always sufficient in solving voltage dip trip
probiems for some AC drive applications. Another approach is to provide
additioal support to the DC bus of the drive. There are many different mitigation
options for AC and DC drives, the discussion of which is beyond the scope of this
report. Several publications discuss these in more detail [1,4,28 29]. However, to
maintain the relevance to the subject of this report, some of these wili be
mentioned brefly. All of the approaches are attempts to support the DC bus
voitage to prevent falling of the DC bus voltage to below the undervoltage trip
point. These methods are included in the discussion because their application in
the taboratory for voltage dip testing is possible and have in fact been done
aiready 128].




Additionial DC bus capacitors:

Additional capacitors on the DC bus increase the energy storage capability of the
drive. The amount of stored energy is directly proportional to the *otat DC bus
capacitance. This is true for singie drive applications as well as common-bus
applications. The capacitors are sized according to the necessary ride-througn
time and energy requirements of the ioad. The size of the capacitor bank is an
issue for most applications. Therefore space requirements should be considered
when applying this ride-through technique. It is easy 1o implement this ride-
through option in the laboratory.

Additional DC bus capacitors should not be used for applications requiring ride-
through during long duration voltage dips. They are simpie to impiement, but
costly at the same time. Their maintenance requirements and performance during
short voltage dips make them attractive for low power applications.

Boost converters:

A boost converter (Figure 4.18) is a DC-DC converter that boosts one DC voitage
ievel to a higher output DC voltage levei. A boost converter draws power off the
AC supply and its output connects directly to the DC bus of the drive circuit. The
components include an SCR, an inductor, a diode, filter capacitor and an IGBT.

@
e

A
ACsuppiymm;af DC motor armature
star secondary

Figure 4.18 A simplified circuit diagram of a boost converter [28]
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When 3 drive’s DC bus voltage drops to a pre-selected limit, the boost converter
operates. attempting to maintain a censtant DC bus voltage. It does this with
energy stored in its inductor. Otherwise it is idle. Two modes of operation are
determined by current flow through the inductor. The converter controls establish
a hysteresis band for the inductor current. in the first mode, the IGBT shont-
circuits the inductor across the rectifier during which the inductor charges off the
rectified dip voltage. When an upper current limit is reached, a second mode
begins during which the IGBT opens and the inductor discharges info the filter
capacitor and the drive’s DC bus. if the inductor current falis to the lower limit, the
cycle repeats until the DC bus voltage recovers from the dip.

There may be a point when the remaining voltage during the dip is not enough to
allow the boost converter to maintain the drive’s DC bus voitage. The boost
converter then discontinues its operation. This can happen during deep dips
{>50%), uniess the boost converter is de-rated.

Boost converter with energy storage capacitors:

Additional capacitors extend the function of a boost converter (Figure 4.19). The
boost converter operates after the energy storage of the capacitors is depleted.
The extended ride-through depends on the amount of capacitance and the boost
converter wiil shut down if the remaining voltage falls below the lower limit.

AC/DC Converter inductor
I IYTYTY ™S g

A A T
Three-Phase
AC Sueely B == Energy jt( —4c =X=c
) ) mar i
553 o
AC supply transformer DC motor armature
star seccndary

Figure 4.19 A simplified circuit diagram of a boost converter with
additional capacitor storage {28}
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Summary:

A comparison was done [28] to compare the three mitigation options discussed in
combination with a Shp, 460V PWM AC drive {Figure 4.20 and 4 21). The option
without mitigation is also shown. Two types of drive trip conditions were set. One
of these is a speed trip condition, defined as a speed change greater than 5% of
nominal full load speed (in this case 1740 rpm as the test was done in the USA).
The other is a torque *rip condition, defined as a torque change greater than 5%
of nominal full load torque {10.5 Nm). A constant-torque load type was used in
both cases.
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Figure 4.20 Speed trip points at various load leveis for 3 PWM drive with
and without ride-through options for 30 cycle {at 60 Hz), three-phase
voltage dips {28]
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Figure 4.21 Torgue trip points at various load levels for 3 PWM drive with
and without ride-through options for 30 cycle {at 60 Hz), three-phase
voltage dips (28]

As a final guideline for users of PWM AC drives, the foilowing should be checked
to improve drive ride-through during voltage dips:

1.

Determine the requirements of the process application to know the amount of
ride-through required.

Examine wiring diagrams and schematics for interface circuits that couid be
sensitive o voltage dips and could be improved with power conditioning.
Consider power conditioning from the drive’s control transformer, especially if
it is powered from the AC line.

Consult the manufacturers of the drive and process equipment o discuss the
programmabie restart options that may best suit the application and how to
determine the best settings.

investigate the possibility of adding voltage dip mitigation, e.g. DC bus
supporting options for critical processes



5 A TEST PROTOCOL FOR VOLTAGE DIP TESTING

The reason for a test protocol for voltage dip testing is to establish a set of rules
that are consistent for all similar tests undertaken locally (in South Africa) or
internationally. By using such a protocot! i will be easier o compare results from
tests conducted at different test facilities. These comparisons will also have a
more sound foundation. Where conditions, standards and the understanding of
the processes involved are changing, these changes wil be more thoroughly and
efficiently implemented using a protocol.

The protocol developed here is not a final proposal and will require input from
industry, manufacturers and utilities. The format of the protocot uses the IEC-
61000-4-1 [7] as well as chapter 3 of the SC-610 EPRI-PEAC test protocci [6] as
3 basis and point of departure. Adaptations are made for the local conditions
where applicable. The use of this protocol is demonstrated in part in the
remainder of this report.

The central theme for the protocol is the testing process. However, the applicable
standards, testing philosophy, environmentail conditions and reporting formats are
just as important. The following comprise the sections of the test protocol:

Applicable standards

A dexcription of the test set-up and test environment
The testing philosophy

A description of the supply specifications
Loading conditions and load set-up

A description of the monitoring set-up
Drive inspection prior to testing

The instaltation and operation of drives
. Evaluation of selected drive parameters
10. Normal operation of the drive

11. Testing methodology

12. Presentation of results
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51 Standards Applicabie to a Dip Test Protocot

The following standards contain provisions that may be applicabie to voitage dip
testing, as performed using the prucedures outlined in the report. All standards
are subject to revision and when used within the test protocol it is encouraged o
investigate the possibility of applying the most recent edition of the standards
listed below. These reference documents should be readily available.

1. IEC-61000-4-11: 1994 Electromagnetic compatibility (EMC) — Part4: Testing
and measuring techniques — Section 11: Voltage dips, short interruptions and
voltage variations immunity tests

2. DRAFT IEEE Standard 1158.2: (draft} Recommended Practice for the
Charactenization of a Power Quaiity Event

3. IEEE Standard 1250 2: 1995, Guide for Service to Equipment Sensitive to
Mcmentary Voltage Disturbances

4 ANSVIEEE Standard 995:1987-Part |, IEEE Recommended Practice for
Efficiency Determination of Altemnating-Current Adjustable-Speed Drives

5. |IEEE Standard 1346 1998, Recommended Practice for Evaluating Electric
Power System Compatibility with Electronic Process Equipment

6. IEEE Standard 493: 1997, Recommended Practice for the Design of Reliable
industrial and Comm._rcial Powe: Systems

7. BS EN 50167 1995, Voltage characteristics of electricity supplied by public
distribution systems

8. 1EC 60068-1 1988, Environmenta: Testing — Part 1: Ger ' and guidance

8. ANSVIEEE C62.41-1991, Recommended Practice for Surge Voltages in Low-
Voltage AC Power Circuits

10. ANSVIEEE C62.45-1992, Guide on Surge Testing for Equipment Connected
to Low-Voltage AC Power Circuits

11. intemational Union of Producers and Distributors of Electrical Energy
(UNIPEDE): 1991, N0.50.02

12. UNIPEDE DISDIP, Measurning of power failures in MV grid in Europe

13. NRS 048-1:1996, Electrical Supply - Quality of supply — Part 1: Overview of
implementation of standards and procedures

14 NRS 048-2:1996, Flectrical Supply — Quality of supply — Part 2: Minimum
Standards




5.2 A Description of the Test Set-Up and Test Environment

The following list of actions can be used {o create a3 standard test environment [6]

52°% Equipment used in the tesi

a) Select a VSD and a motor for testing

b} Record all VSD and motor specifications

¢} Define the purpose, objectives ana criteria of the investigation

d} Define the test set-up

e) Decide on the type of variable supply or load that will be used for the tests.
f} Define the specifications of each piece of equipmen? in the test set-up

A diagram should be drawn showing the relative positions of all the test
equipment. Figure 5.1 and Figure 5.2 show schematice illustrating test facilities
that focus on different aspects of voltage dip testing.

Dip MUT Resistve
Generator EUT (vSD) . GL Load
| | (Ampitfier)
v.i Ve Speed
L
Program Systerm

Figure 5.1 An exampie of a test set-up diagram with a programrable
waveform generator. in the dizgram, EUT = Equipment Under Test, MUT
= Motor Under Test, GL = Generator Load

5.2.2 Varables to be measured

The variables to be measured should include at least:
a} VSD input voltage and current ofr




b} Motor input voltage and current or
¢; VSD input voitage and motor current

Gip ™ vso
Generator EUT(VSD} MuT induction {__| Controlied
W}% Motor | Supply
S

v Vi i Speed T

T
Morior
Systern

Figure 5.2 An example of a test set-up diagram with 2 lorque-controlled
dynamometer based programmable load.

torque shouid be measured. These may also be critical for feedback in the supply
and ioad control systems.

5§23 The test environment

The following tests conditions are based on the ANSIIEEE standards 100-1982,
112-1984, and C62 41 and 45.

Table 5.1 Typical test conditions, as shown can be obtained from the drive
service manual {14,15,16].

em | Description ANSHIEEE standards 100-1988, 112-1984, and C62.41
and 45. Recommendations
B Temperature and 25 + 5°C and < 85% humidity
2 | Aftitude < 2000 m
3 | VSD input Voltage sinusoidal waveform with THD < 1%
4 | VSD input Frequency 50 0r 60 Hz £+ 0.5% |




5.3 Testing Philosophy, Purpose, Objectives and Criteria of the Test

53.1 The testing philosophy

Voltage dips are a common cause of equipment matfunction. This disturbanca is
a common direct cause of electronic systermn upsets. When VSDs trip, it is
important to know what caused the trip. The czuse for the trip could be anything
from a low supply voltage to a low dc voltage. By testing for the susceptibility of
such equipment to voltage dips, the answers to these types of questions can be
an. _ered Although the methodology and presentation of results need to be
done in a consistent ranner, the reasons for doing the testing may vary between

532 The Purpose and objectives for testing

The purpose of the testing of 5 VSD is usually .0 evaluate its voltage dip
immunity. The specific purmose for such a test should always be noted. The
information resulting from dip immunity testing may be confidential as specified
by the sponsors of the drive testing. Records as to the identity of drives must be
kept for referencing purpo_es.

Specific objectives of ar ivestigation could be-

» Measure the dip behaviour by varying the dip duration from 20ms to 600ms,
i.e. 1 to 30 cycles while contnually ncreasing the magnitude of the dip.

s Evaluate the dip immunity for 25% and 5% full load conditions.

«  Oesobie the drive ride-through aids, such as special controllers and auto-
restart ¢ fiying-restart options, ic identify the basic drive behaviour.

The specific objectives or instructions for a test should abvays be recorded with
the test results.




533 Criteria that are relevant to the testing objectives

The criteria that will provide the basis for recording a trip event, could be:

.

Changes in current that affect the supply

Changes in torque that affect the process

Changes in speed that affect the process

Shutdown of the drive with automatic recovery

Shutdown of the drive with manual recovery

Compiete shutdown (failure) of the drive with no recovery

Recording the drive fault codes as a basis for establishing a trip, e.g. UN or
OfC.

There may be other conditicns and these should be recorded under the trip
criteria of the test. If the purpose is to characterise the susceptibility and trip
levels of a VSD associated with processes with specific speed and torque
deviation requirements, then define these speed and torque deviation
requirements.

At this stage the format for reporting the drive trips under the relevant criteria
must be established. These may take the form of, for exampie:

Drive dip sensitivity plots in percentage of nominal voltage vs. duration in
seconds (for the full test duration in cycles)

Motor Speed vs. Time {(with at least five cycles of pre-dip data)

Drive Current vs. Time (at least one phase with at least five cycles of pre-dip
data)}

DC Bus Voltage vs. Time {at least or.e phase with at least five cycles of pre-
dip data)

Drive Input Voltage vs. Time (3t lex * one phase with at least five cycles of
pre-dip data)

All VSD parameier values entered via the programming interface must be
recorded where their value could influence the trip decision.
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The reasons for doing the voltage dip testing may vary depending on who
initiated the testing. information may be required for the design of a plant, the
design or improvement of a V3D or as a reference of parformance for plant
investigations. The focus may be on individual drive dip performance or overail
piant dip performance. Finally, safely issues of drive operation need 1o be
compared with operating the drive for optimum process requirements.

The focus of testing will influence the definition of a disruptive region, the choice
of parameters to enable and the choice of setlings. It will aiso influence the
chaoice of load and the type of dips that will be applied.

Whatever the focus of the testing, the purpose must be clearly conveyed, such as

is presented below:

1. To characterise the susceptibility and trip levels of VSDs to voltage dips with
and/or without VSD ride-through programming options enabied,

2. To characterise the susceptibility and trip leveis of VSDs to voltage dips with
and/or without VSD ride-through aiternative devices, or

3. To characterise the susceptibility and trip levels of VSDs to voltage dips
during process loading conditions for VSD-driven processes with specific
speed and torque deviations requirements.
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5.4 A Description of the Supply Specifications

The dip generator used for testing must be specified in detail. Whether this
component is a complex waveform synthesiser or a series injection transformer
feeding off a utility fine, this should be defined and the waveform generation
capability described as in the following example [6].

54.1 Specifications of the device(s) used to generate voltage dips

The following issues need 1o be addressed:

a) What type of dip generator will be used (power ampilifier with arbitrary
waveform generator, IBGT-switched autotransformers, synchronous
generator with senes injection transformer. etc }? Provide a simpiified
diagram. if a waveform generator with power ampilifier is used, characterise it
by providing specifications such as sampling rates, software details, etc.

b} What is the switching time between nominal to dip voltage and dip voltage to
nominal voltage? Is there any “dead time” during the switching?

¢} Does the user have control over point of initiation and point of recovery of the
dip? Does the dip generator allow control over initial phase-shift of the dip?

d) What are the charactenistics of the voltage uip waveform? If the waveform is
similar 1o the one in Figure £.3, then define T1, T2, and T3. The duration of
the dip shall be defined as (T, + T + T3). If the waveform is similar to the one
in Figure 5.4, then the dip will only be defined by the depth and duration. If
single-phase, two-phase and/or three-phase dip tests will be performed, show
a typical 5 cycle voltage dip waveform for each case, uniess the investigation
focuses only on field-recorded dip events reproduced with power amplifiers.
In this case, show a typical field-recorded event used during the investigation.
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Figure 5.3 A voitage dip waveform, specifying rise and fafl times [6]
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Figure 5.4 A voltage dip waveform, specifying only dip duration [6]

542 Specification of the voltage dips to be investigated

The IEC 61000-4-11 recommended voitage dip test levels and durations are

listed in Tabie 5.2 {partiaily excerpted from Table 1 of IEC 61000-4-11). Other

questions that can be answered are:

a) What type(s) of dip(s) {single-phase, two-phase, and/or three-phase dips)?

b} What magnitude(s) {in % of nominal) and duration(s) (in cycles) of dips?

¢} How are the magnitudes of the voitage dips referenced (in % of line-to-neutral
voltage or in % of line-to-line voltage)?

d) For drives with external control power transformers, will the control power be
subjected to voltage dips? if not, how will the control power be supplied to the
drive?
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Data extracted from 3 UNIPEDE study [17] is shown in Table 53 Thistabieisa
guideline in IEC 61000-4-11, providing customers and manufacturers in Europe
with adequate information reiated 1o volitage dips and short interruptions.

With reference to the European resuits, a weil-accepted European UNIPEDE
DISDIP method of reporting dips (Bin Analysis for Magnitude-Duration reporting)
is documented in [18]. Utility companies provide statistics about power failures in
the medium voltage (MV) area in terms of the depth and the duration of dips [17]

Table 5.2 Recommended VSD voltage dip test ievels and durations [7]
Voltaga Dips and Momentary interruptions Duration
(in % of nominal) (in cycles)
0 e

1
40 5
10
70 25
60
X
Notes:

1. One or more of the above test levels and durations may be chosen

2. *x”is an open duration. This duration can be given in the product
ification.

3. Any durabon may apoly to any test level.

Partially excerpted from IEC 61000-4-11

Tabie 5.3 Average public utility disturbances per year in Europe [17]
DEPTH DURATION
{Voltage drop in % of Wto<100 | 100to <500 | 500msto1 | 1secto<3

nominal Ut) ms ms sec sec
1% < 30% 61 86 12 6
30% < 60% 8 38 4 1
80% < 100% 2 17 3 2

100% 0 12 24 5

- Number of disturbances per year

According to these statistics, 97 percent of all power outages last not longer than
3 seconds (Figure 5.5). The reason for these outages are mainly atmospheric
related short circuits in the respective or adjacent network, which are interrupted
by switchgear. Reclosing follows after 0.3 to 3 s. Power failures with a longer
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period of ime happen due to a cable circuit, breaker or transformer fauit and

appear less frequently.

Table 3.4 together with Figure 3.18 in this document, as found in NRS (48-
2:1996, will be relevant for South African conditions.

£ 1% 7 power falure = Voltage < 80 %
Z 100% 1
- 6% ~-§\
g 40% +
. .
E z}%’mﬁ :
0% Fossmass FrImmsemog Tl ; * : . :
0,01 0,1 1 : 10 100 1000 10000
Duration of powe failises in seconds
Figure £.5 The duration of Power Failures in Europe [18]
5.4.3 Characterisation of the VSD source voliage
Measurements should be made tc determine the nominal electrical conditions at

the point where the VSDs will be connected to the power supply. The following
measurements and caiculations should be recorded.

aj
b)
¢}
dj
e}

f)

Nominal Line-to-Line Voltage (Vag, Vac, & Vea)

Nominal Line-to-Neutral Voltage (Vaw, Van, & Vo) (f applicable)
Percent Voltage Unbalance

Percent Over/Undervoitage

Percent Voltage THD

Short Circuit Capacity

10%




55 Loading Conditions and Load Set-Up

initial load-points need 1o be determined. The load attached to the motor aiso
needs 1o be described. This load may be a simple dc-generator connected to a
resistor bank under constant lield or a complex programmable dynamometer

551 Definition of all the load points used to ioad the VSD and motor during the
investigation

This should Include the following:

a) The steady-state speed (or VSD output frequency).

b} The steady-state torque (N-m or in-Ib).

¢} The steady-state power (hp or kW)

d} The load type {constant torque, constant horsepower, or variable forque).
e} The load inertia (kg-m?).

5.5.2 Specifications of a dynamometer

if there is a dynamometer, its characteristics must be defined with calibration
curves. Torque ve. Speed and Speed vs. Time calibration curves must be
recorded for ail ioad points tested to define the ivad type and load inertia of the
dynamometer. The calibration curves must be defined over the speed range
defined by the test objectives. An example is shown below that defines the
Torque vs. Speed {Figure 5.6) and Speed vs. Time {Figure 5.7} characteristics for
a dynamometer ppplying a quadratic variable torgue load type.

a; Steady-state speed = 1750 rpm

b} Steady-state load torgue = 20.5 N-m
¢} Load wpe = Variable (Quadratic)

dj Load Inertia = 0.0496 kg-m*
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Figure 5.6 The Torque vs. Speed characteristic for a quadratic load type [6]
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Figure 5.7 The Sneed vs. Time charactenistic for a quadratic load type [6]
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5.6 A Description of the Monitoring System

The equipment used for the logging of waveform data needs 1o be specified
under a descrigtion of the tes. set-up. Measurement equipment that forms part of
the suppiy o load equipment should be specified under the sections describing
the supply and lcad equipment.

The exampie shown below defines i1v2 specifications for the monitoring system,
the speed sensor, and the torque sensor for the components listed in Figure 52.

561 Torque sensor specifications

The torque sensor should meet the following specifications:

a} Maximum capacity of one and half times full-ioad torque {of the MUT)

b} Overicad capacity of at least five times fuil-ioad iorque {of the MUT),

€} Maximum opesating speed of at ieast two times base speed (of the
MUT),

d} Accuracy of at leasi + 0.1% of full-scale,

e} Calibration Accuracy of at least + 0.02% of full-scaie,

f} Dual bi-directional outputs for clockwise and counter-clockwise torque,
and

g) Output bandwidths of DC to 1 Hz and DC to 300 Hz.

562 Speed sensor specifications
A rotary encoder, tachometer or a frequency-to-voitage converter shouid

be used to measure system speed. The devices should ineet the following
Decifications:
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Rotary encoder:

a} Resolution of at ieast 1024 PPR,

b) Frequency response of at least 120 kHz,

¢} Rise and fall times less than 500 ns @ 10,000 pf, and

d) Maximum operational speed of at least two times base speed {of the
MUT).

Frequency-to-voitage converter.

a} Frequency range of at least 0 Hz to one and half times required by the
test’,

b} Accuracy of at ieast + 0.05% of full-scale,

¢} Step response no greater than 28 ms, and

d) Output ripple no greater than + 0.2% at 20% of base speed (of the
MUT).

* The frequency range is determined Hy the maximum speed required
during evaluation. Thus, the upper li-nit for the frequency range is
defined as the numbered pulses gererated by the encoder per second
at maximum application speed.

56.3 Voliage isolation probe specifications

Voltage isolation probes, used for measuring the VSD input voltages,
VSD output voltages, or DC bus voltage, should meet the following
fications:

a} Voltage ratings that exceed the maximum input voitages of the test
m. w“ 'o

b} Bandwidth of at least 100 kHz,

¢} Accuracy of at leasi + 1% of full-scale,

d} Common mode rejection of at least 70 dB for DC to 10 kHz, and

e} DC drift of less than 20 mV/°C.
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Note: if the test requires measurements of the inverter output voltage, the
voltage isolation probe specifications must meet or exceed the
roquirements of the measured signal.

5.6.4 Current transformer (CT} specifications

CTs used for measuring VSD output {motor} and/or input currents should
the followi fications.:

a) Current ratings that exceed the maxamum currents of the test
application. Special attention must be giver: 1o the post-inrush current
of a drive. IEC 1000-4-11 provides a guideline to determine this limit.
A recommendation is that the CT must be able to handie this current
unless it is more than 500A.

b) Bandwidth of at least 100kHz,

¢} Accuracy of at least + 1% of full-scale.

555 The data acquisition system

|
|
The data acquisition system, used to capture data from the torque and ]
speed sensors and the voitage and current isolation probes, should meet |
the following specifications: }

a) Sufficient number of channels for capturing ali required data,

b} Resolution of at least 12 bits,

¢} Through-put of at ieast 300 kS/s per channel,

d} Simuitanecus Sample and Hoid (SSH) or burst mode sampling of
channeis, and

e} Accuracy of + 11LSB.

Note: If the test requires measurements of the inverter output voltage, the

data acquisition system specifications must meet or exceed the
requirements of the measured signal.
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5.7  Drive Inspection Prios to Testing

All motor ard drive specifications are recorded using the parameter checklist
shown. Some of the data can be obtained by examining the externior of the drive
case or by consulting the drive’'s manual. Prior to conducting any test, the
manufacturer should be asked to provide information relevant to testing success
and analysis. Obtaining the drive operation and/or service manual should provide
most of the required information. Table 5.4, 5.5 and 5.6 outline the parameters.
Comments are given as 1o the usefulness of these parameters for the test output.

The information marked critical cutiines the minimum requirements for testing
and reporting of results. For exampie, the input voltage and current envelopes
specified for a drive is critical to ensure safe operation. On the other hand,
knowing the software version is usefut for reporting, as long as the software
parameters are specified in the operating manual of the drive. Another exampie is
when matching a motor t5 the drive. Knowing the motor specifications for the
drive is critical for safe operation, whereas knowing the operating temperature is
useful for reporting, bu* not critical unless there is a departure from the standard
test environment.

Table 5.4 Drive ratings

No. item Critical  Useful

a  Manufacturer/Vendor, model number, and seria! e

number

Firmware/Controller software edition v
input voltage {1¢ or 3¢, Voits, tolerance)
input frequency (Hz)

Input current (A)

Input power (kVA and kW or hp}

Output voltage range (1¢ or 3¢, Voits)
Output frequency range (Hz)

Output current (A}

Max and min motor size (hp and/or kW)
k Enciosure (NEMA 1, NEMA 12, elc } v
! Operating temperaiure {°C}) 7

b= A v I T N~ O s I -
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Operating altitude (m}
Operating reiative humidity (%)
Cooling method/requirements

AN

Table 5.5 Motor Ratings

No.

ftem
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o 2 3

Cntical  Useful

Manufacturer//endor, model number, and serial
number

Voltage (16 or 29, Voits)
Frequency (Hz)

Current (A}

Power (kVA and kW or hp}
Service factor

Mominai efficiency

NEMA design

insulation class

Frame

Enciosure {TEFC, ODP. efc.}
Operating temperature (°C)
Operating altitude (m)
Operating relative humidity {%)
Cooling method/requirements

NN NN

v
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Table 5.6

information that may be relevant for the test

No.

tem

a
b

Drive wiring diagrams and grounding requirements

General circuit diagram of the drive

Drive control power (external transformer, internal
transtormer, internal switch-mode power supply)
Drive principie of operation




Oiher application information deemed pertinent by the drive manufacturer or the
spongor, can aiso be included (e.g. communication datails, source of logic power,
input line reactors, dc link reactor, active rectifier). An example of 3 drive circuit
diagram is shown in Figure 58
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Figure 5.8 An example of 3 general circuit diagram of a CSI VSD [26]

§8 The Installation and Operation of the Drives

The drive should be installed accnrding to the instructions of its service manual.
Usually the terminals of the drive are clearly marked. The parameter options for
the user interface should be available in the operating manual.




59  The Evaluation of Selected Drive Parameters

Parameters aeemed o be important to the outcome of the test should be noted
as per section 5.3 and adjusted accordingly. For example, auto-restart options
should be set to off uniess there iz a specific requirement to record the drive
performance with restart enabled. Where these are enabled, proper discussions
should follow in relation fo criteria specified as per section 5.3.

5.10 Normal Operation of the Drive

The drive shouid be aliowed to reach steady-state operating conditions before
any dips are applied. This should be done initially for roughly 10 mimutes to aliow
drive components to reach normal thermal operating conditions. if less time was
allowed, this should be mentioned. When the drive has reached nommal
operation, 10 seconds running time may be allowed before executing the test dip.
5.11 The Testing Methodology

The following tasks need 1o be performed during testing.

Record the following information:

a} Voitage dip magnitude (% of nominal)

b} Voltage dip duration {in cycles or ms}

¢} VSD fault codes.
d} VSD failures ffuses, diode bridge, SCRs etc }.
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Use the monitoring system to record:

a} System speed vs. Time (with at least five cycles of pre-dip data and three
seconds of post-dip data).*

b} Torgue devistion vs. Time {with at least five cycles of pre-dip data and three
seconds £ post-dip data).*

¢} Motor Current vs. Time (at least one phase with at least five cycies of pre-dip
data and three seconds of post-dip data)*

d} DC Bus Voltage vs. Time {with at izast five cycies of pre-dip data and three
seconds of post-dip data).*

e} VSD input Voltage vs. Time (with at least five cycles of pre-dip data and three
seconds of post-dip data}*

* Note: Actual monitoring points will be defined by the purpose and objectives of
the investigation. Choosing the items 10 record will also be determined by
the drive under test. For example, recording the dc bus voltage is more
relevant to a PWM drive than 3 CSi dnive.

Each time before voltage dips are applied, the drive should bo allowed o operate
normally, as descnt d in 5.10. If the voltage dips are appiied within a short time
of each other, it is not necessary to allow normal operation for as long as 10
minutes. in this case 10 seconds should do as mentioned. if at any time, there is
a long period between tests, any of the other tasks, such as recording the load
must be repeated.
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5.12 Presentation of the Results

Where the output proch«ct is a dip-compatibility report, the requirements for
establishing ispection and test status must be included in the report. The test
results must at leas! be represented as sensitivity plots that take cognizance of
either

a) one of the magnitudes of the supply voltage during the dip, or

b} the duration of the event from the time that the event can be considered 10 be
2 dip to the time that the drive supply had recoverad, or

¢} both variablesina and b.

The magnitude of the supply voitage must take either the form of per unit voltage
of the nominal supply or percentage voitage of the nominal supply Duration shail
take the form of number of cycles. This is preferred to milliseconds because 50 or
60 Hz conditions may apply.

Other desired vanables and relationships shall be represerited with the above
variables noted in any dip sensitivity piot. The form that such sensitivity plots
take, can vary and may be specified as CBEMA curves or NEMA curves, or o
highlight specific relationships such as phase vs. duration plots.

Two suggested formats [6] are presented below:

a) CBEMA format - This format may be particularly usefu! for presenting resulls
for investigatiuns that attempt to characterise the susceptibility and trip levels
during process loading conditions for VSD-driven processes with specific
speed and torque deviations requirements. Figure 59 shows an example of a
CBEMA piot that defines the acceptable speed deviations for voltage dips
appiied to a VSD. information pertinent to the festing such as parameter
options and supply and load information should be included with the piot.
When using cycles for the x-axis, the fundamental frequency must be
specified on the piot
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Figure 5.9 Voltage Dip Test Results: Example of the CBEMA format [6]

b} Monitored Data vs. Time piots — This format is a graphical representation of
the measured data during the test {speed, torque, motor current, VSD input
voltage, etc ). Figure 5.10 is an exampie of this format.
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Figure 5.10 Voitage Dip Test Results: Exampile of the Monitored
Data vs. Time format [6]
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] USING THE POWER QUALITY TEST FACILITY FOR LiIP IMMUNITY
TESTING

The Power Quality Test Facility (PQ Test Lab) at the University of the
Witwatersrand has beer. designed with dip immunity testing in mind. The
discussions in thic chapter will discuss testing at this facility, starting with 3
description of the facility, test preparations 2nd then descrbing the development of
3 test procedure.

6.1 A Description of tie Voltage Dip Test-bed

The voltage dip test bed was developed around the requirements of variable
speed drives. A more detailed description of the test-bed can be found in [21.24]
The voltage dip test-bed consists of:

* A controlling PC

* input (A/D} and cutput (D/A)} PC interface cards

+ A programmable supply incorporating an IGBT output inverter stage, supplied
via a three-phase rectifier.

+ An output transformer

o The drive 1o be tested connected o a 3- phase squirrel-cage inCuction motor

s An induction motor mechanically coupled to a DC generator

e A variac/ rectifier to adjust the generator field

« A resistor bank 1o serve 3s the generator load

3.1.1  An overview of the facility

A PC is used to synthesise a voitage dip by specifyiug voitsge dip paramelers
such as the voltage pnor to the voltage dip, the voltage during the voltage dip, the
phase angle and the voltage recovery profile. Parameters can be adjusted
independently for each of the phases such that single-phase, ine-line and three-
phase voltage dips 7an be tested.
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Figure 6.1  Biock diagram of the voltage dip test-bed {24]

The test facility, shown in figure 6.1, consists of the following elements:

+ The PC, running the dip testing software, is used 1o control the testing. The
generation by the programmabie supgly. Dunng and immediately after an
appied voltage dip, VSD measurements are recorded for analysis after the test.

« The programmabie supply replaces the mains supply to the equipment. The
prograrmimabie supply is IGET based and, with the controller that was
developed, is capable of generating any compiex voitage dip waveform.

e The VSi or CSt inverter is connected 10 a standard induction motor, which in
tum is counied to a DC generator lcad.

o The DC generator, which: is coupled o the induction motor, is connected o a
resistive load bank. By adjusting the generator field current the ioad presented
by the DC generator is varied. With constant field and resistive load the DC
generator load presents a linear torque versus speed charactenstic.

Future modifications to the dip-testing facility include:
s A programmalbie load that can simulate different icad types.
s Fully automated dip testing.

* Miscellaneous improvements io the programmable supply.
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612 Ap oveniew of the monitoning System

The three-phase disturbance waveform is generated via a digital to analogue
converter {DAC) on a digital ‘o analogue interface card The measurements from
the drive are done with isolation probes, current transformers and a tachometer for
voitages, currents an the speed respectively. The measurements are iogged via
an analogue 1o digital converter {ADC) on an analogue o digital acquisition card.

Measurerment requirements for variable speed drives:

The following parameters were identified as being important to monitor in order o
comprehensively -Jescribe the dip immunity performance of a drive:

« Drive DC bus voltage

»  Drive input currents

e Drive input voitages

s  Drive output currents

* Drive output voltages

Motor speed

Minimum anaiogue interface cards specification”

The specifications for the cards were drawn up according to the following:

a} Resolution
it was required that 2l the converters are minimum 12-bit converters

b} Number of interface >~~~ 2is required
A minimum of three analogue outputs was required in order 1o generate 3
three-phase disturbance waveform. A minimum of five analogue inputs log DC
voitage, motor speed and ore set of three phase measurements.

¢y Sampiing rate
For the output card, 3 minimum sampling rate of 4 KHz was chosen
corresponding to the switching speed of the programmabie supply. The
sampling rate of the input cards is much higher (5 kHz) than that necessary for
a normal 50 Hz waveform. This is because transient behaviour is analysed
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d) Timing
in order t0 generite aco. Lte high-speed output waveiorme, it is smportant to
have timing fu. ons available it is oossibie to use the PC to generats iming
for siow waveform r eneration, but for high- speed wavetorms a dedicaied
timing system is 1 referabie, ensuring that samples are output 3t exactly the
nght time. When 0gging input waveforms, a timirg system becomes even
more critical, pan cularh, with high-speed acnussition (>50 Kz} when sampling
multiple input chan.eis. If direct memory access (DMA) s used to transfer
converted data from the card directly into memory, the card operates
ndependently of the processor and is thus not timed by the processor.

e} Software drivers availabie
To use the A/D and YA cards effectively v+ hout understanding the low-level
design of the card, software drivers are required. The drivers are accessed
from the program and perform card configuration, analogue input and output.
timing and utilise compiicated card features such as DMA, required for high
throughput sampling rates. All code 1o write o registers on the card, verify
settings etc. is encapsulated within the driver such that only high-ievel
knowledge of the card is required o use i#. For instance, when using DMA, the
software driver sets up the DMA chanael and transiers samples directly to
memo.y. All the user of the driver does is to call the high level DMA function

Output card (D/A) specifications:

The output card has 8 12-bit cutput channeis. A very high sampling rate (>100
KHz} depends on the speed of the computer in which the card is instalied The
card has a dedicated timing system, baseo on a 2 MHz reference crystal and a
counter. Data transfer to the board is 15 bit to speed up data throug hput

Output waveforn: generation can be done using polled VO, in which the processor
continuously monitors th< card and sends new ¢ata values 1o the card when te
DACs are updated, or interrupts, in which the card signais the processor when the
DACs are updated Oniy polied /0 is directly supported so that f interrupt driven
waveform generation is required (for background wavefonmn generation) code o
pertorm this must be written. This necessitates a deeper level of understanding of
the card.
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Input card (A/D} specifications:

The input card has 16 single ended/ 8 differential input ~hannels. The card is used
in differential mode so 8 inpt channels are available. Maximum board throughput
is 100 KHz, which the number of channels used multiplied by the per-channel
sampling rate cannot exceed.

Acquisition can be done using polied VO, interrupts and DMA. DMA support for
data acquisition enables sampled data of unlimited length to be written directly to
memory with minimal CPU intervention. The number of samples stored is fimited
only by the available momory

6.1.3 An overview cf the voltage disturbance software

The software performs two functions. synthesis and generation.

The parameters categorising the disturbance waveform are drawn up in the
synthesis software. From these paraineters an actual waveform can be generated.
it is possible 1o save these parameters t~ a file so that they can be used at a later
s*age to generate the output wavefoir:. This task is not real-time, 50 it is possible
to develop disturbance waveform parameters at a remote PC without affecting the
testing. Note that because the disturbance waveform is categorised as a set of
parameters, these parameters are saved to file creating much smalier files than if
an actual disturbance waveform values were generated and saved 1o file A
screenshot from the synthesis module is shown in Figure 6.2

Dip generation soflware:

This software ge.-zrates the output voitage disturbance waveforrn while
simuitaneously i0gging test measurements. The voltage disturbance waveform to
be generated is calculated by using the parameters from the synthesis module to
generate the actual output waveform samples. During waveform generation, these
values are output via the digital to analogue card. Testing system measurements
are input via an A/D card and the sampied values are stored in memory. A
screenshot from the generation module is shown in Figure 6.3
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6.1.4 The voltage synthesis parameters

To synthesise the voitage dip, both magnitude and phase parameters must be
adijustable for each phase. The parameters are as foliows:

Magnitude parameters:

Pre dip voltage The magnitude of the voltage waveform before the dip occurs.
This is specified in per unit taking the nominal voltage as the base voltage.
Dip voitage: The magnitude of the voltage waveform during the dip. This is
specified in per unit taking the nominal voltage as the base voltage.

Dip decay time: The time taken for the voltage at a particular point to decay to
the dip voltage The time taken for this decay is usually very short, but can be
increased by motors connected to the supply acting as generators, supporting
the network voltage. For each phase this is specified by a start and end time,
and the voltage decays with a negative exponential envelope during this time.
Dip recovery time: The time taken for the voltage to recover back i the pre-dip
because of motors drawing large currents when the fault is cieared. For each
phase this is specified by a start and end time and the voliage recovers with a
first order response during this time.

Dip duration: This is the time for which the voltage magnitude remains below
90% of the deciared voltage. This parameter is not specified directly, but can
be calculated from the dip decay and recovery times.

Phase vaniation parameters:

Pre dip phase shift This is the amount by which the respective phase is shifted
from the nominal {120 degrees) before the dip occurs, specified in degrees.
Dip phase shift: This is the amount by which the respective phase shifts from
the nominal during a dip.

Phase change time: This is the time taken for the phase shift io vary from the
pre dip phase shift to the dip phase shift. This is specified by a start and stop
time for each phase during which the phase varies linearly.

Phase recovery time This s the time taken tn recover from the dip phasa shift
to the pre dip phase shift. This is specified by a start and stop tirme for each
phase and variation is linear.
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The use of a pre dip magnitude and phase shift for each phase aliows the system
to generate more general dip waveforms Because parameters can be adjusted
mndwdually for each phase, voltage unbalance, overvoltages and undevoltages
can be generated thereby increasing the testing ability of the system The pie dip
parameters are important because the operating conditions that are present before
the dip occurs can compound the effect of the voltage dip on the dnve

Screenshots of waveform previews in the synthesis module are shown in Figure
6.4 Screenshots of measured waveforms are shown in Figure 85
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6.2 Preparations Before Testing
Before testing can start, essential information needs o be recorded, the VSD
needs to be installed and the motor matched 1o the VSD. Furthermore coding has

to be estabiished o conceal the identity of the drive manufacturers.

621

Prior to conducting any test, the manufacturer should be asked to provide the
following information The information per exampie in Table 6.1, 6.2 and 6.3 is for
three PWM drives from US manufacturers

VSD ratings:

Taebile 6.1 The information contained in this tabie can be obtained from the drive
instruction manual and the exterior of the drive enclosure. Noie hat the

drive names and modeis have been concealed and coded.
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flem | Description Drive PNM 1AD05 Drive PWIA. Drve PWML1C00S |
18005 ‘
a Manufacturer’Vendor CONCEALED CONCEALED CONCEALED
Modiel number/ Type CONCEALED CONCEALED CONCERLED
Sefial number] Fie No. | BX2736R0006 N5P0T61-00144 | 8471483
E153436
Y Firmware/Conirolier NA NA NA o
software edition
< inpul voltage (14 or 3¢, | 380480V 3804807 | 440500V
Volls, toierance)
4 input frequancy (HZ) 55/60Hz BOB0HZ B0B0HZ
ry input current (A} X" 106 24 BLA1GA
1 Input power (KVA) NA SHP £ OHP Constant
Torque
7 SHP Variable
Torque
g Outpatt voltage range (14 | 380-480V 0-480v O-Vin
| or 34, Voits)
h Outpul frequency range | 2-400HZ T Ban0Mz 6-500mz
{Hz}
b Outpul current (A) L% (150%/ 1rman} 854 BGAT0A T




Cutput power [KVA)

6 BhVA

® Max and

{hp and/or KW}

mur rolor size

Enclosure (NEMA 1,
NEMA 12, elc }

COMPACT
NEMA1 (1920}

m Operating temperature

°Cy

50C Arrbient

Operating aitibude (m}

hurridity

Operating relative -

{%}

p. Cooling

method/requirernents

Aurfiow 42 CFM

q Weight (kg) -

a5g

15 4ibs

Circuit diagrams can be obtained from the instruction manual of the drive or
directly from the manufacturer. The principal method of operation of ihe drive
needs to be included with this informati~n. A typical circuit diagram is given in

Figure 6.6.

Three-phase
power Supply

ACOC Corveerter

1)

— ;

Figure 6.6

5%

—
1
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A typical PWM variable speed drive circuit diagram




Motor ratings:

Table 6.2 The informaticn contained in this tabie can be obtained from the motor
instruction manual and the motor nameplate.

ftern Description Motor 1T005
a Manufacturer/Vendor ALSTOM Electncal Machines South Africa
Modei No_/Type CS4130-44B1AAAA
Serial No. 0446850/06/V1
b. Voltage (16 or 3¢, Volts) 3¢ 525v
Connection {delta/ wye}j Delta
c Frequency (Hz) S0tz
d Cusrent (A) NA
Power (hp/kW} 5 5kW
Speed (rpm) 1445cpm
Service factor NA
g Nominal efficiency N/A
Power factor 0.91
Outy Cyde S1
h NEMA/SABS/77 Design SABS 948
3 insulation ciass F
Protection P55
i Frame/ Mount 1325/ B3
k. Enclosure (TEFC, ODP etc ) N/A
) Operating temperature (°C} N/A
m Operating altitude {m) N/A
n Operating relative hurnidity (%) N/A
0. Cooling method/requirermnents 1C-411
p. Lubricant/ Grease SHELL ALVANIA G3
q Bearings DE/NDE 6208-Z-C3
r. Mass (kg) 65
Software paramefers:

A scan was done of the software parameters in the manuals of each drive. The
relevant parameters are shown in Tabie 6.3.
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Table 6.3 The information contained in this table can be obtained from the drive
instruction manual. Ticks indicate the existence of an item.

1ADCS 18005 1C005
Manufacturer/Vendor CONCEALED | CONCEALED CONCEALED
a Overcurrent general/ at J/ errorcode / errorcode OC | / errorcode O/C
speed 0C3 (125% of rated | {4xnominai
{level not current} current}
stated)
| Overcurrent on « errorcode - -
acceleration oC1
Overcurrent on 7 errorcode - -
deceleration oc2
b. Overvoltage general/ at | 7 errorcode 7 efrorcode OV | / errorcode OV
speed ous {+/-800Vdc) {Nominal + 35%)
{+/-800Vdc)
Overvoltage on + errorcode - -
acceleration Cut
Overvoltage on o erorcode - -
deceleration ouz
c DC bus undervoltage JLY 7 errorcode UV | / errorcode UV
{50% of {350vdc {65% of nominal}
nominal} +/-76 1% of
nominal)
d Ramgp (Auto) restart e 7 7
e Flying (Auto) restart 4 v 4
£ Undervoltage controller | - - 7
g Overvoltage controlier - - 4

622 Recording the test environment

The foliowing tests conditions are based on the ANSVIEEE standards 100-1988,

112-1984, and C62 41 and 45.
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Table 6.4 The information contained in this @able can be obtainad from the drive

100-1988, 112-1984,
2y C62 41 and 45.
Recommendations
H Temperature 4 26° and <85% 25 3 5°C and < 85%
hurmidity
2 Altitudie + 1500m < 2000 m
3 VSD Input Sinusoidal sinusoidal waveform
Voltage wavefonn with with THD < 1%
THD <1%
4 VSD Input S0Hz S0or6oHz £ 05%
Frequency
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6.3. Developing The Testing Procedure

The purpose, ritena, efc. are formatied as per chapter 5. Here the development of
the testing procedure will be discussed. A PWM drive is used for dlustration
purposes. Exampie test instructions are:
e Vary the dip duration from 20ms o 600ms, i e. 1 to 30 cycles while
continually increasing the magnitude of the voitage dip.
« Evaluate the dip immunity under 25% and 75% full load conditions of the
drive under test.
restart or flying-restart options.

The drive under test is not tested in the context of its role in a specific process, but
with reference 15 a standard load type. A trip is recorded when there is a compiete
shutdown of the drive. However the specific reason for a trip can be due o
undervoitage, Overvoltage, undercurrent or overcurrent conditions. This can be
determined per drive fault code information. Although an undervoitage trip
condition is preferred when compiling trip information, any other form of drive trip
will be recorded and noted.

The dip types that were tested for, were:
 Phase-Phase voitage dip ride-twough for up to 30 cycles
» Three-Phase voitage dip ride-through for up to 30 cycles

The foliowing parameters are monitored to evaluate the performance of a drive.
e Motor Speed vs. Time (with at least five cycles of pre-dip data)

e Drive Current vs. Time (at least one phase; at least five cycles pre-dip data)
= DC Bus Voitage vs. Time (with at least five cycles of pre-dip data)

« Drive Input Voltage vs. Time {with 2t least five cycles of pre-dip data}

Measured parameters vs ime piots contain massive amounts of data and are
stored for fater retnieval. Finally residual voltage vs. dip duration plots {din
immunity piots} can be presented for all test variations and for ali comparisons.
The results of testing done as part of the test program are shown in APPENDIX C.
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631 An overview of the testing procedure

Once the voitage dip waveform has been synthesised, actual testing is
commenced. To perform dip testir.g on VSDs, the VSD is made 1o run under
normal operating conditions- as i #t were connected to normal mains supply - by
suppiying the pre-dip dip waveform. When the VSD is running normally, the
synthesised voltage dip is applied to the equipment. During the test the PC records
varioys equipment parameters. These parameters are then analysed o determine
the VSD performance during a voltage dip.

The testing requires that

e The motor/drive is brought up to speed with the siulated ioad type

+ The input parameters are defined for a range of tests, for exampie:
-increasing 3-phase voltage dip depth
-increasing 3-phase volitage dip duration

« The dip generator is anmed with these parameters and triggered

* The response waveforms are digitised and stored for iater analysis.

« The motor ioad type is changed on-line and measurements repeated

e The drive is stopped {if it has not tripped) and the measurements analysed

A test sample of eight scenarios is shown (Table 6.5) for the drive.

Table 6.5 Testing schedule for dip immunity testing

Case No. Dip type Load Size Pre-dip voltage
Case 1and 5 Three-phase dip 75% and 25% load | 10 pu.
Case2and 6 Red-white dip 75% and 25% ioad | 1.0, p.u.
Case3and7 White-blue dip 75% and 25% load | 1.0, p.u.
Case4and 8 Red-bue dip 75% and 25% load | 1.0, p.u.

The drive was adjusted to supply 2 S50H: output frequency so that the induction
motor ran at its rated speed. 75% and 25% load was achieved by varying the
generator field. Supply voltage, supply current, DC bus voitage and motor speed
were measured. LEM current probes were used for the current measurements and
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632 Step-by-step methodology

The dip synthesis module of the software was used (o set up synthesis files for
each case required, e g. case 1- three phase, 1.0 pre-dip voitage, which was then
ioaded into the dip generator module. First the pre-dip waveform was generated
and the drive aliowed to attain normal operating conditions (10 minutes initially and
10 seconds between each subsequent test). The DC generator load was adjusted
to 75% or 25% of rated load, respectively. When tie drive had achieved normma!
running conditions, the test was initiated. Two seconds of measurements were
recorded for each voltage dip applied fo the drive.

For each of the above cases described above the dip duration was varied from 20
milliseconds {1 cycle) to 600 milliseconds (30 cycles). This was as set out in the
test insbructions. After a dip duration was decided on, the dip voltage was varied
until the dip voltage at which the drive just rides through was established. Voitage
depth was changed in steps of 0.05 p.u. The drive was alwavs initially tested with
a 20millisecond dip and then steadily increased from 40 milliseconds up to
600milliseconds. A flow diagram of the test procedure is shown in Figure 6.6

Most important, during testing, is 1o determine the drive behaviour during a dip-
event. it aiso has 1o be recorded why the drive tripped, e g. on overcurrent or
undervolitage, etc.

The foliowing is observed for the exampie drive:

ED indicators
<V (undervoitage}, >1 (overcurrent;

Speed indicators.

st - Hardly gudibie; no change in the speed piot
82 - Siow down and smooth recovery {(rno restart)
&3 - Audible oscillation

S4 - Slow dowr with sharp recovery (restart)

S5 - Siow down to zero speed {full trip)
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Current indicators.

- No visible change in current waveform
- Visible cvercurrent after dip (no trip)

- Visibie oscillaticn on current waveform
- Low current after dip until restart

- Continued zero current {full trip)

Reage

The indicators are generai, applicable o most test situations. A selection should
be made for a specific test. For example, for these tests, all restart functions have
been disabled, so restart indicators do not apply. An example of 3 test sheet is
shown in APPENDIX B,

Each test point is prepared as a parameter file in the dip synthesis module and
tested individually. The curve for each different case can take as little as 1§
minutes 1o compiete if all the correct points were initially found, or longer than an
hour f the testing does not produce corsistent results. The dip seftings for each
point ridden through, is recorded to form a curve.

A more complete schesjule is considered for future tests. This schedule can be
found in APPENDIX A An extract from the test schedule is siown in Table 6.6.
The dip type indicated in the tabie s s per tabie 3.6 in section 3.5

Table 6.6 An extract from a drive test schedule showing Type 1 dips, 1.0 p u. pre-dip
voltage, 100% resistive loading.

|No.|Directory |[Phases  [Predip [Load [Load [Dip |Phase [Done
involved i(w) {%) Type type langle (tck)
i three phase | 1.00 100% | Resistive | Type 1 0
2 IRedphase | +. 100% | Resistive [Type 1] O
3 ahite phase] 100 | 100% | Resistive | Type 0
4 biue phase 1.00 100% | Resistive Type 1 0
5 Red-wihite 1.00 100% | Resistive | Type 1 4]
white-blue 1.00 | 100% | Resistive i Type 1 [1]
7 Red-bive 1.00 100% | Resistive Tyaeq 0
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The test procedure ¢an be summarised {with reference 1o Figure 6.7) as:

e The correct parameter file is set up in the dip synthesis module and loader
into the dip generation moduile.

s The drive is brought up to speed and the 1oad adiusted to meet 3 25% or 75%
foad requirement (for example}.

« The dip generaior is then triggered, saving the test nformation for the duration
of the test and immediately following the test.

« The response waveforms are digitised and stored for later analysis.

e The process is repeated for each dip tested.

« if 3 different load ic required, this is changed rn-line and measurements
repeated.

s The drive is stoppad (if it had not tipped per the trip criteria) and the
rmeasurements analysed

633 Evaluating performance from parameter piots

The performance of the drives can be evaluated by locking at the measured
parameters such as the motor speed or the DC bus voltage plotted against time.
To eveluate drive performance using these plots, there must be a clear

for the exampie, is ilustrated. The special behaviour when 3 ride-through drive
software parameter was enabled is a'so shown. in this case, an undervoltage/
overvoltage controlier function, was enabled

a} When the drive rides through
At the point where the dip occurs, the cufrent goes down fo zero, and recovers to
slightly higher leve!s right after the dip. However, during the test it was ncted that

this current could overshoot the pre-dip level, to the point where an overcumrent
condition occurs. The dc bus voltage recovers to the pre-dip level
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Speed curves are hardly affected during a conplete ride-through. However, the
speed curve provides most of the information to determine the drive’s
performance. The speed may go down to 75% of the rated speed for 100 or 200
ms, which may be sufficient for a specific process to continu..

The short dip recovery profiles for the voltage dips tested suggested that a high
output current waz drawn by the motor from the drive during recovery stage of
the voltage dip. if the recovery time is increased, as is often the case in practice
due 1o, for exampie, induction motors re-accelerating and increasing the recovery
time, the drive would be less likely to trip on overcurrent.




if there is a current spike just after the dip, # could be the resuit of immedizte
charging of the capacitors through the rectifier when the supply voitage recovers
after the voitage dip (see figure 6.8). When the dip occurs, the peak supply
voltage drops lower than that of the capacitor voitage and the supply current
drops 1o zero {rectfier diodes reverse biased), explaining the zero current zone
on the curves.

During the voltage dip, the capacitor voltage falls because the inverter section stifl
runs, discharging the DC bus capacitors by drawing current from the DC bus.
When the capacitor voltage drops below the peak input voltage, current is again
drawn from the supply. As the supply recovers after the voitage dip, the capacitor
is then immediately charged with 2 iarge current {rectifier diodes forward biased)
limited only by the supply impedance and capacitor internal resistance.

When the drive is initially switched on, a current limiting resistor is in the circuit to
charge the DC bus capacitors slowly and hence no current spike occurs. A timer
circuit shorts this resistor cut a set time after the supply has been tumed on.
During a voltage dip if the inrush resistor remains short-circuited because the
timer circuit is not reset, a current spike will occur when the voltage recovers after
the dip.

in practice, a ionger recovery time after a voltage dip implies the capacitors would
charge over a longer time period with less of a current spike (charge transferred
over a longer time period).

+ve

Rectifier Irverter

Vs Load

o L |4

Figure 6.8 A simple schematic of the DC-bus of a voltage-source inverter drive
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b} When the drive trips
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At the point where the dip occurs, the AC input current goes down to zero, and
stays zero. The DC bus voltage rises lo ievels above the pre-dip levet to reflect
that it has shed the motor ioad of the motor. During the test it was noted that this
post-dip level of DC bus voltage could reach the point where an overvoltage trip
can occur.
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The speed drops down {0 zero during and after the dip_ If the speed recovers it
may mean that the drive still has control of the motor, or it may indicate a type of
auto-restart.
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¢} Special behaviour with an undesrfovervoltage controlier

An optionai undervoltage and overvoltage controller ride-through function was
enabied 1o determine its effect on the drive behaviour. it was later disabled
because it aiterad the dip immunity region of the drive, often tripping on
overvoltage as opposed to undervollage conditions.
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The DC bus voitage and current waveforms are greatly altered to keep the speed
absolutely unchanged. This particular example is for a 40 ms duration dip. Durning

the test, longer dips resulted in oscillations of the DC bus witage.
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The speed of the drive remained unchanged, while the other paraineters (in this
case the DC bus voltage) are adjusted continually.

146



7 THE IMPACT OF TEST RESULTS ON THE TEST PROCEDURE

The Voltage Dip Testing Program has been producing test results since 1998

The drives tested so far include:

* A 15kW PWM from a local manufacturer in 1998

e A 120kW CSi drive from a local manufacturer. which was sponsorec by a
local mine in 1999

* A 15kW Digital DC drive from a British manufacturer in 2000

During this time the testing methodology has been refined to optimise the number
of tests and a test schedule similar to the one in chapter 6 is currently used. The
iatest test schedule can be found in APPENDIX A. The iatest test sheet, in which
the test data is recorded, can be found in APPENDIX B. Test results from the
testing program is given in APPENDIX C. The optimisation of the number of tests
is important to improve the economic viability of the test laboratory. The impact of
the resuits is different for PWM, CSi and DC drives.

In 1999, three US-manufactured drives were sent to South Africa by EPRI-PEAC
for testing under 50Hz conditions. The idea was to compare these results with
thase of the PEAC 60Hz testing program. The tests were compieted and the
comparison is under way.

The results of testing from 1998 fo 2000 are p esented in APPENDIX C for PWM
drives, the CSi drive and the DC drive as dip sensitivity piots as described in
chapter 5. Measured waveforms for some individual test-runs can be found in
APPENDIX D.
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7.1 AC Bus Sensing Vs. DC Bus Sensing

When testing drives, a first goal is 10 establish whether the sensing for DC bus
undervoitage is done on the AC input side or on the DC bus itsef This can be
determined from whether a drive provides balanced results for dips on each of its
input phases. This is called a “Balance Routine™ This is applicabie to PWM and
OC drives only. For exampie, if 3 PWM drive is found to have undervoitage
detection on the DC bus itse¥, its behaviour couid be the same for single-phase
dips on any one of its three input phases. It would therefore be more efficient to
test with say, only a dip in the red phase.

Usually, if the drive’s control circuitry derives its power from the incoming AC line,
it uses two of the input phases, e g blue and white phases on the AC side
through a transformer. Such a drive would survive a single-phase dip down o 0%
of nominal voltage on the red phase. In this case, the red phase will be called a3
“dead” phase. Continued testing on the red phase will therefore be unnecessary.
An example of this behaviour is shown in Figure 7.1. While this drive runs
unaffected by the absence of the red phase, the input current for the white and
blue phases increases.

Many older drives still derive control power from the AC line. This often results
in the drive being more sensitive than drives that derive control power directly
from the DC bus. Figure 7.2 compares the results of the testing of four dnves.
DV4 i an older drive that derives its controi power from the AC line. it is more
sensifive 10 voltage dips than the other drives. This information impacts on the
procedure because the tester can start testing for smaller dip depths for these
older drives.

Establishing the source of drive control power can cut the number of tests by as
much as three times.
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Figure 7.1 An exampie of 3 “dead” phase ride through from the results of
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voitage, while the white phase exhibits some sensitivity to dips appiied to
i

143




080

D8C

o7 e e g

080 - f
l“. |- ---DV2|
[ R-4] o |

D40 4

% of Nominal (pu)

030 4 -
o .

010 /—‘ : :
00 —

Duration {cycles}

5% RW Load performancs

380

0.80 +

ar0 1 S i
/ | | ——DV1

----DV2
——DV3
— )

080
050
G40

% uf Nominal (pu)

0.30

G20+

o1

ooe v
b) 5 10 1€ 20 25 3o

Duration icyches)

Figure 7.2 An example of an older PWM drive (DV4) exhibiting much more
sensilivity than newer drives due o it deriving control power from its AC supply
line. Dips with a relatively small magnitude of around 20% or less have an
impact on this drive.
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72  The influence of Dip-Type on the Test Procedure

All of the drives {ested were more sensitive to three-phase dips than phase-
phase dips and especially single-phase dips. This was true for PWM, CSi and
DC drives. However, PWM drives and DC drives exhibited this behaviour more
clearty. This is W be expacted because of the importance of the DC bus 1o these
drives.

When PWM drives derive their control power off the DC bus, they can be
expected to ride though extreme singie-phase dips. Most of the PWM drives
tested could ride through single-phase dips down to 0% of the remaining
voltage. A DC drive is used ir Figure 7.3 to illustrate better ride-through with
single-phase dips than with three-phase dips.

The type of dips tested impacts on the testing procedure in that single-phase
dips can be ignored for PWM drives if it can be established that they derive their
control power from the DC bus. if the number of tests is severely limited by
financial constraints, single-phase gip tests can be limited for DC drives and
PWM drives in general.
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7.3  The Influence of Pre-Dip Volitage on the Test Procedure

Pre-dip voltage appears to have a significant influence on drive sensitivity.
Testing has shown that these influences are different for PWM, CSl and DC
drives. The CSl drive showed no difference in performance when different pre-
dip voltages were applied during testing. The PWM drive favoured higher pre-
dip voltages for improved dip performance.

The DC drive that was tested varied in performance, but it could not be deduced
that it favoured higher or lower pre-dip voltages (see Figure 7.4} it sometimes
performed better with a higher pre-dip voltage and sometimes the contrary was
true. The reasons for this are more complex. it is thought that because different
pre-dip voitages are initiated at different instances on the pre-dip voltage
waveform, the drive must in fact be sensitive to the point-in-wave initiation of the
dip as opposed to only the pre-dip voitage.
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Figure 7.4 DC drive behaviour showed dissimilar resuits for differsnces in pre-
dip voltage, which is though to be altributed to point-in-wave dip initiation
instead.
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7.4  The influence of Drive Loading on the Test Procedure

The impact of drive loading is very significant on drive dip sensilivity and the dip
testing process. Although the impact in terms of the drive ioad size has been
tested for, the type of load has an even more significant impact [28]. The loading
variety at the testing facility is at this stage limited to a DC generator connected
to a resistive ioad. This resuits in finear speed/torque characteristics.

The drive load size appeared to have different effects on PWM, CSi and DC
drives. PWM drives perform better with a lesser load (in this case 25%) than
with a farger load of 75% (see Figu.e 7.5). This was true for all the PWM drives
tested. These drives tripped several times on overcurrent for the 75% load, but
this was almost never the case with a 25% load.

The CS! drive was very temperamental to load size. it had to be de-rated to
match the load in the laboratory. After it was matched to its ioad, the
performance was better when this foad was adjusted to 100% of its rating than
when it was at 50% of its rating (see Figure 7 6).

The influence of drive loading was also large with the DC drive. Although the
results are not available for inclusion into this report, initial test-runs have shown
a more stable performance with a 75% load than with a 25% ioad. Severe
overcurrent trips were expernienced with a 25% ioad, whereas no overcurrent trip
has been experienced during preliminary testing of tt 2 DC drive with a higher
ioad.
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Figure 7.5 Most of the PWM drives tested, showed better performance with a
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7.5 influences of Other Dip Waveform Parameters on the Test Procedure

There are other dip parameters/descriptors (see chapter 3} that can influence
the drive dip performance and therefore the dip procedure as well. As aiready
mentioned, point-in-wave dip initiation is thought to be a reason for differences
in DC drive performance. This aione suggests that point-in-wave testing shouid
be included.

Phase shift will have an effect on the dip performance of CSi and DC drives.
Although sensitivity plots have not been availabie for inciusion in this report,
preliminary test runs have shown this to be so. CSi and DC drives are sensitive
to changes in the phase angie because they utilise a phase locked loop (PLLj to
synchronise the thyristor firing sequences.

Scoftware parameters will have an extremely important effect on drive
performance as discussed in chapter 4. This has been illustrated in chapter 6 as
well. However, standard test comparisons of results with other test facilities
favour using default factory setlings and disabling ride-through options. When
testing drives to determine their impact on industrial plant behaviour, other
objectives and criteria must be set for testing.
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8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary and Conclusions

Based on the findings of this report, the following conclusions are made.

811 General

General conclusions are:

a} Dip compatibility design remains a cost-effective approach to addressing
customer plant disruptions due to voltage dips. Establishing the sensitivity
of plant equipment su-h as variabie speed drives contributes vaiabile
data to this method of plant problem solving.

b} A number of descriptors exist that describe voltage dips in ways that are
maore relevant to their impact on equipment and therefore plant systems.
Dip depth and duration descriptors are inadequate parameters for testing.

¢} Voltage dip testing should be extended beyund testing for balanced dips
Three-phase baianced dips are rare disturbances. Dips are more likely to
be unbalanced in magnitude and phase, i.e. single-phase and phase-
phase dips.

d} A test protocol is essential where test resuits from a variety of testing
documentation, equipment specifications, test specifications and reporting
formats all contribute 1o creating an environment where testing is done in
a consistent manner and resutt compansons are valid.

e} The witage dip testing facility, although flexible in the variety of dips that
can be applied for testing, has shortcomings that hinder its application in
industry. These include a programmabile load and test automation that
considers optimisation of the test procedure as suggested.

f} A variety of indicators can be used to verify whether a dip event caused a
trip to a variable speed drive. These include reading the trip indicators of
the equipment, studying the recorded wavefonns for visual indicators aa.
listening tor audible indicators.



8.1.2 Conclusions based on the hypothesi

it has been established that the results from the testing program can be used to
optimise the testing process. This is a requirement if the testing program is to
L ically viabie.

Specific parameters that influence an optimal test process, as established by the
tes.ng program, a’e:

-

AC bus voitage sensing vs. DC bus voitage sensing
The type of witage dip applied

Pre-dip voltage

Size of drive ioading
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8.2 Recommendations for Future Work

Since 1998, a lot of resources and research effort has gone into the development
of the voltage dip test facility (now calied the PC Test Lab) and its testing
programs. The voitage dip testing project of Eskom in coliaboration with the
University of the Witwatersrand has reached the point where commercialisation
has become an issue. Like the program’s counterparts in the USA, eg PEAC,
the test program must enter a phase of commercialisation. One coult leam from
the PEAC experience and its successes.

At a series of working group and steering committee meetings, it was decided
that the ccmmercialisation phase should be initiated, but at the same time the
research efforts into the development ¢of the prograrn and its application should
continre as well.

On the issue of commercialisation, the following was decided:

+ A business case and market evaluation shouid be developed for the PQ Test
Lab.

+ The services of the PC Test Lab shouid be made avaitable to consultants in
the field of power quality investigation.

* The services of the PQ Test Lab should be combined with current efforts in
Eskom o locate VSDs in the field. The reasons for these VSDs may be for
demand-side management or process-control.

+ Sponsorship should be found for testing programs, especially from drive
manufacturers. A joint venture between the custodians of the PC Test Lab
and a manufacturer {local or intemational) would initiate this type of
sponsorship. Two such manufacturers have been identified.

« (Case studies where VSDs have been placed in industry and the services of
the PQ Test Lab haw« been used or dllustrated should be marketed in poputar
media such as ¢ e and procoss-related magazines.

« Articies on the activities of the PQ Test Lab should be published as briefs or
in magazines as above.

« The testing efforts of the PQ Test Lab shouid be combined with testing
initiatives elsewhere in the country such as at the University of Cape TownA.

155

X




The testing efforts of the PG Test Lab shouid be combined with the testing
programs of PEAC.

On the issue of future research, the fuliowing was decided:

More drives from the US shouid be tested to consclidate S50Hz dip testing of
5HP PWM drives in South Africa.

Results and methodologies shouid continue o be compared with EPRI
programs for similanities and consistency.

The development of testing methodologies and test protoco:s for voitage dips
and other power quality disturbances should be ongoing.

The results of activities at the PQ Test Lab should be published and
presented at both local and international conferences.

Future projects and work on the PQ Test Lab should include the compietion
of a programmable load module as well as automated testing.

There is a need for a portable voltage dip generator for use in field

The database of results of westing drives at 50Hz in South Africa is still small
and more testing shouid to be done to develop a iarger database of results.
Parts of the NRS-048 that are still under development may need test results
to facilitate the classification of plant equipment into sensitivity zones.

The following are shortcomings of the test program that could not be addressed
within this project and should be included in future work.

Specific parameters that could influence the test process shouid be included in
testing, i.e.

Phase shift at dip initiation
Software-enabled nde-through pamameters
Load/Process types

Mitigation devices
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APPENDIX A

APPENDIX A - THE VOLTAGE DIP TESTING PROGRAM TEST
OPTIMISATION SCHEDULE

Due to the potentially large number of tests, exhaustive testing may not be
financially viable. There could be more than a hundred tests if all the tesling
parameters applicabie to a drive, are included in the test-rur;. The relevant tests
therefore need to be selected according to the type of drive and the test criteria.
However, the reduced number of tests can still be too large for the test-run to be
firancially viable. The end result is that a customer may not be wifling to pay for
such a service.

it was shown in chapter seven that past testing experience can be used to
reduce the number of tests required for a test-run. The more testing knowiedge
becomes available, the more optimisation of the test procedure can be done.
This, together with test-automation, makes for a product that is commercially
viable. Test optimisation revolves around understanding the drive that is being
tested and reducing the number of tests according to base-tests, i.e. tests that
have criteria that must be met. These criteria may be any of the following.

1. Is the drive a PWM, CSl or DC drive?
Does the drive have an uncontrolied or line commutated front-end?
is the DC bus of importance to the drive?
Does the drive derive its control power from the AC supply via a2
transformer?
Does the drive derive its control power directly from the DC bus?
is the drive affected by pre-dip voltage?
Is the drive affected by point-in-wave dip initiation?
Does each of the phases react similarly to a load change?
Is the drive expected to ride through single-phase dips?
10. s the drive affected by phase-shifts during the dip or when the dip starts?

o won

© ® N o >

These are just some of the questions that may be asked. The questions on the
list wili also depend on the capabilities of the test facility. Figure A1 shows the
(,Jestions that are reievant to the PQ Test Lab in a Howchart,
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Figure A1  Questions to ask for test-optimisation. Type t and Type 2
Dips 3re detailed in chapter 4.

The following schedule iorms are part of the implementation of 3 test-optimnisation
process.
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AB No Phase-Shift Option

170




APPENDIX B

APPENDIX B - DATASHEETS

during the actual testing of the adjustable-speed drives. These forms provide the
technician and/or engineer with a means to ensure that the proper data are
recorded in an organised and clear fashion. Forms have aiso been provided o
record drive, motor and environmental information. Copies of the Data Sheets for
each one of the tests specified by the sponsor should be made for each VSD
undergoing testing and be included in the testing report for that particular VSD.
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Description

ManufacturerVendor

[

‘Modet numbes’ Type

- . Fie No

Firmware/Controfier software edition

input voitage (14 or 3¢, Voliis, toierance)

input frequency (Hz}

npet current (A}

i poss VA)

Qutput voitage range (14 or 33, Vol*s}

| Output frequency range (M2}

Output current (A}

Max and min molor size (hp andior KA}

Enciosure (NEMA 1, NEMA 12, elc. }

Operaling lempersturs {°C)

Operating altitude {m}
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B3 Motor Ratirgs

PO—
a " Manufacturer/Vendor
" Modei No./Type
" Senial No.
b.  Voltage (16 or 3, Voits)
- Connection {delta/ wye)
c  Frequency (Hz)
d Current (A)
e Power (hp/kW)
Speed (rpm)
f Service factor
g : Nominal efficency
T AT e
Proraction
i “Frame/ Mount
k. Enclosure (TEFC, ODP, efc) -
n Operating temperature (°C)
m Operating aititude (m)
a Operating relative humidity (%)
p. " Lubricant/ Grease
——
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Please Tick #  Code (if Applicable)

Owercurrent general/ at speed

Overcurrent on accelerabon

Cwervoitage generall at speed

Owvervoitage on acceleraton

o decaterat

O bus undervollage

Vg ;
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BS Test Environment
! #em . Description Actual ANSVIEEE standards 100-
Conditions 1588, 112-1984, and (62.41
and 45. Recommeniations
1 ' Temperature 25 + 5°C and < 85%
- and relative hurmidity
- midiity
T A < -
3 VSD Input sinusoidal waveform
 Voliage with THD < 1%
4 ' VSD input o8O0z 05%
 Frequency
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APPENDIX C - RESULTS OF THE TESTING PROGRAM AT THE PQ
TEST LABORATORY




APPENDIX C

C1 The Test Results For PWM Drives

This section presents resuits from tests on PWM drives. These drives include
three drives of US-origin and one drive from a local manufacturer. #t should be
noted, in reference {0 chapter 5, that US requirements for testing are different in
that dips for up to 30 cycles in duration are tested for. The South African
requirement is ¢ extend the duration to 150 cycles. The drives have been coded
as follows to conceal their identity.

e Dvi, DVZ DV3 - US-manufactured drives

e DV 4 - Alocaily manufactured drive

Comparisons are made for each drive individually in terms of dip-type and
ioading. For ease of evaluation, only the US drive test results were used for this
comparison. Thereafter, comparisons are made between all the drives
simultaneously in terms of dip-lype and loading {including the locally
manufactured drive). Loading has been set at 75% and 25% respectively. The
pre-dip voltage is 1.0 for all the cases. General comments are given in each
case. All plots can be seen in reference to chapter 4 and 5. Similar criteria have
been set as in chapter 6.

C1.1  Dip-Type Comparisons

The dip types that were tested are compared in each ioad category for each drive
and are as fcllows:

s Three-phase

+ Red-White phase-phase

e  White-Blue phase-phase

* Red-Blue phase-phase

These drives could sustain single-phase dips down to 0% of nominal woitage
ievel, so that these resuits were deemed useless for comparison.
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DRIVE1 (DV1}

a} 75" load dip ride-through performance
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DRIVE 2 (DVZ)

a} 75% load dip ride-through performance

T5% Load performance
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DRIVE 3({DV3}

a} 75% load dip ride-through performance
75% Load performance
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General Comments:

+ The ptose-phase dips resuki in betfter drive immunity than in the case of
three-phase dips.

+ Red-white, white-Diue, red-white perforrmances are approximately the same,
indicating sensing of the dc-bus voltage o inifiate an undervoltage trip.

182




C1.2 Load Comparison

APPENDIX C

75% and 25% load conditions are compared for each dip-type category.

DRIVE 1 (DV1)

a} Three-phase dip ride-through performance
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¢} White-blue-phase dip ride-through performance
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DRIVE 2 (JV2)

a) Three-phase dip ride-thiocugh performance
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¢} ‘White-blue-phase dip ride-through performance
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d} Red-blue-phase dip ride-through performance
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DRIVE 3 (DV3)

a) Three-phase dip ride-through performance
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¢} White-blue-phase dip ride-through performance

Three phase 75% vs 25% load performance

1.00
S90 4

G806 4

[-3 f-1
§ 3
.

,,,,,,,,,,,,,,,,

% of Nemins ()
e o
I
Y
3

0.20 4

890 4

Besiy .

.00

d) Red-blue-phase dip ride-through performnance

Tiwee phase 75% vs 2% lond perfornence

8

@
8

g

APPENDIX C

—75%
---- 25%

©
4

o
g

................
-

% of Nominst (pu)
o
8
*

©
&

*

*
220 L

s

*

*

@10

Q00

General Comments:

= The variable speed drives perform betier when 25% loaded than when

75% ioaded.
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Drive Comparison

Drives are compared with each other according to the load conditions and
dip-types that the drives were subjected to DV4, the locally manufactured
drive, was included for comparisons. To make the comparison more
relevant, the following steps were taken:

Auto-restart options were disabied.

Loading used exactly thz same load references for 75% and 25% icad
respectively.

« Environmental conditions were simiiar to that specified in chapter 6.
. Al options related to ride-through were where possibie, disabiled.

- Setlings such as undervoltage trip voitage were not altered, so that

results can be seen in the context of default factory settings.

.

a) Three-phase 75% dip ride-through performance

795% 3PH Load performance
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b} Three-phase 25% dip ride-through performance

25% 3PH Load perormance
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4y Red-white 25% dip ride-through performance

25% RW Load performance
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f} White-blue 25% dip ride-through performance

25% WB Losd performance
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hi Red-biue 25% dip ride-through performance

25% R8 Load performance
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« The overail sensitivity of drive 3 and 4 was substantially higher thon that
of drive 1 and drive 2. This is true for all three-phase and phase-phase
dips.

« Drive 2 has a marginally higher sensitivity 10 hree-phase dips than dr.vet.

» Drive 1 has a slightly higher sensitivity to phase-phase dips than dnve 2.

« it was noted that drive 4 had its sensing done on the AC input side. s
ride-through performance was worse than that of the other drives. it was
also sensitive o single-phase dips on its white and blue phases.
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C2  The Test Results For A CSl Drive

This section presents resuits from tests done on a CS! variable speed drive.
Loading has been set o 100% and 50% respectively. The 100% and 50% loag
vaiues are plotted on the same graph for the different voltage dips tested. The
pre-dip voltage is 1.0 for all cases. it was found during testing that a change in
pre-dip voitage does naot affect performance at all.
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b} Red-phase dip ride-through performance
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d} Biue-phase dip nide-through performance
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The tesis on this CSi drive showed some complex sensitivity results,
which zre a function of dip type and the phases that are affected. in
comparison with the PWM drive, this drive is less sensitive to voltage
magnitude variations and pre-dip voltage. This result was expected
based on the principle of operation of CSi drives. it is aiso expected
that phase angle variations will affect this drive more than PWM drives.

j0ing work wili focus on attempting to quantify these interactions
more accurately by additional testing and simulation.
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C3 The Test Results For A DC Drive

This section presents results from tests done on a digital DC variable speed
drive. Loading has been set to 75% and 25% respectively. The DC drive test
program is still ongoing. Resulis based on 25% loading are avadlable and are
presented here. Testing so far indicates that the drive gets its control information
sensing off the AC input line using two of the phases. This is indicated by the
compiete immunity when one of the phases is dipped. When the other two are
dipped, the drive would sometimes behave erratically as evidenced by cument
oscillations that result in overcurrent trips. The first tests done at 75% loading do
not show this behaviour. This may indicate that the drive loading is 3 sensitive
parameter and the drive should be properly matched to ifs load. The drive was
also sensitive to changes in pre-dip voltage. This is shown as well. It was decided
for safety reasons that a dip with a magnitude of more than 95%, would not be
applied.

C3.1 Phase Comparisons

This is the comparison of the different phases when subjected to two-phase dips
and single-phase dips at 1.0, 1.05 and 0.95 respectively.
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Drive Performance At 1.0 P.U. Pre-dip Voltage
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Drive Performance At 1.05 P.U. Pre-dip Voltage

3} Single-phase dip ride-through performance
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Drive Performance At 0.95 P.U. Pre-dip Voltage
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C32 Pre-Dip Voltage Comparisons

This is the comparison of different pre-dip voltages before applying three-phase
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b} Red-phase dip ride-through performance
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d} Biue-phase dip ride-through performance

5 of Mamingl (py}

e} Red-while-phase dip ride-through performance

% of Npminsd (pu}

TG

o sy

T B

tSG

G 2

Blus phave 29% iosd performenre

Rowd- W8 ile 25% ioad performance

APPENDIX C

ey

t.opu
-~ --105pu’

0.95pu |

1 O0pu
-« «1 08pu
Q. %5pu




APPENDIX C

f) White-blue-phase dip ride-through performance
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APPENDIX D - SELECTED TEST WAVEFORMS

This Appendix coniains selected waveforms that were captured during the testing
of 3 PWM and CSI drive. These waveforms were captured fo illustrate drive
performance when there was either a trip, or drive ride-through. Compiete sets of
waveforms have been archived as data files as part of the testing requirements
for lurther reference. This data includes at least every trip point hat octurred
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D1 Test Waveforms For A PWM Drive

Points of note during the test were:

* The supply voltage waveform was flat-topped when the drive was running
{sinusoidal when the drive was off}. An explacation for this is that when the
drive is r--ning, current is only drawn from the supply when the input voitage
is greater than the DC bus voltage {rectifier diodes forward biased). The
resulting non-finear current waveform and output tra- sformer impedance
result in 3 voltsge drop that gives rise io the fiat-topped supply waveform.

+ The drive sometimes tripped on overcumrent. This was the case when it was
running at 75% of rated lcad. # did not tnp on overcurrent when running at
25% of rated load. The short dip recovery profiles for he voltage dips tested
implied that a high output current was drawn by the moior from the drive
during the recovery from the voltage dip. if the recovery time is increased, as
is often the cases n practice due 1o, for exampie, induction motors re-
accelerating and increasing the r_covery time, the drive wouid be less fikely
10 Wrip on overcurrent.

Figures D1 1o D7 show waveform results for a trip condition (3 phase; 7 95 pu
pre-dip voitage; 40 ms dip duration; 0.86 pu dip voltage) and figures D8 1o D14
for a ride-through condit.on (3 phase: 0.95 pu pre-dip vodage; 40 ms dip duration;
0.87 pu dip voltace}.
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Figure D1 Supply current waveform for a trip condition and automatic
restart.
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Figure D2 Supply current waveform (zoomed) for a tnp condition
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Figure D3 Supply voltage waveform for a trip condition. Note the 'ess
Hisiorted voltage supply after the trip.
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Figure D4 Supply voltage waveform (zoomed) for a tnp condition




APPENDIX D

Wy AT vl VR w3

Therus frmds)
Wew § BE W F o & Zawwen 1 0 i Stwy On tap

Figure D5 Supply voltage dc bus waveform for a trip condition.
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Figure D6 Supply voltage dc bus waveform (zoomed) for a Lip
condition. Note the 10% drop in th.e DC bus voltage
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Figure D7 The speed waveform shows denreasing speed as the drive
tripped alter the dip.
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Figure D8 Supply current waveform for a ride-through condition
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Figure D9 Supply current waveform (zoomed) for 3 nde-through

condition



APPENDIX D

Pas: 30% Yehts . 157 mS

Wiy

view FHK wa & Towm - ouns Dy

Figure D10 Supply voltage waveform for a ride-through condition. Note
the distorted supply after the tnp.
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Figure D11 Supply voltage waveform (zcomed) for 3 nde-through
condition
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Figurel .2 Supply voltage dc bus waveform for a ride-through
condition Note the distorted supply after the trip

5 s 0 HE s e
Twrow {nlhy

Wew & I o 7y & Zoem T sgueee 15 £~ Sty Om Teg

Figure D13 Supply voltage do bus waveform (zoomed) for a nde-
through condition
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Figure D14  Speed curve for a ride-through condition.
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An expianation for the current spike just after the dip is the rapid charging of the
capacitors Hwough the rectifier {see Figure D15} when the supply voltage
recovers after the voltage dip. *When the dip ocours, the peak supply voltage
drops lower than that of the cagacitor voitage anc the supply current drops to
zero (rectifier diodes reverse biased), explaining the zero current zone on the
curves.

During the voltage dip, the capacitor voitege falls because the inverter section
still runs, discharging the DC capacitors by drawing current from the DC bus.
When the capaciior voitage drops below the peak input voltage, current is again
drawn from the supply. As the supply recovers after the vollage dip, the capacitor
is then rapidly charged with a large curment {reciifier diodes forward biased)
limited only by the supply impedance.

When the drive s initially switched o1 a current imiting resistor is in the circuit to
charge the DC bus capaciturs slowly and hence no current spike occurs. A timer
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circuit shorts this resistor out a set time after the supply has been tumed on.
During a voltage dip if the inrush resistor remains short-circuited because the
tirner circuit is not reset, a current spike will occur when the voitage recovers with
a short recovery time.

In practice a longer recovery time after a v_iiage dip implies the capacitors wouid
charge over a longer time period with less of a current spike (charge transferred
over a longer time period).

Rectifier -}-Vc P Inverr

Vs L tosd
T —
Diode  |q IGBT

Figure D15 Block diagram of the VSD.

For the speed curves, the ride-through curve shows the speed is uraffected by
the voltage dip. Notice in the trip curve that the motor siows down when the drive
frips, but then slows down at a faster rate (at t=3.75s on the graph} when the
drive re-starts. This is due to the drive restarting at 7ero frequency (non-
synchronous restart).
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D2 The Test Waveforms For A CSi Drive

Loading has been set to 100% and 50% respectively. The 100% and 50% load
values are plotted on the same graph for the different voltage dips tested The
pre-dip voltage is 1 .Opu for all cases.

The test waveform results are presented in the fonm of drive current and speed
response waveforms.

An exampie of a drive tnp is shown in Figure D16 for a white phase, 20 ms
voltage dip The crowbar action of the drive during this voltage dip was
activated

Figure D16 Drive input current waveform during a white priase, 20 ms dip (trip
condition}

Figure D17 and Figure D18 show the drive input current and drive speed dunng a
3 phase, 20ms dip. The dnve siows down to zero and then restarts after the dip
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Figure D17  Drive input current waveform for a 3 phase, 20 ms dip
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Figure D18 Drive speed waveform for a 3 shase, 20 ms dip
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Figure D19 and Figure D20 show the dnve input current and dnive speed dunng 3
white phase, 3 second dip. Dunng the dip, the drive goes into current imat and
the motor slows down. When the supply voltage recovers after the dip, the drive
trips due 10 a motor ove.voltage.

Figure D19 Drrve input current for 3 white phase, 3 second voltage dip
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Figure D20  Motor Speed for a white phase, 3 second voltage dip
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